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ABSTRACT 

Biosolids are the by-product of wastewater treatment plant and are also commonly 

known as treated sewage sludge. Countries with sewage treatment plants produce 

approximately 27 kg of dry biosolids person
-1

 year
-1

. Agricultural land application is the 

most popular way of biosolids disposal because of its plant nutrient properties. The 

Water Corporation of Western Australia has proposed to recycle most of its biosolids on 

agricultural land, after blending with lime as the soil amendment LAB (lime-amended 

biosolids) with further dilution with clay to form LaBC
®
. The use of LaBC

®
 as a soil 

amendment was investigated in laboratory, glasshouse and field scale studies with an 

emphasis on soil biological processes, either alone or in combination with inorganic-

fertilisers and an N absorbing amendment, biochar. The soil used for most of the 

experiments was a water repellent, coarse-textured, acid sandy soil with poor plant 

productivity in the field; the land was used for grazing. A preliminary field study 

demonstrated high spatial variability of LaBC
®
 after application to soil (Chapter 3). A 

laboratory incubation study (Chapter 4) investigated whether the presence of clay in 

LaBC
®
 altered soil microbial processes over a 30 week period. Aerobic-incubation and 

CO2 respiration assays were used to monitor water repellence, chemical and soil 

biological properties in amended soil. LaBC
®
 was applied at 50, 100 and 150 t ha

-1
 (wet 

weight equivalent) as dry material. In addition, dry components of LaBC
®
 (lime, clay, 

LAB (lime+biosolids) and LAC (lime+clay)) were applied separately at rates equivalent 

to their fractions within LaBC
®
. Inclusion of clay in LaBC

®
 was effective in eliminating 

soil water repellence even at 50 t ha
-1 

and temporarily suppressed N release from the 

biosolids (by 58%), even at this lowest amount. LaBC
® 

consistently suppressed soil 

microbial respiration compared with LAB alone at the highest rate (150 t ha
-1

) which 

appeared to be associated with protection of organic matter. There was no significant N 

release from soils treated with lime and clay, alone or in combination, in the absence of 

the biosolids. There may be a complex interaction between, clay, lime and organic 

matter from LaBC
®
, but each may have played a dominant role in altering N release 

from biosolids at different times. Further, for this 30 week laboratory incubation study, it 

was attempted to sequence the bacteria from the water repellent soils amended with 

LaBC
®
 using the Ion Torrent Personal Genomic Machine (PGM Platform). Water 

repellence over time was monitored and water holding capacity was measured and 

compared with bacterial community structure in soil amended with LaBC
®

 (Chapter 5). 



 viii 

The dominant phyla detected were Proteobacteria and Actinobacteria. Addition of 

LaBC
®
 decreased the relative abundance of Actinobacteria and increased the relative 

abundance of Firmicutes, Chloroflexi, Bacteroidetes and Proteobacteria. Acidobacteria 

were rare. The residual effect of LaBC
®
 in coarse-textured sandy soil, when previously 

co-applied with macro-nutrient fertilisers over 5 plant growth cycles, was assessed in a 

glasshouse experiment (Chapter 6). LaBC
®
 was re-applied to soil which had different 

histories of application of fertiliser and/or LaBC
®

. Ryegrass was grown for 2 further 

cycles in pots, and each was harvested 6 weeks after the seedling emergence. The re-

applied LaBC
®

 (50 t ha
-1

) increased soil pH from 5.1 to 6.7 regardless of soil history. 

Plant dry biomass was significantly increased (p>0.05) by fertiliser history after 5 cycles 

of ryegrass, but there was no residual effect of previously applied LaBC
®
. There was an 

increase in shoot biomass with re-applied LaBC
® 

(cycles 6 and 7). Finally, the 

application of LaBC
® 

was further investigated in 4 soils that varied in pH and nutrient 

status in a glasshouse experiment (Chapter 7). In this experiment, biochar was added to 

the soil to determine whether there was an interaction with LaBC
®
. The nutrient release 

due to the application of LaBC
® 

alone and when co-applied with biochar on 

subterranean-clover productivity was observed for 2 cycles of plant growth and root 

nodulation. The results were inconsistent across soil types but the addition of biochar 

decreased the N release from LaBC
®
 in all soils. Application of LaBC

®
 had the largest 

effect on bacterial community structure in the sandy soils compared with the clay soil. 

Therefore, combined application of LaBC
® 

and biochar could be a practical option for 

soils with heavy leaching conditions. Overall, the application of LaBC
® 

has potential 

beneficial effects on soil microbial processes and could be used as a process for disposal 

of biosolids (up to 150 t ha
-1 

wet weight equivalent) in water repellent, acidic-sandy 

soils. However, considering the optimum pH values for plant growth, the lowest rate of 

50 t ha
-1 

would be sufficient for pH amelioration of acid agricultural soil. The higher 

application rates could be further combined with biochar wherever N leaching is 

considered as a serious threat to the environment.  
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CHAPTER 1 

Introduction 

Biosolids are the by-product of wastewater treatment plants and are also commonly 

known as treated sewage sludge. Countries with sewage treatment plants produce 27 kg 

of dry biosolids person
-1

 year
-1

 as a global average, and 300,000 t of biosolids need to 

be disposed of annually in Australia. Recycling biosolids as soil organic amendment is 

the most popular way of biosolids disposal because of its plant nutrient properties 

(Wang et al. 2008). The Water Corporation of Western Australia (WA) has proposed to 

recycle most of its biosolids in agricultural lands, after blending with lime as LAB 

(lime-amended biosolids) and further diluting with clay as LaBC
®
 (Lime-amended 

Bioclay
®

). The suitability of LaBC
®

 as a soil organic amendment has been investigated 

both at laboratory and field scales to ensure its safe use in the environment without risk 

of contaminants such as heavy metals and pathogenic microorganisms (ChemCentre 

2009; Allen and Walton 2010; Humphries 2010; Davison and Tay 2011). Further, the 

chemical effects of LaBC
®
 in providing agronomical benefits for crop growth and water 

and phosphorus retention in soil has been demonstrated both under field and laboratory 

conditions (Humphries et al. 2009; ChemCentre 2009; Ovens 2009).     

Coarse-textured sandy soils are more prone to leaching loss of nutrients than are fine 

textured soils (Bergstrom and Johansson, 1991; Sogbedji et al. 2000; Korsaeth et al. 

2003; Evanylo 2003). Nutrient leaching from soil has been demonstrated to be a 

potential threat to nearby aquatic systems (Giles 2005), and may trigger algal blooms 

(eutrophication) and fish kills, and may reduce the quality of potable water (May 1981; 

Bourke et al. 1983; Power et al. 2001; Thorburn et al. 2003; Grace et al. 2010). Hence, 

soil quality influences surrounding environmental quality and soil microorganisms are 

ultimately considered as an important parameter for maintaining a sustainable 

ecosystem. The Swan-Canning estuary system, located near Perth, WA has been 

identified as an ecosystem under much threat of eutrophication due to nutrient loads 

contributed through stream flow from the surrounding catchments (McComb and Davis 

1993). Ellen Brook is one of the catchments in the Swan-Canning estuary which has 

been identified as a major contributor of up to more than 50% of the total phosphorus 

and more than 40% of the total nitrogen load to the entire Swan-Canning estuary 

(Donohue et al. 1994; Viney and Sivapalan 2001). Hence, a variety of suitable soil 
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inputs including clay amendment and use of slow release fertilisers has been proposed 

for improving soil nutrient and water retention capacities thereby reducing the nutrient 

leaching from the Ellen Brook catchment (Humphries et al. 2009, 2010; Humphries 

2010).  

LaBC
®
 is a blend of clay, biosolids and lime (Humphries et al. 2009, 2010). It has a 

number of desirable soil-organic amendment qualities such as improving water and 

nutrient retention capacity of coarse textured soils. It has been shown to alter soil pH 

(CaCl2 extract) from 5.0 to pH of 8.0 as the product-blend is strongly alkaline (pH of 

10.0) due to the presence of lime in the blend (ChemCentre 2009). In addition, LaBC
®

 

is rich in clay (50 % of the material consists of particles with diameter below 0.02 mm). 

The clay material blended in the LaBC
®
 is not hydrophobic and has potential to reduce 

the severity of hydrophobicity of sandy soils when applied at rates greater than 50 to 

100 t h
-1

 (ChemCentre 2009; Humphries et al. 2009). These qualities suggested that 

LaBC
®
 can be used as a potential soil organic conditioner in the Ellen Brook catchment 

in a region north of Perth in south-western Australia. LaBC
®
 amendment to sandy soils 

can lead to changes in physical and chemical soil properties (ChemCentre 2009; Ovens 

2009). However, the effect of LaBC
®
 on soil microbiological fertility is not understood 

and this requires investigation before the product is recommended for wide application 

in the soils of the Ellen Brook catchment.    

LaBC
®
 application was primarily intended to bring desirable changes in improving soil 

water and nutrient retention in the Ellen Brook catchment. In addition, it was expected 

that any perturbation to the soil, including application of this LaBC
®

 material, will 

influence soil microbiological processes associated with organic matter. These 

processes will in turn reflect soil biological fertility (Jenkinson and Ladd 1981; Garcia-

Gil et al. 2000; Insam 2001; Ros et al. 2003; Bloem et al. 2006). Moreover, microbial 

mineralisation and immobilisation can be a sensitive indicator of changes in soil 

nutrient availability since it has a much faster rate of turnover than the total soil organic 

matter (Jenkinson and Ladd 1981; Paul 1984; Schloter et al. 2003; Bending et al. 2004; 

Gonzalez-Quiñones et al. 2011). However, mechanisms behind these soil 

microbiological processes and corresponding changes in soil physical and chemical 

properties are not understood in relation to LaBC
®

 application to soil. Furthermore, the 

optimum rate of application for maintaining a favourable microbiological fertility of soil 

is unknown. Hence, it is appropriate to examine the potential interactions between 

LaBC
®
 and soil microbiological processes. 
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It was expected that application of LaBC
®

 to soil, particularly to acid coarse-textured 

soil, would increase overall soil fertility. A hypothetical model of expected changes in 

soil properties, after amending LaBC
®
, is summarised in Figure 1.1. The model 

incorporates LaBC
® 

application and associated changes in particular with each soil 

property, and illustrates how these properties are influenced by each other in soil 

continuum. As illustrated in Figure 1.1, LaBC
® 

application is expected to bring 

desirable changes particularly in both physical (water repellence, texture and moisture 

content) and chemical (soil pH, CEC and nutrient status) properties and thereby would 

create a more favourable environment for soil microorganisms, including symbiotic 

microbes, and alter their structural diversity. This altered microbial environment would, 

ultimately, reflect in the overall soil quality and productivity by bringing positive 

changes in soil nutrient mineralisation and immobilisation, which are dependent on 

ameliorating water repellence and the availability of organic substrates (Figure 1.1). 

A series of objectives was developed to investigate the unifying hypothesis that 

application of LaBC
®
 to soil, particularly to acid coarse-textured soil, would influence 

the balance between net-N-mineralisation and microbial-immobilisation in order to 

achieve sustained nutrient release from biosolids. The altered soil microbial activities 

would help improve the microbiological fertility of soil and thereby contribute to plant 

productivity. Furthermore, it was hypothesised that the nutrient release from biosolids in 

LaBC
®
 would be stabilised when co-applied with macro-nutrient fertiliser or other soil 

amendments (e.g. biochar) that are able to modify the soil nutrient availability through a 

range of physical (e.g. alleviation of water repellence and increased water holding 

capacity), chemical (e.g. increased soil pH and nutrient release) and microbiological 

(e.g. increased microbial biomass and altered community diversity) mechanisms. Figure 

1.2 demonstrates linkages among experiments which deal with the main objectives of 

the thesis. 
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Figure 1.1 Hypothetical model of properties of coarse textured acid soil which are 

expected to be altered following soil amendment with LaBC
® 
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Figure 1.2 Experiments that guided and linked the objectives of the research 
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Main objectives: 

Experiments were designed around 5 main objectives to investigate the unifying 

hypotheses of the thesis as follows: 

Objective 1) To characterise key soil chemical and microbiological properties after 

LaBC
®
 application to a field plot. (Chapter 3, Experiment 1). 

Hypothesis:  

a). Key soil microbial parameters (MBC and MBN) and oxidisable C will show 

higher variability than other key chemical properties (soil pH and C:N) within 

the LaBC
®
 amended plot. 

 

Objective 2) To provide fundamental information on the advantage of clay addition to 

LAB (lime-amended biosolids) to form LaBC
®

, and to determine how different 

fractions of LaBC
®
 influence the soil microbial environment through net mineralisation 

and nutrient release from the biosolids in acid, coarse-textured soil (Chapter 4, 

Experiment 2). 

Hypotheses: 

a). When applied to an acid sandy soil, LaBC
®
 will increase soil pH and 

decrease water repellence which will support higher soil microbial biomass and 

respiration compared with un-amended soil and soil amended with combinations 

of lime and clay in the absence of biosolids.  

b). Increasing rates of application of LaBC
®
 to an acid sandy soil will decrease 

CO2 respiration and sustain net-N-mineralisation when compared to the 

application of LAB to soil  

 

Objective 3) To characterise soil wetting properties and bacterial communities at 

phylum level using the soil amended with LaBC
®

 (Chapter 5, Experiment 2). 

Hypotheses: 

a). The occurrence and relative abundance of key taxa of the decomposer 

bacteria will vary with LaBC
® 

application to soil. 

b). The bacterial community structure will be more affected by LaBC
®
 2 weeks 

after its application to soil than 12 weeks after its application to soil.   
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Objective 4) To determine the effect of residual and recent LaBC
®
 applications and 

long-term residual effects of basal fertilisers on ryegrass productivity (Chapter 6, 

Experiment 3).  

Hypotheses: 

a). Application of LaBC
®
 to soil with a fertiliser history will release more N and 

increase ryegrass yield than application of LaBC
®
 to soil without a fertiliser 

history. 

b). Re-application of LaBC
®
 will have an immediate effect on increasing soil 

fertility regardless of prior history of LaBC
®
 and fertiliser.   

 

Objective 5) To determine whether there was an interaction between LaBC
®

 and 

biochar on mineralisation following growth of subterranean clover in 3 soils which have 

higher soil C and soil pH than the acid soil used in previous experiments (Chapter 7, 

Experiment 4).   

Hypotheses: 

a). Part of the N release from biosolids in LaBC
®

 would be adsorbed when co-

applied with biochar and less soil N will be available.  

b). The combination of LaBC
®

 + biochar will not affect growth and nodulation 

of subterranean clover as the excess N release could be adsorbed both by the 

clay and biochar.  

c). Soil microbial biomass will be higher with the combined amendment of 

LaBC
®

 + biochar compared with their separate application due to improved 

mico-habitat.  

 

Thesis structure  

This thesis is presented according to the style of postgraduate research scholarships 

regulation of The University of Western Australia as a series of Chapters. It consists of 

an Introduction, Literature Review, five Experimental Chapters and a General 

Summary. Table 1.1 (below) outlines the thesis chapters related to the objectives with 

corresponding experiments.   
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Table 1.1 Outline of thesis chapters corresponding to the objectives and experimental designs   

Chapter  Main Objective  Experimental Design Soils Used Amendments Used Plants Grown 

Chapter 1 General Introduction      

Chapter 2 Literature Review     

Chapter 3 Characterising key soil chemical 

and microbiological properties from 

field soil after application of 

LaBC
®
  

Expt-1 Field soil sampling 

at the beginning after a 

year of amendment   

Coarse textured, acid 

sandy soil, (Bassendean 

sand, WA) 

LaBC
® 

@ 150 t ha
-1

 (wet equivalent) Winter oats  

Chapter 4 Clay addition to lime-amended 

biosolids supports soil microbial 

biomass and longer release of N in 

an acid sandy soil 

Expt-2 Incubation assays 

(30 weeks) a) Aerobic-N-

mineralisation assay b) 

CO2 respiration assay  

Coarse textured, acid 

sandy soil, (Bassendean 

sand, WA) 

LaBC
®
 @ 50, 100, 150 t ha

-1
 (wet 

equivalent) and its fractions in equivalent 

weight namely, Lime, Clay, LAB 

(lime+biosolids), LAC (lime+clay) 

Nil  

Chapter 5 Changes in water repellence and 

microbial diversity after amending 

with LaBC
® 

and its various 

fractions 

Expt-2 Incubation assay 

(30 weeks) 

a) Aerobic-N-

mineralisation assay 

Coarse textured, acid 

sandy soil, (Bassendean 

sand, WA) 

LaBC
®
 @ 50, 100, 150 t ha

-1
 (wet 

equivalent) and its various fractions in 

equivalent weight namely, Lime, Clay, 

LAB (lime+biosolids), LAC (lime+clay) 

Nil  

Chapter 6  Direct and residual influence of 

fertilisers and LaBC
® 

on ryegrass 

biomass   

Expt-3 Glasshouse pot 

experiment; 2 harvests 

(after 6 weeks growth 

cycle) 

Coarse textured, acid 

sandy soil; history with 

previously added LaBC
®
 

and fertilisers 

LaBC
®
 @ 50 t ha

-1
 (wet equivalent) + 

Macro-nutrient fertilisers   

Ryegrass  

Chapter 7  

 

Influence of biochar and LaBC
®
 on 

mineralisation and amendments 

interactions on subterranean clover 

biomass in 4 soils 

Expt-4 Glasshouse pot 

experiment 

2 harvests (after 4
th

 and 8
th

 

weeks) 

4 soils that differ in basic 

properties and textures  

LaBC
® 

@ 50 t ha
-1

 (wet equivalent) and 

Biochar (20 t ha
-1

) 

Subterranean 

clover  

Chapter 8 General Summary and future work     

References      
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 CHAPTER 2 

Literature Review 

 

2.1 Sandy soils of Australia  

 2.1.1 Major problems in sandy soils and their causes 

 Soil acidity 

 Soil water repellence  

 Nutrient leaching 

2.2 Potential sandy soil management using amendments  

2.2.1 Clay  

2.2.2 Lime  

2.2.3 Biosolids  

2.2.4 Modified biosolids products   

2.2.5 Research on LaBC
®
 in Western Australia 

2.2.6 Biochar  

2.3 Interactions between clay, biochar and biosolids  

2.4 Soil microbial properties 

2.4.1 Soil microbial biomass and its respiration and mineralisation activities  

2.4.2 Biological nitrogen fixation with legumes 

2.5 Available molecular analysis methods for measuring soil bacterial community   

      structures 

2.6 Ryegrass and subterranean clover as experimental plants 

2.7 Thesis objectives 

 

 

2.1 Sandy soils of Australia  

 

Coarse-textured, sandy soils are common in Mediterranean regions of Australia, which 

extend from Geraldton north of Perth, across south-western Australia and southern-

south Australia, and into the Wimmera, Mallee and northern districts of Victoria 

(Rovira 1992). The Swan Coastal Plain on the coast of south-western Australia, within 

this Mediterranean environment, experiences hot dry summer and cool, wet winter with 

annual rainfall ranges between 500-600 mm (Bureau of Meteorology, 2012). Poor 

fertility and soil nutrient deficiency is common in this climatic zone as the soils are 

derived from weathered, ancient rocks and they are low in soil organic matter (Rovira 

1992). Deep sand occurs at more than 80 cm depth and the pale deep sand found on the 

Swan Coastal Plain is typically classified as bleached-Orthic Tenosol (Isbell 1996). Soil 

acidity, water repellence, poor water-holding, nutrient leaching and environmental 

degradation are major issues that need improved soil management practices to increase 

productivity in the dry-land farming zones of this region (Rovira 1992; Harper et al. 

2000; Roper 2005).   
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 2.1.1 Major problems in sandy soils and their causes 

Soil acidity 

In Western Australia (WA), soil acidification is widespread and results in part from 

inefficient use of nitrogen in agriculture that enhances natural acidification processes 

(Moore et al. 1998; Humphries et al. 2009; Pritchard et al. 2010). Soil acidification 

from pasture and cropping affects about 3 M ha of cropped land in the Mediterranean 

region of Australia (Coventry 1992). Soil acidity (mostly pH less than 5.5) commonly 

develops in agricultural lands in association with building-up of organic matter, 

frequent application of mineral fertilisers, and leaching of nitrate (Moore et al. 1998). 

Acidity also creates Al and Mn toxicity to plants (Sloan and Basta 1995; Luo and 

Christie 2002; Farhoodi and Coventry 2008) and inhibits root nodulation and N-fixation 

in legumes (Cregan et al. 1989; Rovira 1992; Peoples et al.  1995a,b; Ritchey et al. 

2004). Low soil pH generally affects the growth and activities of soil microorganisms 

that eventually leads to poor plant productivity due to decreased organic matter 

decomposition and mineralisation (Anderson 1998; Moore et al. 1998; Filep and Szili-

Kovács 2010). Historically, agricultural lime or other liming materials are applied at 

rates of 1-1.5 t ha
-1

 every 7-10 years in Australia based on soil buffering capacity and 

properties of liming materials, towards increasing soil pH for favourable plant 

productivity (Moore et al. 1998; Miller 2002; Pritchard et al. 2010).  

  

Soil water repellence  

Soil water repellence develops by the accumulation of plant and fungi derived 

hydrophobic organic coating on the sand grains (Roper 2005; Hallett et al. 2006; Hallett 

2007). Soil organic materials, in particular, stable humic fraction have been identified as 

main reason for water repellence on sand grains (Roberts and Carbon 1972; Franco et 

al. 2000a; Müller and Deurer 2011). Water repellence occurs mostly in coarse-textured 

sandy soils and sandy duplex soils that have less than 5% clay on the surface in 

Australia (Rovira 1992; Harper and Gilkes 1994; McKissock et al. 2002). Water 

repellent soils have been investigated worldwide (Roberts and Carbon 1972), for 

example, Florida and California in USA, in New Zealand, and in Australia and the 

presence of organic matter is considered as the only factor associated with water 

repellence in all of these regions (Roberts and Carbon 1972; Müller and Deurer 2011).  

In Australia, more than 5 million ha of land has been characterised with water repellent 

sands, including the Swan Coastal Plain (Tate et al. 1989; Blackwell 2000; Roper 

2005). Several studies also reported accumulation of wax-like long chain fatty acids 
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either of fungal or plant origin, and other similar type of organic compounds of plant 

origin, in particular, from Eucalyptus spp. as causes of water repellence (McGhie and 

Posner 1980; Mashum et al. 1988; Franco et al. 1995; Hallett 2007). The non-wetting 

nature of soil increases the risk of water and wind erosion. Some 2 million ha of sandy 

soils across southern Australia are affected by wind erosion and lead to severe 

productivity losses (Rovira 1992; Roper 2005; Franco et al. 2000b; Hallett 2007). Non-

uniform wetting of soil results in severe yield reduction under agricultural land due to 

poor germination of seeds and less plant establishments in such sandy soil regions 

(Bond 1964; King 1981; Roper 2005; Hallett 2007; Müller and Deurer 2011). 

 

Nutrient leaching 

Excessive fertilisation can accelerate nutrient leaching in sandy agricultural lands and 

can cause potential environmental problems such as eutrophication (Smolders et al. 

2010), soil acidity (Heenan and Taylor 1995) and ground water pollution (Power et al. 

2001; Thorburn et al. 2003). For instance, commercial bags of garden and all-purpose 

fertilisers should not contain more than 2% and 1% of P respectively, according to the 

Environment Protection regulations guidelines of WA. Nutrient retention capacity of 

sandy soils is generally very poor with excessive fertilisation in sandy soils increasing 

nutrient leaching (Sparling et al.  2006) and free-draining sandy soils can threaten 

nearby water bodies.   

  

For the Swan Coastal Plain, nutrient leaching is a primary cause of ground water 

pollution (Pionke et al. 1990; Viney and Sivapalan 2001). The contaminated ground 

water further affects surface water quality of the river systems and its surrounding lakes 

(Zammita et al. 2005; Robson et al. 2008). Dissolved inorganic N and bioavailable P 

are generally the limiting nutrients for algal growth in water bodies (Hodgkin and 

Hamilton 1993; Davis and Koop 2006; Grace et al. 2010), which can be hazardous to 

aquatic organisms and human health (Bourke et al. 1983). Maximum acceptable limit 

for nitrate in drinking water is 10 mg L
-1

 according to World Health Organisation. 

Hence, efficient application of nutrients should be the main objective in designing 

fertiliser plan for such coarse-textured agricultural soils (Viney and Sivapalan 2001; 

Zammita et al. 2005; Robson et al. 2008).  
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2.2 Potential sandy soil management using amendments  

 

2.2.1 Clay  

Clay spreading is a sustainable and economically viable method for long-term 

remediation of water repellence in sandy soils (Cann 2000) and claying is a common 

term used for top dressing transported clay materials on surface of the sandy soil. 

Increases in clay content of even 1–2% can play a crucial role in prevention of water 

repellence in a very sandy soil (Harper and Gilkes 1994; McKissock et al. 2002). Water 

repellence can be minimised by applying a higher amount of clay minerals (up to 100 t 

ha
-1

) in sandy soils (Carter and Hetherington 1994; Harper and Gilkes 1994; Cann 2000) 

and, in particular, use of kaolinite clay on a very severely water repellent soil has been 

shown as the best clay in overcoming water repellence (Ward and Oades 1993). Clay is 

attributed for its potential in increasing surface area that causes improved soil 

wettability (Ward and Oades 1993; Cann 2000). Conventionally, clay has been added at 

rates of 40–250 t ha
-1

 on sandy soils in Southern and south-western Australia to 

overcome the water repellence (Carter and Hetherington 1994; Harper and Gilkes 1994; 

Cann 2000). However, the technique of claying is continually being modified to attain 

maximum economic returns from degraded agricultural lands in various regions of 

Australia (Cann 2000; Roper 2005).  

 

2.2.2 Lime 

Lime addition has been shown to decrease water repellence in sandy soils (Roper 2005; 

Müller and Deurer 2011). Roper (2005) demonstrated that lime added at rates of 3-15 t 

ha
-1

 decreased water repellence under irrigated sandy soils in WA. While liming is 

generally practiced to increase soil pH in acid soils, it has also been shown to increase 

microbial biomass and soil respiration that is associated with acid-intolerant 

microorganisms (Neale et al. 1997; Anderson 1998; Filep and Szili-Kovács 2010). 

Increased soil microbial biomass and activities due to liming, in turn causes increased 

mineralisation and increased nutrient availability for better plant productivity (Kemmitt 

et al. 2006; Filep and Szili-Kovács 2010). However, increases in microbial activity and 

mineralisation rates are not consistent under different soil management systems 

(Nommik 1978; Fuentes et al. 2006). In another study, Roper (2005) compared the 

practice of claying with liming and concluded that lime applied up to 5 t ha
-1

 could be 

used as an alternative for clay applied at 100 t ha
-1

 in sandy soil. However, a 

combination of lime with clay was not studied. Furthermore, higher soil pH has been 
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shown to increase the abundance of wax-degrading bacteria corresponding with a 

reduction in the hydrophobic layer that causes water repellence in sandy soil (Roper 

2005). Therefore, management practices that decrease water repellence under acid soil 

conditions could be strategically planned by choosing a combination of soil ameliorants.  

 

2.2.3 Biosolids  

Biosolids (sewage sludge) are a nutrient rich complex organic material resulting from 

waste water treatment (Brookes et al. 1986; Wang et al. 2008). This nutrient rich status 

enables biosolids to be used as an organic soil amendment for its plant available 

nutrients (Debosz et al. 2002; Speir et al. 2004; Krogstad et al. 2005; Mata-González et 

al. 2006; Sullivan 2008). Generally, biosolids contain most major nutrients (N, P, Ca 

and Mg) and traces of micronutrients (Franco-Hernández and Dendooven 2006; Guerra 

et al. 2007). Therefore, application of biosolids to agricultural land is a beneficial waste 

recycling method for waste water treatment plants and a cost economic source of 

fertiliser for farmers (Hall 1992; Evans 1998; Humphries et al. 2009, 2010). However, 

biosolids need to be applied with caution as they can be a potential source for 

accumulating hazardous levels of heavy metals or trace elements (Beckett and Davis 

1982; Brookes et al. 1986; Fresquez et al. 1990; Brookes 1995; Sullivan et al.  2006b; 

Brenton et al. 2007; Ippolito et al. 2009), organic pollutants (Berset and Holzer 1995; 

Harrison et al. 2006; Fytili and Zabaniotou 2008) and soil borne pathogens (Reilly 

2001; Zaleski et al. 2005) if continuously applied on the same agricultural land. 

 

Biosolids disposal is an international environmental issue as many developed countries 

are incinerating their biosolids or disposing them as landfills and ocean dumps (Singh 

and Agrawal 2008). Global production of biosolids exceeds 10 M t yr
-1

 and the 

production average is 27 kg of dry biosolids person
-1

 year
-1

 (Bradley 2008). Several 

studies have focussed on the advantage of recycling biosolids for beneficial agronomic 

effects on soil fertility from the organic matter and readily available and/or slow release 

plant nutrients available in the sludge (Sloan and Basta 1995; Basta 2000; Kelty et al. 

2004; Wang et al. 2008; Alcantara et al. 2009). Sludge addition usually produced an 

increased plant growth that has been seen both in field and greenhouse experiments on 

different crop species (Antolín et al. 2005; Pascual et al. 2007; Sigua 2009). On the 

contrary, research on the limitations of biosolids has demonstrated that excessively 

applied biosolids can release heavy metal and the metal accumulation and cause stress 

and restrictive effects on soil microbes (Brookes and McGrath 1984; Giller et al. 1989; 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reilly%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reilly%20M%22%5BAuthor%5D
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Chander and Brookes 1991; Hirsch et al. 1993; Dar and Mishra 1994; Smolders et al. 

2004; Giller et al. 1998, 1999, 2009) and on plant root and shoot biomass (Li et al. 

2009). 

 

Other studies have focussed on managing excessive N and P nutrient release from 

biosolids and risk for nearby surface water quality (Meyer et al. 2001; Shober and Sims 

2003; Krogstad et al. 2005; Smith and Tibbett 2004). For instance, the Western 

Australian State of the Environment Report identified that eutrophication led to nearly 

30% of accidental fish kills associated with excessive P and N leaching into waterways 

through fertiliser application (TN= 0.75 mg N L
-1

, TP= 0.03 mg P L
-1 

trigger values 

indicated for the Swan-Canning estuaries as per guidelines of ANZECC and 

ARMCANZ, 2000). These studies show that no generalised application rate can be 

recommended; rather it is necessary to investigate sources of biosolids separately for a 

particular soil due to varying content of nutrients and metals present within biosolids 

(Joshua et al. 1998; Smith et al. 1998a, 1998b; Eldridge et al. 2008; Ippolito et al. 

2009).   

 

2.2.4 Modified biosolids products   

Traditionally, biosolids are applied to land in their original form for their nutritional 

value after treating raw sludge (Mata-González et al. 2006; Sullivan 2008; Sigua 2009). 

Plant nutrient imbalances either as deficiencies or phyto-toxicities can occur when using 

these materials in unmodified forms (Schumann and Sumner 2004). Issues like this 

could outweigh the fertiliser value of sludge application. However, this could be 

rectified by slightly modifying the physical and chemical properties of biosolids in 

addition to improving their formulation for safe disposal for specific soil conditions 

(Schumann and Sumner 2004).  

 

Several forms of modified biosolids are available for use in agriculture. The simple 

form of mixture is lime-stabilised biosolids or LAB (lime-amended biosolids) (Luo and 

Christie 2002; Pritchard et al. 2010). For example, a study conducted by Sloan and 

Basta (1995) noticed that alkaline biosolids caused greater reductions in phytotoxic-Al 

when applied in strong acid soils than when applied with non-alkaline biosolids. In 

another study, Luo and Christie (2002) found increased yield in barley when amending 

a mild to strong acid sandy loam (pH 4.5) soil with alkaline-stabilised biosolids at 33.5 t 

dry matter ha
-1

. In this study, fly-ash, a liming material resulting from coal combustion 
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was used for alkaline stabilisation. The liming effect of the modified biosolids increased 

soil pH by about 1.2-1.5 units and as a consequence Al toxicity was reduced (from 4.0 

to 0.1 cmol kg
-1

) in barley crop that was grown under strong acid sandy soil conditions.  

 

Manipulating soil pH using alkaline stabilised biosolids helped suppress the soilborne 

pathogenic nematode, Meloidogyne incognita besides supplying plant nutrients in a 

loamy sand soil (Zasada and Tenuta 2008). In this study, N-Viro soils, a commercial 

product developed by mixing biosolids with alkaline byproducts (such as coal ash, 

cement and lime kiln dusts), was used as a soil amendment, further amended with urea 

fertiliser and kept for 5 days in incubation. It suppressed nematode growth which was 

directly associated with higher NH3 production from urea and indirectly through 

increased soil pH by the alkaline biosolids.  

 

Studies have also focused on mixing a variety of materials with biosolids to alter the 

nutrient or heavy metal availability that enhanced safe nutrient levels (Knowles et al. 

2011). For example, there were benefits when biosolids were mixed with river 

sediments and/or composted with other organic materials such as oats straw and cattle 

manures (Elvira et al. 1998; Diaz and Darmody 2004; Contreras-Ramos et al. 2005; 

Kelly et al. 2007). A greenhouse study showed significant increase in plant growth 

when applied with a mixture of sediment and biosolids compared with application of 

either sediment or biosolids alone (Diaz and Darmody, 2004). In this case, heavy metals 

were within an accepted range in the plant tissues when grown on the mixture. 

However, the impact on soil microbial communities was not assessed in this study. A 

formula that contains a mixture of biosolids with river-sediments was investigated for 

recycling nutrients from biosolids using native grasses (Kelly et al. 2007). It was 

suggested that biosolids mixing has potential benefit to increase organic and nutrient 

content of the sediments and improve sediment quality; the reclamation of damaged 

soils was improved at a field scale for the combination of biosolids and sediments 

compared with river sediment or biosolids alone. This study confirmed that a mixture of 

river sediment improved soil texture, increased chemical nutrients, microbial biomass 

and plant growth. The mixture altered microbial community composition, with relative 

increases in Gram negative bacteria and decreases in Gram positive bacteria, fungi, and 

actinomycetes (Kelly et al. 2007).  
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2.2.5 Research on LaBC
®

 in Western Australia 

LaBC
®
 is a slow release organic amendment (Humphries et al. 2009); it is a typical 

modified clay and lime amended biosolids product (LaBC
® 

- Lime-amended BioClay) 

formulated to use in acid sandy soils of the Swan Coastal Plains in WA. It has been 

demonstrated that LaBC
®
 has a lower level of chemical contaminant threshold 

concentrations than required for unrestricted use (C1 classification) based on WA 

Biosolids Guidelines (Humphries et al. 2009; Chem Centre 2009). This results from the 

severe dilution of the biosolids in a lime and clay blended product. LaBC
®

 has a number 

of desirable soil-organic amendment qualities such as improving water and nutrient 

retention capacity of coarse textured soils. It has been shown to alter soil pH (CaCl2 

extract) from 5.0 to pH of 8.0 as the product-blend is strongly alkaline (pH of 10.0) due 

to the presence of lime (ChemCentre 2009). In addition, LaBC
®
 is rich in clay, organic 

matter and significant amounts of plant nutrients from the biosolids component 

(ChemCentre 2009). The clay material blended in the LaBC
®
 is not hydrophobic and 

has potential to reduce the severity of hydrophobicity of sandy soils when applied at 

rates greater than 50 tonnes per hectare (ChemCentre 2009; Humphries et al. 2009). 

 

The suitability of LaBC
®

 as a soil organic amendment has been investigated both at 

laboratory and field scales to evaluate the safe recycling of biosolids in the environment 

(ChemCentre 2009; Allen and Walton 2010; Humphries 2010; Davison and Tay 2011). 

The chemical effects of LaBC
®
 in providing agronomical benefits for crop growth has 

been extensively demonstrated both under field and laboratory conditions (Humphries 

et al. 2009; ChemCentre 2009; Ovens 2009). Furthermore, field experiments have been 

initiated to investigate nutrient leaching risks after its applications and to study the long-

term effect of LaBC
®
 using ryegrass (Humphries et al. 2009; Ovens 2009; Allen and 

Walton 2010). However, the overall effect of LaBC
®
 on soil biological fertility was not 

considered in these studies and this requires investigation before the product is 

recommended for wide application in the soils of Ellen Brook catchment.  

    

2.2.6 Biochar 

Biochar is a by-product resulting from pyrolysis (process of thermal degradation in the 

absence of air) of organic materials (Lehmann and Joseph 2009; Atkinson et al. 2010). 

Besides being popularly known for its carbon sequestration values (Lehmann et al. 

2006; Lehmann 2007a,b; Lehmann and Sohi 2008; Lehmann et al. 2008), its soil 

ameliorating and agronomic values have equally attracted research attention worldwide 
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(Steiner 2007; Steiner et al. 2008a; Lehmann 2009; Lehmann et al. 2011). Biochar 

characteristics differ (e.g. pH 6.2 - 9.9) with the various feedstock sources used under 

different production temperatures (260-700ºC) (Atkinson et al. 2010). There is no 

supply of direct plant nutrients available in biochar to help enriching soil fertility status 

(Lehmann et al. 2003; Atkinson et al. 2010), However, the varying micro- and macro-

pore structures of biochar (from nano, <0.9 nm; micro, <2 nm; to macro-pores >50 nm) 

(Downie et al. 2009) help increase soil surface area and retention of nutrients supplied 

through other fertiliser sources. These factors increase soil agronomic values and plant 

productivity in addition to providing a physical niche for beneficial soil microorganisms 

(Bagreev et al. 2001; Steiner et al. 2008a; Chan et al. 2007, 2008; Atkinson et al. 2010). 

Therefore, biochar has potential for improving soil fertility by manipulating aspects of 

soil physical, chemical and biological properties when amended with a range between 

0.5- 135 t ha
-1 

(Glaser et al. 2002; Atkinson et al. 2010; Lehmann et al. 2011). The 

nature of the manipulation depends on the origin of the biochar, as not all forms of 

biochar have the same characteristics (Atkinson et al. 2010). 

 

The physical structure of biochar manipulates soil macro- and micro-porosity and 

provides microhabitat for soil microbial communities including fungi (arbuscular 

mycorrhizal (AM) fungi) and bacteria (Saito 1990; Pietikäinen et al. 2000; Steiner et al. 

2008b, 2008c; Lehmann et al. 2011). Management of microbial communities in 

agricultural soils depends on provision of soil conditions that suit their growth and 

activity (Abbott and Gazey 1994). Several studies have shown increased colonisation of 

AM fungi corresponding with biochar application (Zackrisson et al. 1996; Pietikäinen et 

al. 2000; Yamato et al. 2006). The biochar particles buried in soil increased availability 

of micro-pore space which has been claimed to provide protective microhabitat for 

growth and extension of the hyphae of AM fungi into the biochar (Ogawa et al. 1983; 

Saito and Marumoto 2002). The extended extraradical hyphae can thereby increase 

plant P uptake from soil (Ishii and Kadoya 1994; Schweiger et al. 2007; Solaiman et al. 

2010). Similarly, rhizobacterial activity and symbiotic nitrogen fixation with legume 

plants can be increased in association with biochar application (Rondon et al. 2007). 

Biochar applied to soil can protect rhizobia in pores <50 mm from predation in soils 

with low clay content and caused improved nitrogen fixation (Postma et al. 1990). 

 

In addition to creating favourable microhabitat as a direct benefit to microbial 

communities, biochar application can help create favourable soil chemistry for their 
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survival and plant uptake indirectly (Ogawa et al. 1983; Nishio and Okano 1991; 

Lehmann and Rondon 2006; Warnock et al. 2007; Steiner et al. 2009). For example, 

increased atmospheric N2 fixation was observed in biochar-applied legume root nodules 

through improved symbiotic association with soil borne rhizobia (Ogawa et al. 1983; 

Rondon et al. 2007). These effects are associated with a suppressive effect of soluble 

forms of N in soil solution on the N2 fixation, while available soil P can provide 

supportive effect in the bacterial growth when soils are amended with biochar (Dazzo 

and Brill 1978; Ogawa et al. 1983; Saito 1990). It has also been suggested that biochar 

may have a role in presence of fertilisers if they stimulate the available native strains of 

beneficial microbial communities in the soil (Nishio and Okano 1991; Lehmann et al. 

2003).  

 

From an environmental perspective, soil amendment with some forms of biochar have 

potential to minimise nearby surface and ground water pollution (Lehmann et al. 2003; 

Lal 2004; Laird 2008; Chan 2009; Beesley et al. 2010; Steiner et al. 2010; Dempster et 

al. 2012) through the mechanism of adsorption of dissolved organic carbon (Pietikäinen 

et al. 2000), NH4
+

 (Ding et al. 2010; Lehmann et al. 2003; Dempster et al. 2012a) and 

trace metals in leachates (Novak et al. 2009). Soil amendment with biochar may also 

reduce heavy metal accumulation due to frequent applications of other organic 

amendments (e.g. biosolids) that contain potential metal contaminants (Lehmann and 

Joseph 2009). Some studies have demonstrated increased bioavailability of plant 

nutrients and uptake of P, K, Ca, Zn and Cu after charcoal application, while decreased 

N leaching has also been observed (Lehmann et al. 2003; DeLuca et al. 2006, 2009; 

Major et al. 2009, 2010a,b). A range of specific soil physical, chemical or 

microbiological properties, therefore, may be manipulated by developing a careful soil 

amendment strategy with biochar, although not all biochars are expected to function in 

the same manner (Lehmann et al. 2011). For instance, short term negative impacts of 

biochars have also been attributed to volatile toxic organic compounds and phytotoxic 

salts that could have caused reduced microbial biomass C (Dempster et al. 2012a) and 

plant root growth activities, respectively (Lehmann et al. 2011).  

 

2.3 Interactions between clay, biochar and biosolids 

 

Characteristics of soil amendments are inherently different. They determine key roles in 

altering soil N mineralisation processes when applied independently or when co-applied 
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with other amendments. While biosolids are usually considered as a source of nutrients 

(especially N) that accelerate N release into soil (Franco-Hernández and Dendooven 

2006; Guerra et al. 2007), other amendments such as clay and biochar acts as potential 

sinks and lead to retention of soil N and decrease N leaching into the immediate 

environment through various mechanisms (Atkinson et al. 2010; Lehmann et al. 2011).   

Dempster et al. (2012) compared the efficiency of clay and biochar in achieving 

decreased N leaching in coarse-textured soils in WA. A lysimeter column study was 

investigated for 21 days after amending soil independently with 25 t ha
-1

 of clay and 

biochar with different application methods. Both amendments significantly decreased 

cumulative NH4
+
 leaching by about 20% and NO3

– 
leaching by about 25%. However, 

biochar significantly decreased NO3
–
 leaching more than did clay and this was mainly 

associated with a larger difference in anion retention capacity. While clay lacked the 

ability to retain NO3
–
, the biochar used in this study had a dual role in NO3

– 
sorption 

processes and increased water holding capacity (Dempster et al. 2012). Moreover, the 

capacity of biochar to control N leaching in this case was associated with decreased 

nitrification values in amended soil as showed in a previous study (Dempster et al. 

2012a).  

 

Previous studies with biochar identified the same two important mechanisms as 

described above, which were attributed as potential reasons for decreased N leaching 

capacity: first the high NO3
–
 retention was due to positive charge of biochar (Cheng et 

al. 2008); second, decreased NH4
+ 

leaching was due to improved gravimetric water 

holding capacity of soil rather than its sorption effect onto the biochar (Lehmann et al. 

2003; Ding et al. 2010; Dempster et al. 2012).  

 

Co-application of clay with other organic composts has been shown to be a beneficial 

soil management practice in coarse textured soils of WA and for similar environments 

(Flavel 2009).  As discussed above for the experiments of Dempster et al. (2012), their 

preliminary 21 day study showed that clay also had a significant effect on decreasing N 

leaching in sandy soils and its effect was comparable with the biochar effect. However, 

that study did not investigate whether the nutrients retained by clay or biochar were 

plant available or whether they helped increase the efficiency of use of fertiliser in the 

amended agricultural soil. Further, these studies did not investigate the combined effect 

of clay and biochar on plant growth nor investigate its combined influence on slow 

release fertiliser such as biosolids when they are co-applied in multiple combinations.    
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Another study (Knowles et al. 2011) demonstrated that inclusion of biochar helped 

decrease nitrate leaching from biosolids amended soils over five months. A lysimeter 

column leaching study was established with ryegrass and amended with combinations 

of biochar (102 t ha
-1

 equivalent) and biosolids (600 and 1200 kg N ha
-1

 equivalent) in 

two types of silty loam soils. The inclusion of biochar and biosolids together resulted in 

significantly less nitrate leaching than in the biosolids alone treatment and suggested for 

higher rate application of the mixtures to rebuild degraded soils. However, developing 

an optimum mixture ratio and identification of the mechanisms responsible for 

alteration in the nitrogen cycle were not dealt with in this study. Based on this study, 

biosolids applied at a level equivalent of 1200 kg N ha
-1

 could become an additional risk 

associated with excessive leaching. 

 

Usman et al. (2005) reported that use of clay minerals such as Na-bentonite and Ca-

bentonite could be a potential tool for immobilising up to 70% of bioavailable form of 

heavy metals such as Zn, Cd, Cu and Ni in sewage sludge contaminated soil. From this 

111 day incubation study, the soil biological parameters such as microbial biomass C, 

respiration and organic C mineralisation rate were higher in clay-amended soil which 

was associated with reduced heavy metal toxicity on the microbial parameters.  

 

In comparison to the studies considered above, the combination of lime, clay and 

biosolids makes LaBC
® 

a unique biosolids product with potential for benefits to be 

multiplied when co-applied with biochar. This raises scope of investigating the 

biosolids amendment in combination with other N-absorbing ameliorants.  

 

 

2.4 Soil microbial properties 

 

Soil microbiological properties can respond more rapidly to changing soil conditions 

than many chemical or physical properties when organic amendments are applied 

(Powlson 1994; Tejada et al. 2006; Kowaljow and Mazzarino 2007). Among soil 

microbiological properties, microbial biomass, microbial activity and the structural 

diversity of communities of soil microorganisms are considered sensitive indicators of 

soil quality because they have a critical role in organic matter decomposition, nutrient 

cycling and maintenance of soil structure (Powlson et al. 1987; Bloem et al. 2006). 

Further, the structures of fungal communities are less well correlated with soil pH but 
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bacterial community structures may be more sensitive to pH level changes in soil 

(Rousk et al. 2010). Therefore in this thesis, bacterial communities have been the main 

focus of microbial response to soil amendments.    

 

2.4.1 Soil microbial biomass and their respiration and mineralisation activities 

Soil microbial biomass is defined as the living component of soil organic matter, 

excluding plant roots and soil animals larger than 5x10
3
 µm

3
 (Jenkinson and Ladd 

1981). Soil microbial biomass measurements have been used to obtain an early 

prediction of changes in soil organic matter content resulting from various soil 

management practices (Garcia-Gil et al. 2000; Jenkinson et al. 2004; Zhang et al. 

2004). Moreover, it has been reported that approximately 1-4% of total soil organic C is 

represented by soil microbial biomass as a labile pool, which is a more sensitive 

indicator for soil condition changes than is direct measurement of changes in soil 

organic C content (Leita et al. 1999). While it is generally accepted that the increase in 

soil microbial biomass is beneficial, a decline in its abundance may be detrimental if 

this leads to a decline in soil biological function. However, there is a need to develop a 

standard reference database for assessment of soil microbial biomass because it is 

common to measure the soil microbial biomass changes in field trials where impacts of 

different management practices are generally assessed (Gonzalez-Quiñones et al. 2011). 

Soil microbial biomass has a wide range which is generally 20-700 mg C kg
-1

 soil in 

Australian agricultural systems (Gonzalez-Quiñones et al. 2011).   

 

C mineralisation depends on substrate availability and can be measured as CO2 

evolution, otherwise known as soil microbial respiration (Anderson 1982; Wang et al. 

2003). Soil respiration and N mineralisation are considered to be key microbial 

activities involved in C and N cycling, respectively, in soil. Combining measurements 

with reference to microbial functions may give information concerning the microbial 

adjustments to nutritional conditions associated with organic matter decomposition. 

(Dilly 2006). Microbial activities related to microbial biomass have been thought to be 

useful indices for evaluating environmental conditions, and have included the microbial 

metabolic quotient which is the ratio between CO2 production and microbial carbon 

content (Anderson and Domsch 1993; Wang et al. 2003; Ros et al. 2006). Generally this 

index was used to determine possible stressful environments such as those with high or 

low pH and heavy metal accumulations, which hinder the activities of microbial 

communities.  
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Studies also demonstrated a shift in soil microbial communities along soil textural 

changes. Others findings also reported that C mineralization is influenced by soil texture 

and structure as they affect the aeration status, physical distribution of organic materials, 

and physical, chemical and biological environment of the soil (Strong et al. 1999; Six et 

al. 2006; Bach et al. 2010). A study by Bach et al. (2010) demonstrated that soil 

microbial community (using phospholipid fatty acid, PLFA method) responses to 

grassland restoration were moderated by soil texture during the monitoring of grassland 

ecosystem recovery for 19 years. Other contrasting studies claimed that soil texture had 

no significant effect on the decomposition rate and/or microbial community structures 

when soils with contrasting textures were added with additional carbon substrates such 

as low molecular weight carbon sources (e.g. glucose) (Gregorich et al. 1991; Matamala 

et al. 2008; Eilers et al. 2010). However, addition of clay to soil is likely to create new 

microhabitats, particularly if the soil has low clay content (England et al. 1993). The 

added clay can help increase soil microbial biomass (Amato and Ladd 1992; 

Franzluebbers et al. 1996a; Six et al. 2006; Voroney 2007). Despite these conflicts, 

respiration rate of the pre-incubated soils could, to some extent, depend on replacement 

of the labile substrate from soil organic matter, and the rate of this replacement could 

decrease when soil texture is altered, for example when texture is modified with 

increasing clay content (Wang et al. 2003).  

 

Fine-textured soils have higher organic C and N contents than do coarse-textured soils 

which develop under similar vegetation and climate conditions (Jenny 1941). Studies 

found a negative correlation between clay content and soil respiration rate for per unit of 

total oxidisable C content present (Franzluebbers 1999). This is a generally accepted 

rule in modelling studies too, where increased clay content is included as a factor and is 

correlated with decreased C mineralisation (Jensen et al. 1994; Coleman and Jenkinson 

1996; Wang et al. 2003). Other studies, while measuring C mineralisation per unit of 

total oxidisable carbon, found no correlation between soil respiration and clay content 

(Hassink 1994; Kaiser et al. 1992; Franzluebbers et al. 1996a, b). Franzluebbers et al. 

(1996a) claimed that coarse-textured soil had a more active microbial population than 

did fine-textured soil. Therefore, as others (Hassink 1994; Wang et al. 2003) suggested, 

soil textural effects on C mineralisation could be easily confused by variability in clay 

mineralogy, quality of organic substrate and its availability, and microbial composition, 

besides other limiting factors such as extreme pH, soil moisture, heavy metals or toxic 

fumes. 
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Soil texture, in particular clay content, is an important factor which influences organic 

matter decomposition including the labile pool of carbon, i.e. microbial biomass 

(Lavelle and Spain 2005; Umar 2010). Clay can physically protect living (microbial 

biomass C) and nonliving soil organic matter and causes reduced decomposition and 

CO2 evolution in soils (Oades 1988; Krull et al. 2001; Wang et al. 2003). The direct 

physical protection of organic matter is possibly achieved by surface adsorption and 

entrapment of organic matter between clay layers and thereby prevents  decomposition 

activities by soil microorganisms (Van Veen and Kuikman 1990; Hassink 1997; 

Baldock and Skjemstad 2000; Krull et al. 2003). On the other hand, clay can protect the 

active pool of living organic matter (known as soil microflora) by physically confining 

them in small pores, making them less active and protecting them against predation by 

soil protozoa (Rutherford and Juma, 1992). Thus, clay is assumed to play a major role 

in minimising soil C mineralisation.  

 

Umar (2010) investigated the protective effect of clay minerals (5, 10, 20 and 40% w/w) 

on wheat residue (2% w/w) decomposition in commercial sand and associated with 

decreased C mineralisation through 32 days incubation study. Clay applied at <20% 

decreased cumulative respiration until 28 days and this decreased C mineralisation was 

associated with a clay binding effect on organic matter. However, 20 and 40% clay 

increased the C mineralisation after 18 days which was associated with higher water 

retention capacity and corresponding increase in higher activities of microbial 

communities which were unable to survive in lighter-textured soils.    

 

The studies covered above help foresee benefits when LaBC
®
 is combined with other 

amendments. This necessitates a need for investigating the C and N mineralisation 

pattern and related changes in microbial community structure when a combination of 

clay, lime and biosolids (in the form of LaBC
®

) and biochar are applied together in 

sandy soil.  

 

2.4.2 Biological nitrogen fixation with legumes 

Symbiosis between legumes and rhizobia is a non-pathogenic bacterial infection which 

forms root nodules in the host legumes (Peoples et al. 1989; Peoples and Herridge 1990; 

Madsen et al. 2010). These bacteria are host specific and can help fix atmospheric 

nitrogen in agricultural crops that belong to Fabaceae family, such as pulse crops and 

legume pastures. In Australia, more than 39 commercial strains of bacteria that come 
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under the rhizobia group are available to inoculate more than 100 legume species 

(GRDC 2013). 

 

“Rhizobia” is a renowned group of bacterial genera in the phylum Proteobacteria within 

classes of alpha and beta-proteobacteria (Sprent 2001). Most of them belong to the order 

Rhizobiales and family Rhizobiaceae under the alpha-proteobacteria. The important 

legume-host specific nitrogen-fixing species are in the genera Allorhizobium, 

Azorhizobium, Bradyrhizobium, Mesorhizobium, Phyllobacterium, Rhizobium, and 

Sinorhizobium (Sprent 2001). Species of legumes are generally colonised by a dominant 

species of these bacteria (Sprent and Sprent 1990; Ledgard and Steele 1992). The 

bacterial infection leads to the formation of nodules on roots, where the biological N2 

fixation occurs (Dazzo and Brill 1978; Gage 2004) and the plant supports the bacteria in 

return by providing its photosynthetic nutrients (Khan et al. 1995). Later, the 

biologically fixed N2 is made available to plants and soil through mineralisation of the 

plant residues. Therefore, besides reduced fertiliser inputs, effective use of biological N2 

fixation has potential to minimise eutrophication of river and lake systems that result 

from excessive use of commercial inorganic N fertilizers (Zahran 1999). 

 

Biological nitrogen fixation is an efficient source of N fertilisation (Peoples et al. 

1995a). Research on N2 fixation has generally focused on the legume symbiosis because 

this association has a quantitative impact on the N cycle in arid, marginal and degraded 

lands (Dixon and Wheeler 1986; Peoples and Herridge 1990; Zahran 1999). 

Furthermore, the N2 fixing ability of a legume is influenced by available soil inorganic 

N as the process of nodulation is encouraged by comparatively low levels of available 

nitrogen in soil (Davidson and Robson 1986; Eaglesham 1989). However, legume root 

systems without adequate nodulation cannot meet the N requirement of the plant under 

poor environmental conditions such as the degraded lands with low rainfall and soil 

acidity (generally with pH values of less than 5) and soils with poor nutrient and water 

holding capacity (Jakobson 1985; Munns 1986; Bottomley 1991; Walsh 1995).  

Maximum N2 fixation in a legume requires adequate nodules on the root system which 

demands the need for maintaining a good soil fertility status in order to meet nutrient 

requirements of the host plant (Zahran 1999). Application of slow releasing organic 

fertilisers such as biosolids, with less concentration of heavy metals, and cultivation of 

acid and N tolerant N2-fixing legumes has potential value in maximising legume yield 

and decreasing N leaching losses in marginal agricultural lands (Ferreira and Castro 
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1995; Abd-Alla 1999; Zahran 1999; Munn et al. 2001; Aráujo et al. 2007; Antolín et al. 

2010). Studies also showed that soil management practices such as addition of N and P 

mineral fertilisers, amelioration of soil acidity using lime and inoculating soils either 

with AM fungi or with efficient strains or rhizobia significantly increased effective 

nodule size, number and weight (Rice et al. 1977; Peoples et al. 1995b; Unkovich et al. 

1996; Guo et al. 2010). A recent physiological study, conducted under simulated cyclic 

drought conditions with an inert medium, showed that application of sewage sludge had 

a protective effect on alfalfa nodules (Antolín et al. 2010). In this case, the sewage 

sludge was attributed to inducing a range of physiological metabolites in root nodules in 

response to the oxidative stress. However, the research did not investigate sludge effect 

under different soil types (Antolín et al. 2010). As much of the previous biosolids work 

has focused on effects of heavy metals on the nodules, there is a potential gap in 

knowledge that needs investigation of whether there is beneficial impact of LaBC
®
 on 

legume root nodules under different soil types using LaBC
®
 as an example of a 

modified biosolids product.   

 

2.5 Available molecular analysis methods for measuring soil bacterial community 

structures  

 

Soils are considered to be the most diverse microbial habitat on Earth which sustains as 

many as 4–5 × 10
30

 microbial cells, with respect to species and community diversity 

(Singh et al. 2009). Further, microorganisms are highly diverse group of organisms and 

constitute approximately 60% of the Earth’s biomass (Singh et al. 2009). This 

highlights the importance of soil microbial community structure in biogeochemical 

cycling of nutrients because microbial activities and biomass as key processes in soil 

(Dilly 2006). The microbial community structure is variable and dependant on both 

biotic and abiotic factors at both spatial and temporal scales in soil (Lauber et al. 2008). 

Changes in soil microbial communities across space are strongly correlated with 

differences in soil chemistry (Frey et al. 2004; Lauber et al. 2008). Bacterial 

communities are, in particular, more influenced by soil pH than any other properties of 

an agricultural soil (Rousk et al. 2010). Furthermore, soil pH is considered as a good 

predictor of bacterial community composition as most bacterial taxa exhibit a narrow 

growth tolerance (for pH interval 4-7) and furthermore, deviations of 1.5 pH units from 

in-situ pH of bacterial communities reduce their activity by 50% (Fernández-Calviño 
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and Bååth 2010). This necessitates investigation of changes in bacterial community 

structure after amending acid-sandy soils. 

 

Recent developments in new sequencing chemistries, bioinformatics and instruments 

have revolutionized the field of microbial ecology and genomics. The next-generation 

sequencing (NGS) platforms such as Roche/454, Illumina/Solexa, Life/APG, and 

HeliScope/Helicos BioSciences are much faster and less expensive than traditional 

Sanger’s dideoxy sequencing of cloned amplicons (Metzker 2010). Thus, NGS 

sequencing technologies help in investigations of microbial communities and are 

effective in documenting structural and functional diversity of environmental microbial 

communities (Lozupone and Knight 2007; Zwolinski 2007). Moreover, the capability of 

large-scale sequencing techniques to generate billions of reads at low cost with high 

speed is useful in many applications such as whole-genome sequencing, metagenomics, 

metatranscriptomics and proteogenomics (Rastogi and Sani 2011).  

  

Study of 16S rRNA genes is a reliable phylogenetic marker which helps identify a list 

of bacterial taxa that are present in a given sample (Pace 1997). Both rRNA and mRNA 

are considered to be indicators of functionally active microbial populations in a given 

sample (Torsvik and Øvreås 2002). The 16S rRNA gene based high-throughput 

sequencing an advanced and cost effective of the molecular technologies that can help 

document unexplored bacterial biodiversity, including non-cultivable phyla (Schloss 

and Handelsman 2004). This can be investigated in relation to ecological characteristics 

for either whole communities or individual microbial taxa as influenced by changes in 

range of environmental conditions across time and space (Caporaso et al. 2011). 

Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria, are four common phyla 

that include bacteria that can be cultured from soil samples under laboratory conditions 

(Rastogi and Sani 2011). In contrast, soil bacterial communities in the phylum 

Acidobacteria, are difficult to culture and historically have been represented by few 

genera (Schloss and Handelsman 2004). More recent evaluations of soil microbial 

diversity support the need for using growth-independent molecular techniques for 

bacteria (Rastogi and Sani 2011). 

 

A recent study introduced the Ion Torrent Personal Genome Machine (PGM) among the 

NGS platforms for obtaining reliable, high throughput results for both Tag sequencing 

and metagenomic analyses (Whiteley et al. 2012). The Ion Torrent PGM demonstrated 



Chapter 2  Literature Review 

 

 27 

a cost effective solution for analysing a multiplex PCR amplified 16S rRNA genes 

using Golay barcoded (Hamady et al. 2008) Ion Tags rather than using platforms such 

as 454 (Tamaki v 2011) and Illumina (Caporaso et al. 2012) based technologies. The 

longer read chemistries (200 b.p. for bacterial community) generated sequences with 

consistent and higher quality scores than the shorter read variants (40 b.p. for archaeal 

community) for digested piggery waste samples (Whiteley et al. 2012).    

 

2.6 Ryegrass and subterranean clover as experimental plants 

 

Growing annual or perennial pasture legumes with pasture-grasses suited to particular 

soils and climates is a widely adopted choice which helps ameliorate soil structure 

thereby enhancing water infiltration, water-holding capacity or irrigation efficiency as 

well as overall soil fertility (Hardwick 1981; Kaspar et al. 2008). The mechanisms 

involve biological processes associated with soil aggregation (Bruce et al. 1991). 

Consequently, soil structure is gradually improved.    

 

Ryegrass has an extensive soil-holding root system and has potential for growing in 

field strips, grass waterways or exposed areas to prevent soil erosion or degradation. 

Ryegrass establishes quickly even in poor, rocky or wet soils and tolerates some 

flooding once established. It can minimise N loss; its extensive, fibrous root system can 

take up as much as 19.5 Kg N yr
-1

 (Williams 1990; Shipley et al. 1992). Further, 

subterranean clover is a common legume pasture grown in Australia. A recent study 

with mixed pasture cultivation of ryegrass and clover demonstrated a potential decrease 

in P leaching problems in Australia (Watkins et al. 2012). This study showed that 

dissolved reactive P concentration was reduced, by 70% overall, in sandy clay loam soil 

when cultivated with pasture species. These studies suggest growing suitable pasture as 

useful tool in acidic, coarse-textured, agricultural catchments of the Swan Coastal Plain 

because these crops can help trap slow release nutrients applied through organic 

fertilising materials such as LaBC
®
 while simultaneously ameliorating the degraded 

sandy soil with clay for the proposed area.  
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2.7 Thesis objectives 

 

Biosolids disposal on soils with water repellent, acid, coarse-textured characteristics 

will need to ensure that any nutrients from the modified product LaBC
®
 do not become 

potential threat to the environment. While the potential agronomical influences of 

LaBC
®
 use have been identified in altering soil physical and chemical properties, its use 

in improving soil fertility with relevance to microbiological parameters has not been 

studied critically. Information is needed on the dynamics of soil nutrient cycling based 

on long-term effects of application history, including plant rotation, in terms of the 

build-up of soil N, microbial biomass N and bioavailability of N. Therefore, in general, 

this thesis investigates the changes in fertility of sandy soil after amending with LaBC
®
. 

Further it examines the impacts of LaBC
®
, in particular, on soil microbiological 

processes across the scales of laboratory incubation through a series of glasshouse and 

field studies.  
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CHAPTER 3 

Characterisation of key soil chemical and microbiological properties from field site 

following application of LaBC
®
 

 

3.1 Introduction  

 

Selection of the appropriate number and size of samples is a foremost factor in 

experiments involving soil. Soil microbiological studies need to take into account a 

potentially high level of variability (Bragato and Primavera 1998). Failure to address 

heterogeneity limits the validity of conclusions (Eng 2003). Soil microbiological 

properties measured can include C and N mineralisation, microbial biomass, microbial 

respiration and related enzyme activities. Microbial biomass and activity are often 

considered to be sensitive indicators in monitoring soil fertility status following 

application of soil amendments (Brookes 1995). Soil management practices, including 

soil amendment, can alter soil microbial properties. Microbial biomass can vary 

according to soil chemical properties because they are highly dependent on the 

availability of nutrient resources (Peigné et al. 2009). Microbiological properties are 

highly sensitive and variable over distances of 1 mm to 100 m depending on cultivation 

practices (Ettema and Wardle 2002); most soil chemical and microbiological properties 

are often spatially structured when various amendments are applied to field soil 

(Bragato and Primavera 1998). Hence, determination of sampling size for 

characterisation of key soil properties is a necessary preliminary step when designing 

large scale field experiments to assess the impact of organic amendment.    

 

Heterogeneity, variability or patchy distribution of soil organic matter is a common 

problem at a field scale due to non-uniform size and incorporation of organic 

amendments and soil physical characteristics. Microbial biomass and its turnover 

depend on organic matter availability. Furthermore, soil biomass plays a key role in 

determining soil quality and can be monitored to highlight short-term changes in 

microbiological activity (Brookes 1995). Soil organisms inherently exhibit patchy 

distributions at the scale centimetres to metres, even where topography and soil texture 

are relatively uniform (Ettema and Wardle 2002). Hence, any error in observed 

microbial properties can be further magnified if organic amendments with potentially 
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varying size fractions are incorporated in soil; this necessitates prior assessment of field 

data variability in soil microbiological experiments.     

 

LaBC
®
 is a slow release organic amendment that was proposed for the Western 

Australian sandy soils (Humphries et al. 2009). Field experiments have been initiated 

with LaBC
®
 to investigate P release, nutrient leaching, chemical and agronomical 

benefits of its application to soil (Humphries et al. 2009; Ovens 2009; Allen and Walton 

2010).  The material is incorporated into soil as a wet (27% moisture) rather than a dry 

product so as to avoid dust spreading in the field and for other practical application 

purposes (Humphries et al. 2009). Therefore, uniformity of spreading LaBC
®
 in soil is 

limited by size variability of clumps of the clay/lime material within this soil 

amendment. Such variability may negatively affect the statistical sensitivity of treatment 

effects and hinder the interpretation of its impacts in soil.     

 

This preliminary study investigated field scale improvement in soil pH and key 

microbiological properties after amending soil with LaBC
®
.  Surface level heterogeneity 

induced by the amendment was determined using simple summary statistics with co-

efficient of variation (CV %), frequency distribution curves and normality tests which 

were assessed based on 40 random samples (each collected from within a square meter; 

detailed sampling procedures are mentioned in the methods section below) after sub-

sampling and amalgamating from a single large LaBC
®
-amended plot. The main 

objective of this study was to characterise key soil chemical and microbiological 

properties from the LaBC
®
 applied plot since the amended field appeared to show 

patchy distribution at the time of sampling. Therefore, this preliminary investigation 

was designed to assess variability in microbiological impacts of LaBC
® 

application 

under field conditions prior to future field studies were they to be conducted. It was 

hypothesised that key soil microbial parameters (MBC and MBN) and oxidisable C 

would have higher variability compared with key chemical properties (soil pH and C:N) 

within the LaBC
®
 amended plot. The parameters measured were soil pH, C:N, 

oxidisable-C, microbial biomass C (MBC) and microbial biomass N (MBN) from the 

top 10cm of the soil profile following incorporation of 150 t ha
-1

 of LaBC
®
 at filed 

scale.    
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3.2 Materials and Methods 

 

3.2.1 Site description 

The experimental field (2.5 ha) was set up by the Water Corporation of Western 

Australia. It was located near the RAAF Pearce, Bullsbrook (31° 40' 0" South, 116° 0' 

0" East) in Western Australia and owned by the Department of Defence. This field is a 

representative site for Bassendean sand (bleached-Orthic Tenosol (Isbell 1996)) from 

the Swan Coastal Plain within the Ellen Brook catchment. The soil was dominated by 

sand (98%; 20 µm- 2 mm) with a very small silt fraction (2%; <20 µm) and the basic 

characteristics of the control soil (without amendment) were analysed using standard 

procedures (Rayment and Higginson 1992): soil pH (CaCl2) was 5.1; oxidisable C was 

0.1 mg g
-1

; inorganic-N was 3.6 µg g
-1

. Water repellence was classified using the 

molarity of ethanol droplet test as very severe (MED=3.6) (King 1981). The LaBC
® 

formula constituted approximately 27% of moisture at wet composition with 64% dry 

clay, 3% lime, 6% organic matter from biosolids and the total inorganic N was 183 µg 

g
-1

 and the total P was 2600 mg kg
-1

 (ChemCentre 2009). The field site had been 

amended with 100, 150 and 200 t ha
-1

 of wet LaBC
®
 in a plot size of 80 x 29 m each 

with three replicates and the amendment was incorporated at 10 cm depth with rotary 

plough; it was amended in its wet condition in order to avoid handling difficulties and 

field drifting issues during large scale application (Humphries et al. 2009). The LaBC
®

-

amended plots were cultivated and sown with annual oats (Avena sativa). 

 

3.2.2 Sampling strategy   

The soil samples were collected only from the 150 t ha
-1

 LaBC
®

 amended plot (Site-B), 

in December 2009, after a year of oats cultivation. Systematic sampling of 40 composite 

soil samples (five sub-samples from within each 1 x 1m grid) was collected across the 

whole plot size (80 x 29 m) using a random interval of a 1 x 1m grid with a spring core 

sampler to 0-10 cm soil depth. Approximately 500 g of composite sample was collected 

from five points on each 1 x 1m grid, four from the corners of a grid in a squared 

pattern and one from the centre of a grid at each sampling point of the 40 locations. The 

soil was sieved at 2 mm and stored at 4 ºC for a few days until analysis. Chemical and 

biochemical variables were measured on the 40 composite soil samples.    
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3.2.3 Soil chemical and biochemical analyses  

Soil biochemical properties (microbial biomass-N, microbial biomass-C) and 

oxidisable-C were measured on the fresh soils. Air-dried sub-samples were used for 

analysing soil pH and C:N. Soil pH (1:5 v/v ratio of soil/0.01 M CaCl2 suspension) was 

measured after shaking for 1 hour continuously in a mechanical end-over-end shaker 

(Rayment and Higginson 1992).  

 

C:N of soil was determined by combusting on air-dried, finely-ground soil using a CNS 

macro elemental analyser (Elementar, vario Macro CNS, Germany). Oxidisable-C was 

measured on 0.5 M K2SO4 extracts (sample-solution ratio of 1:4) using an auto sampler 

(Shimadzu, ASI-5000 A) and TOC analyser (Shimadzu, TOC 5000 A) based on the wet 

combustion method (Nelson and Sommers 1982). 

 

Microbial biomass was determined using the 24 hours chloroform fumigation-extraction 

method (Vance et al. 1987). Soil (10 g dry weight equivalent) either fumigated or non-

fumigated was mixed in a 1:4 ratio with 0.5 M K2SO4 solution (Joergensen and Brookes 

1990), shaken for 1 hour and filtered through Whatman
®
 number 42 filter papers that 

had been pre-washed with de-ionised water and dried. Extracts were then stored at 

 -20°C until analysis. MBN was determined by the flush of ninhydrin-positive 

compounds (Brooks et al. 1985) and was calculated using the conversion factor of 6.47 

for a 24 hours chloroform fumigation period as recommended by Sparling and Zhu 

(1993) for similar sandy soils of Western Australia.  MBC was determined by the flush 

of oxidisable-C (Shimadzu, TOC 5000 A) and was adjusted by a factor of 0.45 (Wu et 

al. 1990).  

 

3.2.4 Statistical analyses  

Statistical analysis of the data was done at various levels. The distributions were 

described using univariate summary statistics such as mean, maximum, minimum, 

range, standard deviation, coefficient of variation (CV %) and frequency distributions 

parameters (skewness and kurtosis). Frequency distributions were further visually 

examined for bell shaped curves using graphical histograms and the normality of data 

was confirmed using XLSTAT-pro for testing P values (α = 0.05) of Shapiro-Wilk test, 

Anderson-Darling test, Lilliefors test and Jarque-Bera test (Razali and Wah 2011). 
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Ultimately the data were analysed for calculating the number of samples to be collected, 

to avoid the large amendment variability at field scale, using the equation N= 4σ
2
 

(zcrit)
2
/D

2 
(Eng 2003). Where “N” is the sample size (number of replicates) of the single 

study group, “σ” is the assumed standard deviation for the group (SD value, referenced 

for each parameter), the “zcrit” value is a standard normal deviation at 95% Probability 

(zcrit = 1.960, α = 0.05) and “D” is the total width of the expected confidence interval 

(CI) (maximum allowable value, for each parameter).  

 

3.3 Results  

 

3.3.1 Summary statistics, skewness and kurtosis 

Soil amended with LaBC
®
 (150 t ha

-1
) at the field site had high variability in data for the 

summary statistics of most of the soil parameters measured (Oxidisable-C, MBC and 

MBN) (Table 3.1). Among the soil chemical parameters, soil pH and C:N presented 

limited variability and they were normally distributed as shown with the measured CV 

%, range, skewness and kurtosis (Table 3.1). However, soil oxidisable-C and 

microbiological parameters (MBC and MBN) showed a higher variability with a wide 

range of minimum and maximum values (0-290). The highest CV was observed in 

MBN (3.16%), followed by in oxidisable-C (1.28%) and in MBC (0.78%).   

 

Table 3.1 Summary statistics for soil variables within the 150 t ha
-1

 LaBC
®
 amended oats plot (80 x 29 

m) at a random interval of a 1 x 1m grid to a depth of 0-10 cm  

 

Variables n Mean SD SE CV 

% 

Min. Max. Range Skewness Kurtosis 

Soil pH  40 6.99 0.97 0.2 0.14 5.3 8.9 3.6 0.14 -1.02 

C:N  40 19.92 4.24 0.7 0.21 10.13 31.47 21.34 0.59 1.31 

Oxidisable C 

(µg C g
-1 

soil) 

40 55.46 71.06 11.2 1.28 0* 289.7

4 

289.74 1.75 2.78 

MBC  

(µg C g
-1 

soil)  

40 42.51 33.28 5.3 0.78 0.50 131.5

6 

131.56 0.78 0.07 

MBN  

(µg N g
-1 

soil) 

40 0.92 2.92 0.5 3.16 0* 17.94 17.94 5.37 31.47 

n = sample size; SD = standard deviation; SE = standard error; CV % = coefficient of variation; *-values 

are less than the detectable limit 

 

3.3.2 Histogram and normality tests 

Amendment of LaBC
®
 (150 t ha

-1
) at the field site resulted in significant variation 

overall among the five variables (soil pH, C:N, oxidisable-C, MBC and MBN) (Figures 
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3.1 to 3.5). The probability values for the normality tests confirmed the presence of 

significant variation (α = 0.05) among the parameters (Table 3.2). Soil pH and C:N 

showed a normal distribution (Figures 3.1 and 3.2) as evaluated by the Shapiro-Wilk, 

Anderson-Darling and Jarque-Bera tests (Table 3.2). The other soil variables 

(Oxidisable-C, MBC and MBN) consistently showed non-normal distributions with 

more stretched tail values on the side above the mean (Figures 3.3, 3.4 and 3.5; Table 

3.2).    

 

Table 3.2 Normality tests and probability values for sample (n=40) variables within the 150 t ha
-1

 LaBC
®
 

amended oats plot (80 x 29 m) at a random interval of a 1 x 1m grid to a depth of 0-10 cm 
  

Variables Shapiro-Wilk 

test 

Anderson-

Darling test 

Lilliefors test Jarque-Bera test 

Soil pH  0.11 0.059 0.035* 0.381 

C:N  0.188 0.282 0.531 0.145 

Oxidisable-C 

(µg C g
-1 

soil) 

<0.0001* <0.0001* <0.0001* <0.0001* 

MBC (µg C g
-1 

soil)  0.012* 0.036* 0.347 0.153 

MBN (µg N g
-1 

soil) <0.0001* <0.0001* <0.0001* <0.0001* 

* Data not normally distributed (α = 0.05) 

 

 

 

Figure 3.1 Frequency distribution of soil pH under the 150 t ha
-1

 LaBC
®
 amended oats plot (80 x 29 m); 

composite sampling (n=40) at a random interval of a 1 x 1m grid to a depth of 0-10 cm 
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Figure 3.2 Frequency distribution of soil C:N under the 150 t ha
-1

 LaBC
®
 amended oats plot (80 x 29 m); 

composite sampling (n=40) at a random interval of a 1 x 1m grid to a depth of 0-10 cm  
 

 

 

 

Figure 3.3 Frequency distribution of soil oxidisable-C (µg C g
-1 

soil) under the 150 t ha
-1

 LaBC
®
 

amended oats plot (80 x 29 m); composite sampling (n=40) at a random interval of a 1 x 1m grid to a 

depth of 0-10 cm  
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Figure 3.4 Frequency distribution of soil microbial biomass-C (µg C g
-1 

soil) under the 150 t ha
-1

 LaBC
®

 

amended oats plot (80 x 29 m); composite sampling (n=40) at a random interval of a 1 x 1m grid to a 

depth of 0-10 cm  

 

 

 

 

Figure 3.5 Frequency distribution of soil microbial biomass-N (µg N g
-1 

soil) under the 150 t ha
-1

 LaBC
®

 

amended oats plot (80 x 29 m); composite sampling (n=40) at a random interval of a 1 x 1m grid to a 

depth of 0-10 cm  

 

 

3.3.3 Sampling size  

Amendment of LaBC
®
 (150 t ha

-1
) at the field site resulted in significant heterogeneity 

in the amended plot and needed a larger number of samples (Table 3.3). Based on the 

number of samples observed for the five measured variables, soil pH, MBN and C:N 

required sample sizes of 15, 131 and 277 numbers respectively. However, MBC and 
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oxidisable-C required at least 17,022 and 77,943 samples respectively to account for 

heterogeneity.  

 

Table 3.3 Estimated numbers of samples to be collected to avoid field scale variability for each soil 

variable within the 150 t ha
-1

 LaBC
®
 amended oats plot (80 x 29 m) to a depth of 0-10 cm 

 

Variables Observed no. of 

samples (n) 

Estimated no. of 

samples per plot 

(80 x 29 m) (N) *  

Estimated no. of 

samples per unit 

area (m
2
) 

Soil pH  40 15 < 1 

C:N  40 277 < 1 

Oxidisable C (µg C g
-1 

soil)  40 77,943 34 

MBC (µg C g
-1 

soil)   40 17,022 7 

MBN (µg N g
-1 

soil)   40 131 < 1 

* using the equation N= 4σ
2
 (zcrit)

2
/D

2 
(Eng 2003); where, N=sample size  (in 

numbers) of the single study group; σ=assumed SD for the group; zcrit=1.960; 

D=total width of the expected confidence interval (CI).  

 

3.4 Discussions 

 

Among the measured soil properties, oxidisable-C, MBC and MBN data exhibited 

greater overall variation in the soil sampled from the LaBC
®

-amended field compared 

to the soil pH and C:N. Accordingly, to achieve a reasonable statistical sensitivity in 

deriving mean values, measurement of the oxidisable-C and microbiological parameters 

(MBC and MBN) would require a higher number of samples than would measurement 

of soil pH and C:N. As expected, the higher variability in oxidisable-C, MBC and MBN 

data were associated with the non-uniform distribution of LaBC
®
 in the amended field 

soil.  

 

CVs represent the basic heterogeneity induced by soil characteristics and management 

practices (Yanai et al. 2003). The variability in soil parameters were similar to those 

found in several other field scale studies as observed with arable lands and was 

represented by the overall intrinsic characteristics of each soil property (Röver and 

Kaiser 1999; Yanai et al. 2003; Sebai et al. 2007). For example, Yanai et al. (2003) 

found more variability for microbiological (MBC and MBN) variables (CV 30-50%) 

than for physico-chemical variables (<20%) from a fertiliser applied agricultural silty 

clay land where crop management was conducted homogenously across soil. 

Application of soil amendments including manures, crop cultivation and tillage at field 
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scale create more soil disturbance, which lead variation in sensitive microbiological 

variables than for physico-chemical ones (Bragato and Primavera 1998; Röver and 

Kaiser 1999; Yanai et al. 2003). In the study presented here, the field had been managed 

with application of LaBC
®
, which caused a potential soil disturbance and resulted in a 

heterogeneous condition over a year. This could explain non-uniform distribution of 

data and the related high variability for oxidisable-C and microbial biomass variables. 

In contrast, Peigné et al. (2009) found less microbiological variability (CV 16%) than 

for physico-chemical measurements (CV 10-25%) in a sandy loam soil that was 

managed homogeneously, without having any disturbance through amendment or tillage 

for 4 years. Perturbation of soil, including application of inorganic or organic-based 

materials, brings changes in soil microbial biomass and related biological variables 

(Ladd et al. 1994; Garcia-Gil et al. 2000; Ros et al. 2003). This corresponds with the 

findings of Peigné et al. (2009) where less microbiological variability in the sandy loam 

soil was associated with maintaining the field in a homogeneous condition either by not 

disturbing it for years or by not burying any residues.  

  

Heterogeneity in the amount and distribution of carbon and other nutrients occurring 

with incorporation of manure would be expected to increase the variability of microbial 

biomass (Tessier et al. 1998). For describing data distribution, graphical techniques can 

be combined with formal normality test and inspection of shape parameters such as 

skewness and kurtosis coefficients (Razali and Wah 2011). Positive skewness indicates 

the distribution of more stretched data on the side above mean. In this study of LaBC
®
-

amended soil, MBN presented the highest positive skewness and kurtosis among 

parameters which was observed with non-normal distribution of the data. Furthermore, 

the oxidisable-C and MBC also showed the non-normal distribution which could 

explain the sensitivity of microbiological indicators that were affected by non-uniform 

spread of LaBC
®
 at the field scale. 

  

Microbiological properties in the amended soil are more sensitive to field scale variation 

than are chemical or organic soil properties (Bragato and Primavera 1998) and this was 

supported in the case of LaBC
® 

amendment of the coarse textured acid soil investigated 

here. Because of the high level of heterogeneity in soil properties following amendment 

with LaBC
®
, it was difficult to determine the effect of LaBC

®
 amendment on soil 

microbiological processes in this field study. Furthermore, the non-normal distribution 

of data demonstrated the importance of sample size. As large scale variability is likely 
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to occur with application of LaBC
®
, the error could be magnified by decreasing sample 

size to a level that is realistic for sampling. However, this would eventually lead to 

random noise within the data distribution and decrease sensitivities in statistical data 

analyses for interpretation. However, determination of acceptable average impacts of 

LaBC
® 

on the soil microbiological properties could be achieved by  compositing more 

samples or increasing sample size for an acceptable maximum level. This principle can 

be applied to a variety of other environments, but an increasing loss of information will 

occur in heterogeneous environments, especially for soil microbial processes measured 

following amendment with materials that are highly clumped as for LaBC
®
.  

 

3.5 Conclusions 

 

Oxidisable-C, MBC and MBN measured in an acid coarse textured soil demonstrated 

high variability after LaBC
®
 amendment under field conditions. This was associated 

with non-uniform incorporation of LaBC
®
 that was apparent during the sample 

collection. Therefore, approaches to create more uniform distribution of clumped soil 

amendments are required to better understand impacts of LaBC
®
 under field conditions 

such as minimising spatial variability in the field by using less variable size fractions of 

LaBC
®
 and by modifying the LaBC

®
 incorporation methods that could be considered in 

future. Furthermore, amendments to soil need to be applied so as to ensure uniform 

plant nutrient supply throughout soil continuum; this would also support a favourable 

micro-environment for uniform distribution of soil microorganisms. Therefore, it was 

decided that this amended field would not be used for investigating the thesis objectives 

relating to microbiological processes further. Hence, laboratory scale incubation and/or 

pot culture studies, in controlled environment, were deployed after crushing the 

amendment using mechanical crusher, sieving (<2mm) and then homogenously mixing 

the amendment through the soil for assessing the LaBC
® 

effects in the following 

chapters (Chapter 4, 5,6 and 7). 

 

 

 

 

 

 

 



Chapter 3  Characterising amended field soil 

 

 40 

 



 41 

 

CHAPTER 4 

Clay addition to lime-amended biosolids overcomes water repellence and provides 

nitrogen supply in an acid sandy soil 

 

4.1 Introduction  

 

Recycling treated wastewater-sewage sludge (treated sludge is termed biosolids) as an 

organic soil amendment is a worldwide economic waste management strategy (Wang et 

al. 2008). In Australia, approximately 300,000 t of biosolids need to be disposed of 

annually (WA Guideline 2002). The potential for using biosolids as an amendment to 

agricultural soil is based on the nutrient content and nutrient-releasing characteristics of 

the biosolids (Stabnikova et al. 2005; Sigua 2009). Pre-treatment of sludge (to form 

biosolids) aims to destroy pathogens through anaerobic digestion, thermal drying, 

microwave irradiation, ultra-sonication or pH increase by mixing with lime (Weemaes 

and Verstraete 2001; Salsabil et al. 2009). Biosolids can be further modified by co-

composting with organic wastes (Contreras-Ramos et al. 2005) or by mixing with river 

sediments (Kelly et al. 2007) before application to land. 

  

Increases in microbial biomass, microbial activity and organic matter content of soil 

have been reported after application of biosolids (Ajwa and Tabatabai 1994; Speir et al. 

2003; Delibacak et al. 2009). Although application of biosolids can be advantageous, it 

may pose an environmental risk due to the presence of pathogens, heavy metal 

accumulation (Reilly 2001; Zaleski et al. 2005; Guerra et al. 2007) or nutrient leaching 

(Joshua et al. 1998; Costa and Seidel 2010) if applied frequently or without adequate 

pre-treatments (Singh and Agrawal 2008). In Western Australia, biosolid products 

acceptable for unrestricted use are graded as C1P1 (contaminant grade C1 and pathogen 

grade P1) (WA Guideline 2002). Grade C2P2 is the minimum requirement for 

agricultural use, and biosolids with lower contaminant grades may be blended with 

appropriate soil amendments to ensure safe recycling of nutrients in soil (WA Guideline 

2002; Humphries et al. 2010). The Water Corporation of Western Australia initially 

blended biosolids with lime (Lime-amended biosolids (LAB) (Humphries et al. 2009)) 

and further modified the LAB by incorporating clay (Lime-amended BioClay
®
 

(LaBC
®
), Humphries et al. 2010). LaBC

® 
was primarily developed, for use on coarse-

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reilly%20M%22%5BAuthor%5D
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textured acidic-sandy soils of the Ellen Brook catchment to the south of the Swan 

Canning Estuary system in south-western Australia, to increase soil water and nutrient 

retention, in parallel with recycling nutrients from the biosolids (Humphries et al. 

2010). In 2007, the Western Australian State of the Environment Report identified that 

eutrophication led to nearly 30% of accidental fish kills associated with excessive 

phosphorus (P) and N leaching into waterways (Total N= 0.75 mg N L
-1

, Total P= 0.03 

mg P L
-1 

trigger values indicated for the Swan-Canning estuaries according to the 

guidelines of ANZECC and ARMCANZ, 2000). This necessitated the use of slow 

release organic fertiliser for such soils and in this context, LaBC
®
 was proposed as a 

modified product.  

 

Water repellence occurs when soil organic matter decomposition produces hydrophobic 

organic compounds that accumulate on sand particles or aggregates (Roberts and 

Carbon 1972; Müller and Deurer 2011) in association with fungal activity and frequent 

wetting and drying cycles (Hallett and Young 1999). It is usually associated with soils 

that have <5% clay (Harper and Gilkes 1994). Once water repellence is established, it is 

extremely difficult to re-wet the soil because water only infiltrates superficially (Harper 

and Gilkes 1994). Water repellent soils have been investigated worldwide (Roberts and 

Carbon 1972; Hallett 2007). In Australia, >5 Mha of land in the states of South 

Australia and Western Australia are characterised as having non-wetting soils (Tate et 

al. 1989; Blackwell 2000; Roper 2005). Water repellence usually occurs in the surface 

10 cm soil layer as deeper soil wets up easily where there is less organic matter (Harper 

and Gilkes 1994). Clay has been added at rates of 40–250 t ha
-1

 on sandy soils in 

Southern and south-western Australia to overcome the water repellence on agricultural 

land (Carter and Hetherington 1994; Harper and Gilkes 1994; Cann 2000; Roper 2005); 

the increased clay dispersion helps reduce water repellence. High clay content has been 

shown to impede mineralisation of soil organic matter, possibly by physically confining 

microorganisms in small pores and protecting non-living soil organic matter from 

decomposition by surface adsorption (Wang et al. 2003). Thus, the effect of clay on C 

mineralisation rate may be undetectable (Hassink et al. 1993). In addition to clay 

amendment, lime application has decreased water repellence of sandy soils in Western 

Australia; application of 3-15 t ha
-1

 lime decreased (up to 100 %) water repellence in 

irrigated soils (Roper 2005). Although liming is practiced to increase the pH of acid 

soils, it has also been shown to increase microbial biomass and respiration associated 

with acid-intolerant soil microorganisms (Neale et al. 1997; Filep and Szili-Kovács 
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2010). However, increased respiration was not consistent with sampling depth for lime 

amended soil with different soil management systems (Nommik 1978; Fuentes et al. 

2006).    

  

Soil amendment with a substrate rich in organic matter (LAB) when combined with clay 

was expected to bind nutrients and decrease nutrient release. Furthermore, lime was 

expected to increase net N mineralisation since Roper (2005) showed a decrease in 

water repellence due to increased (up to 10 fold) microbial activity after adding lime in 

sandy soil. If LaBC
® 

is to be used as a soil amendment, it is important to understand 

whether addition of clay to LAB alters the release of nutrients from biosolids over time 

in comparison to nutrient release from LAB alone. The study objective was to provide 

fundamental information on the advantage of clay addition to LAB (lime-amended 

biosolids) to form LaBC
®
, and to determine how different fractions of LaBC

®
 influence 

the soil microbial environment through net mineralisation and nutrient release from the 

biosolids in acid, coarse-textured soil. Therefore, fractions of LaBC
® 

were incubated in 

soil separately and together in five treatment combinations (lime, clay, LAC 

(lime+clay), LAB (lime+biosolids) and LaBC
®
) in a coarse textured, acid soil primarily 

to determine whether there was a benefit of adding clay to the LAB.  

  

It was hypothesised that LaBC
®
 application to soil would increase soil pH and decrease 

water repellence which would support higher soil microbial biomass and respiration 

compared with un-amended soil and soil amended with combinations of lime and clay 

in the absence of biosolids. Conversely, it was also hypothesised that increasing rates of 

application of LaBC
®

 would decrease the CO2 respiration and sustain net N 

mineralisation when compared to the application of LAB to soil. Parameters measured 

were soil pH, water repellence, net mineralised N, microbial biomass N and microbial 

respiration. Most of these parameters were measured until the cumulative respiration 

stabilised over time (30 weeks) because microbial respiration is a reliable indicator for 

cycling of C and other nutrients from organic amendments (Dilly 2006).  

 

4.2 Materials and Methods   

 

4.2.1 Experimental design and treatment details 

Sewage sludge amended with lime and mixed with clay (LaBC
®

) was added to a sandy 

soil at 3 rates (dry equivalents of 50, 100, 150 t ha
 -1

 wet weight; Table 4.1). This was 
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compared with biosolids amended with lime only (LAB) (Table 4.1). In addition, lime 

and clay were added separately to the soil as well as in combination as lime-amended 

clay (LAC) (Table 4.1). Quantities of amendments of lime, clay, LAC and LAB were 

applied at 3 rates based on an amount equivalent to that present in their individual 

fractions within LaBC
®
. Furthermore, the wet weight rates (Table 4.1) were converted 

to their ha
-1

 equivalent dry weight before adding to soil because LaBC
® 

and its 

components
 
were dry when applied to soil. Consequently, there were five treatments at 

3 rates of application and a control (with no soil amendment). Each treatment was 

replicated 4 times (n=4). A biosolids treatment was excluded because it is not 

permissible to apply it untreated. The focus was on the individual effect of clay, lime 

and LAB and their other combinations to determine the benefit of clay addition to LAB 

(lime+Biosolids) for formulating the product LaBC
®
. The same treatment combinations 

were used in two incubation assays that were conducted simultaneously. The first assay 

measured N mineralisation (aerobic-mineralisation assay) and the second measured 

basal respiration (CO2 respiration). 

 

  

Table 4.1 Soil amendments (dry weight, ha
-1 

equivalent) applied to a coarse textured sandy soil in 

aerobic-mineralisation and CO2 respiration assays.  Treatments (g kg
-1

soil) calculated based on 

the dry equivalent weight of its corresponding fractions within LaBC
®
 at 50, 100, 150 t ha

 -1 
(wet 

weight basis) 

 

Treatments 

 

 

Wet weight equivalent of LaBC
® 

 

50 t ha
 -1

 100 t ha
 -1

 150 t ha
 -1

 

Actual dry weight of each amendment corresponding to its 

fractions within wet LaBC
®
  (t ha

-1
) 

LaBC
® a

 36.4  (22.8 g kg
-1

)   73.0  (45.5 g kg
-1

)   109.0  (68.4 g kg
-1

)   

LAB (Lime + Biosolids) 4.5     ( 2.8 g kg
-1

)      9.0  ( 5.6 g kg
-1

)   13.4  ( 8.4 g kg
-1

)   

Lime 1.4  ( 0.9 g kg
-1

)   2.8  ( 1.8 g kg
-1

)   4.2  ( 2.7 g kg
-1

)   

Clay 32.0  (20.0 g kg
-1

)   64.0  (40.0 g kg
-1

)   96.0  (60.0 g kg
-1

)   

LAC (Lime + Clay) 33.4  (20.9 g kg
-1

)   67.0  (41.8 g kg
-1

)   100.0  (62.7 g kg
-1

)   

Control (no application) -  -  -  

a 
LaBC

®
 contains approximately 64% dry clay, 3% lime, 6% organic matter from biosolids and 27% 

moisture 

 

4.2.2 Soil and amendment description 

Soil characteristics 

A coarse textured acidic sandy soil was collected from a depth of 0-10 cm after 

removing the surface coarse litter material from a site with natural woodland vegetation 
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at Bullsbrook (31° 40' 0" South, 116° 0' 0" East), Western Australia. This is a bleached-

Orthic Tenosol (Isbell 1996), pale deep, Bassendean sand from the Swan Coastal Plain 

within the Ellen Brook catchment. The soil was dried, sieved (< 2mm) and stored for 2 

weeks prior to the start of the incubations. Basic soil characteristics were analysed 

(Table 4.2). Total C (1.3%) and total N (0.1%) in soil were determined by combusting 

air-dried, finely-ground soil using a CNS macro elemental analyser (Elementar, vario 

Macro CNS, Germany). The soil was dominated by sand (98%; 20 µm- 2 mm) with a 

very small silt fraction (2%; <20 µm). Soil pH (CaCl2) was 5.1. Water repellence was 

classified using the molarity of ethanol droplet test as very severe (MED=3.6) (King 

1981). 

 

Table 4.2 Soil characteristics (bleached-Orthic Tenosol, coarse-textured Bassendean sand, WA) and 

amendment properties  

Soil  

and 

Amendments 

MED 

value
a
 

Water 

repellence 

Classification
a
 

pH 

(CaCl2) 

Total  

C
b 

(%) 

Total  

N
b 

(%) 

Oxidisable 

C
c  

(mg g
-1

)
 

Carbonate
c 

(mg g
-1

) 

Inorganic 

N
d 

(µg g
-1

) 

Soil 3.6 Very Severe 5.1 1.3 0.1 0.1 0 3.60 

LaBC
®

 0 None 8.2 3.1 0.3 2.4 0.9 183.10 

LAB 5 Extreme 12.4 27.3 3.2 33.4 7.5 233.14 

Lime 0 None 12.7 0.7 0 0.1 0.9 2.78 

Clay 0 None 5.2 0.2 0 0.1 0 3.28 

LAC 0 None 12.7 0.4 0 0.2 1.0 5.81 

a
King 1981 (MED classification: 0- None; 1-Slight; 2-Moderate; 3-Severe; 4-Very severe; 5-Extreme) 

b
McGeehan and Naylor 1988 

c
Nelson and Sommers 1982 

d
Krom 1980; Searle 1984; Kamphake et al. 1967; Kempers and Luft 1988 

 

LaBC
®
 and its fractions  

LaBC
®
 was produced by the Water Corporation of Western Australia after blending two 

by-products, LAB from Subiaco Waste Water Treatment Plant, and uncontaminated 

natural clay from Eastern Metropolitan Regional Council’s Red Hill solid waste facility. 

The wet LaBC
®
 formula constituted approximately 64% dry clay, 3% lime, 6% organic 

matter from biosolids (mostly cellulose and lignin) and 27% of moisture with trace 

amounts (mg kg
-1

, dry weight basis) of some metals, principally Zn and Cu. As listed in 

Table 4.1, the equivalent field rate of each treatment component was calculated and 

each experimental unit consisted of 1.5 kg of soil packed to a bulk density of 1.6 g cm
-3

. 

The corresponding dry amendment for each treatment (ha
-1

 equivalent) was added.  
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Characteristics of LaBC
®

 and its fractions 

LaBC
®
 and its component fractions (lime, clay, LAC and LAB) were air dried 

separately at 40
o
C; each was homogenised using a mechanical crusher. The 

amendments were then sieved (< 2mm) and stored (2 weeks) in air-tight plastic 

containers. Basic characteristics of the amendments were analysed using standard 

procedures (Table 4.2). Oxidisable C and carbonate contents were measured on 0.5 M 

K2SO4 extracts (sample-solution ratio of 1:4) using an auto sampler (Shimadzu, ASI-

5000 A) and TOC analyser (Shimadzu, TOC 5000 A) based on the wet combustion 

method (Nelson and Sommers 1982). LAB had an extreme level of water repellence 

(MED=5) and 27% total C compared with only 3% in LaBC
®
. Total N was 10 times 

higher in LAB (about 3%) than in LaBC
®
. Total inorganic N ranged from 233 µg g

-1
 in 

LAB to 183 µg g
-1

 in LaBC
® 

(Table 4.2). The mineral composition of the clay was 

determined using X-ray diffraction (Philips PW1830 X-ray diffractometer - XRD) 

pattern for the range 0-70
o 

2θ (Whitting and Allardice 1986). It was dominated by 

quartz (>50%) and kaolinite (20-30%) with gibbsite (5-20%) and traces of muscovite 

(<5%) and feldspar (<5%).  

 

4.2.3 Soil incubation procedures 

Aerobic-mineralisation assay 

The dry weight of each amendment corresponding to field application rate (Table 4.1) 

was mixed throughout the 1.5 kg soil. Deionised water was added to establish soil water 

content at 45% water holding capacity (WHC was determined at atmospheric pressure, 

using saturated-gravimetric water content) and the containers were placed in a 15
o
C 

dark room for incubation. Sub-samples of 100 g soil were taken after 24 hours and at 2, 

4, 6, 12, 20, and 30 weeks from the full depth of the containers using a metal corer (5 

cores; 2.5 cm diameter) and homogenised immediately. Soil biochemical properties (N 

mineralisation and soil microbial biomass N (for methods see below) were measured 

immediately after sampling. Air-dried sub-samples were used for analysing soil pH and 

water repellence. Water repellence was measured after 24 hours of incubation using the 

Molarity of Ethanol Droplet (MED) test (King 1981). Soil pH (1:5 v/v ratio of soil/0.01 

M CaCl2 suspension) was measured at each sub-sampling point after shaking for 1 hour 

continuously in a mechanical end-over-end shaker (Rayment and Higginson 1992).  
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Net mineralized N (NO3
-
-N + NH4

+
-N) was determined for each sampling point using 

soil (10 g dry weight equivalent) extracts of 0.5 M K2SO4 (40 mL) after shaking in a 

mechanical end-over-end shaker for 1 hour. The extracts were filtered using Whatman
®
 

number 42 filter paper (flushed through deionised water and dried before use) and 

stored at -20°C until analysis. Total mineral N was analysed with an automated flow 

injection Skalar Auto-analyser (Skalar San plus System) using the salicilate-

nitroprusside method (Krom 1980; Searle 1984) for ammonium and the hydrazinium 

reduction method (Kamphake et al. 1967; Kempers and Luft 1988) for nitrate. 

 

Microbial biomass N (MBN) was determined at each sampling time using the 

chloroform fumigation-extraction method (Vance et al. 1987). Soil (10 g dry weight 

equivalent) either fumigated or non-fumigated was mixed in a 1:4 ratio with 0.5 M 

K2SO4 solution (Joergensen and Brookes 1990), shaken for 1 hour and filtered through 

Whatman
®
 number 42 filter papers that had been pre-washed with de-ionised water and 

dried. Extracts were then stored at -20°C until analysis. MBN was determined by the 

flush of ninhydrin-positive compounds (Brookes et al. 1985) and was calculated using 

the conversion factor of 6.47 for a 24 hours chloroform fumigation period as 

recommended by Sparling and Zhu (1993) for similar sandy soils in Western Australia.   

 

CO2 respiration assay 

Basal soil microbial respiration was measured using a glass kilnar jar set up with alkali 

traps (0.5 M KOH) to collect evolved CO2 (Anderson 1982). The volume (15 mL) of 

alkali was slightly adjusted through time based on the evolved CO2 according to the 

treatments. Plastic containers of 250 mL capacity were used to pack 50 g of soil to the 

bulk density 1.6 g cm
-3

. Dry amendments for 3 field rates were calculated and added to 

the soil and homogenised as for the aerobic-mineralisation assay described above. 

Deionised water was added to maintain the soil water content at 45% water holding 

capacity and the containers were placed into 1 L sized kilnar glass jars with clip-on lids 

and rubber sealing rings. Distilled water (5 mL) was added into the base of each jar to 

maintain high humidity and the set up was kept in 15
o
C dark room. At each time of 

measurement, jars from all the treatments were opened and the alkali traps were back-

titrated with 0.1 M HCl to a colourless phenolphthalein end point (pH 8.3) that 

measured un-utilised KOH after reacting with the evolved CO2. After titration, jars were 

kept open 10 minutes for aeration and a new vial with fresh KOH (15 mL) was placed 

in each jar and sealed to air-tight until next titration.    
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Microbial activity was based on the rate of evolved CO2-C from the air-tight Kilnar jar 

incubation set up at each sampling time (after 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 14, 18, 24 and 

30 weeks). The cumulative amount of CO2-C evolved from each amendment was 

calculated as a sum of the measured daily CO2-C over time.  

 

4.2.4 Statistical analyses 

Statistical analyses were performed using Genstat
®
 version 12. General analysis of 

variance (ANOVA) was done under repeated measurements over time as detailed by 

Webster and Payne (2002) and the least significant difference (LSD) was determined at 

P≤ 0.05. 

 

4.3 Results 

 

4.3.1 Water repellence 

Addition of LaBC
®

 eliminated (P≤0.05) water repellence (MED=0) (Table 4.3). Water 

repellence ranged from very severe in the unamended soil (MED=3.6) to none 

(MED=0) when clay was added with LAB (Table 4.3). For the lowest level of addition 

of clay alone (equivalent to the wet weight of 50 t ha 
-1 

LaBC
®
), water repellence was 

reduced (MED=1.8) and clay in combination with lime (LAC) reduced it further 

(MED=0.8). In contrast, the two higher rates of application, clay alone and clay in 

combination with other treatments (LAC and LaBC
®
), completely eliminated water 

repellence. In general, treatments without clay (i.e. lime alone and LAB alone) did not 

affect water repellence (MED=3.2-3.6) at any rate of application.  

 

4.3.2 Soil pH 

LaBC
®
 application increased (P≤0.001) soil pH but to a lesser extent than application of 

either lime or LAC and soil pH increased from 5 to 7 with application of LaBC
®

 (Figure 

4.1). For the lowest rate of LaBC
® 

application (50 t ha
-1 

wet weight equivalent) and an 

equivalent amount of lime alone and in combination with clay (LAC), soil pH increased 

to 7.6 in the first week then decreased to 6.7 and 6.8 respectively by the end of 

incubation. LAB increased soil pH slightly to 5.5 initially but it then decreased to a 

level similar to the unamended soil (5.3). Addition of equivalent amounts of clay alone 

did not alter soil pH (Figure 4.1a). At the higher rate equivalents of components of 

LaBC
®
 (100 and 150 t ha

-1 
wet weight equivalent), soil pH followed a similar trend to 

that at the lowest rate equivalent. In addition, soil pH was 0.5 to 1 unit higher in all 
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treatments for 100 t ha
-1 

wet weight equivalent (Figure 4.1b) and 1.0 to 1.5 units higher 

for 150 t ha
 -1 

wet weight equivalent (Figure 4.1c) when compared with the lower rate 

applied, 50 t ha
-1 

wet weight equivalent. 

 

Table 4.3 Water repellence changes from aerobic-mineralisation assay, 24 hours after amendment with 

LaBC
® 

and its fractions (lime, clay, LAC and LAB) applied dry at three equivalent rates (equivalent to 

wet LaBC
® 

at 50, 100, 150 t ha
 -1

) to a coarse textured sandy soil 

Treatment* Water repellence rating 

MED value
a
 Severity of Repellence

a
 

Control 3.6 ±0.1A Very severe 

LaBC
® 

@50t ha
 -1

 wet weight equivalent 0E None 

LAB @50t ha
 -1

 wet LaBC
® 

equivalent 3.6 ±0.1A Very severe 

Lime @50t ha
 -1

 wet LaBC
® 

equivalent 3.6 ±0.1A Very severe 

Clay @50t ha
 -1

 wet LaBC
® 

equivalent 1.8 ±0.1C Moderate 

LAC @50t ha
 -1

 wet LaBC
® 

equivalent 0.8 ±0.1D Slight 

LaBC
® 

@100t ha 
-1

 wet weight equivalent 0E None 

LAB @100t ha
 -1

 wet LaBC
® 

equivalent 3.6 ±0.1A Very severe 

Lime @100t ha
 -1

 wet LaBC
® 

equivalent 3.4 ±0.2A Very severe 

Clay @100t ha
 -1

 wet LaBC
® 

equivalent 0E None 

LAC @100t ha
 -1

 wet LaBC
® 

equivalent 0E None 

LaBC
® 

@150t ha
 -1

 wet weight equivalent 0E None 

LAB @150
t ha -1

 wet LaBC
® 

equivalent 3.6 ±0.1A Very severe 

Lime @150t ha
 -1

 wet LaBC
® 

equivalent 3.2 ±0.1B Very severe 

Clay @150t ha
 -1

 wet LaBC
® 

equivalent 0E None 

LAC @150t ha
 -1

 wet LaBC
® 

equivalent 0E None 

ANOVA P<0.001  

* Data are means ±
 
standard errors (n=4). Means followed by the same letter are not 

significantly different at P=0.05 

a 
King 1981 (MED classification: 0- None; 1-Slight; 2-Moderate; 3-Severe; 4-Very 

severe; 5-Extreme) 
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Figure 4.1 Changes in soil pH* (CaCl2 extract) from the aerobic-mineralisation assay, after amendment 

with LaBC
® 

and its equivalent fractions (lime, clay, LAC and LAB) at dry equivalent to the wet weight of 

(a) 50, (b) 100, and (c) 150 t ha
-1 

LaBC
®
 applied to a coarse textured sandy soil during 30 weeks of 

incubation 

*Data are means (n=4). Treatments were significantly different from each other within each applied rate 

(ANOVA, P<0.001). LSD value calculated at 95% (P=0.05) 

 

4.3.3 Net N mineralisation  

LaBC
®
 application increased (P≤0.001) soil inorganic N (ammonium and nitrate) 

(Figure 4.2a-c); ammonium N was less than the detectable limit throughout the 

incubation and thus the inorganic N, indeed, refers to nitrate N in this study. Inorganic 
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N in the unamended-control soil increased (P≤0.001) throughout the incubation. At 50 t 

ha
 -1 

wet weight equivalent of LaBC
®
, 86% more N (63 µg g

-1
 soil) was mineralised 

(P≤0.001) by the end of incubation than for the equivalent amount of LAB (35 µg g
-1

 

soil) although the LAB treatment released 58% higher (P≤0.001) inorganic N during the 

initial two weeks (Figure 4.2a). 

 

  

Figure 4.2 Changes in soil inorganic N* (µg g
-1 

soil) from the aerobic-mineralisation assay, after 

amendment with LaBC
® 

and its equivalent fractions (lime, clay, LAC and LAB) at dry equivalent to the 

wet weight of (a) 50, (b) 100, and (c) 150 t ha
-1 

LaBC
®
 applied to a coarse textured sandy soil during 30 

weeks of incubation 

*Data are means (n=4). Treatments were significantly different from each other within each applied rate 

(ANOVA, P<0.001). LSD value calculated at 95% (P=0.05) 
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For treatments with lime or clay alone or in combination (LAC), lower amounts of N 

(P≤0.001) were released compared with LaBC
®

 and LAB (by 138% and 30% less 

respectively) towards the end of the incubation. In addition, clay alone suppressed 

(P≤0.001) net N mineralisation after 30 weeks. At the higher rate equivalents of LaBC
®

 

(100 and 150 t ha
 -1 

wet weight equivalent), net N mineralisation followed a similar 

trend to that of the lowest rate equivalent. However, at the two higher rates, LaBC
®

 

released 33% more N (84 µg g
-1

 soil) compared to the lowest rate (N, 63 µg g
-1

 soil) and 

this differed from other treatments (P≤0.001) within each rate (Figure 4.2b,c). For these 

higher rates, the clay alone treatment also followed a similar trend to that of the lower 

rate equivalent and suppressed (P≤0.001) the net N mineralisation (by 47%) by the end 

of the incubation (30 weeks). 

 

4.3.4 Microbial biomass N (MBN) 

LaBC
®
 application increased (P≤0.05) soil MBN (Figure 4.3). There was no difference 

between the control, lime, clay and LAC treatments, and there was no measurable 

biomass at the end of the incubation (30 week) for these treatments at all rates of 

application, with the exception of LAC. For the 50 t ha
-1 

wet weight equivalent of 

LaBC
® 

application, MBN (28 µg g
-1

 soil) was lower (P≤0.05) than when the equivalent 

amount of LAB was added to the soil after 24 hours, but at the end of the incubation 

there was no significant difference between them (Figure 4.3a). At the lowest rate of 

application, LaBC
®
 decreased MBN (approximately 2 fold) only during the first 24 

hours after application to soil compared with the addition of equivalent amount of LAB 

alone. For the two higher rate equivalents of LaBC
®
 application (100 and 150 t ha

-1 
wet 

weight equivalent), MBN followed a similar trend to that of the lowest rate (50 t ha
-1 

wet weight equivalent) and the order of treatment effect was also similar to that of the 

lowest rate. However, all of the treatments in this rate consistently supported higher 

MBN (Figure 4.3b,c) when compared to the lowest rate.  
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Figure 4.3 Soil microbial biomass N* (MBN, µg g
-1

soil) from the aerobic-mineralisation assay, after 

amendment with LaBC
® 

and its equivalent fractions (lime, clay, LAC and LAB) at dry equivalent to the 

wet weight of (a) 50, (b) 100, and (c) 150 t ha
-1 

LaBC
®
 applied to a coarse textured sandy soil during 30 

weeks of incubation 

*Data are means (n=4). Treatments were significantly different from each other within each applied rate 

(ANOVA, P<0.05 for Fig 3.3a and P<0.001 for Fig 3.3b-c). LSD value calculated at 95% (P=0.05)  
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4.3.5 Basal respiration 

Soil CO2 emissions by microflora, remained lower (P≤0.001) in the control than when 

LAB, LaBC
®
 and LAC were added for the duration of the experiment (Figure 4.4a-c). 

For 50 t ha
 -1 

wet weight equivalent of LaBC
® 

application, the LaBC
®
 released more (P≤ 

0.001) CO2 than other treatments (by 65%) but it was similar to that of LAB (Figure 

4.4a). Treatments with lime, clay or LAC did not significantly alter the CO2 release 

compared with each other throughout the incubation. Thus, the lime, clay and LAC 

treatments had no effect on CO2 emission. For the two higher rate equivalents of LaBC
®

 

application (100 and 150 t ha
-1 

wet weight equivalent), all the treatments released more 

CO2 (Figure 4.4b) compared to the lower rate equivalent. Only at the highest rate 

equivalent (150 t ha
-1 

wet weight equivalent) LaBC
®
 decreased microbial activity (by 

38%) and LAB amended soil released constantly more CO2 than did soil amended with 

LaBC
®
 and the other treatments (P≤0.001). 
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Figure 4.4 Cumulative respiration* (CO2, µg C g
-1

 soil) from the CO2 respiration assay, after amendment 

with LaBC
® 

and its equivalent fractions (lime, clay, LAC and LAB) at dry equivalent to the wet weight of 

(a) 50, (b) 100, and (c) 150 t ha
-1 

LaBC
®
 applied to a coarse textured sandy soil during 30 weeks of 

incubation 

*Data are means (n=4). Treatments were significantly different from each other within each applied rate 

(ANOVA, P<0.001). LSD value calculated at 95% (P=0.05)  
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4.4 Discussions 

  

Clay addition to the lime-amended biosolids product LAB improved its suitability as an 

amendment for coarse-textured, acidic soils by ameliorating both soil acidity and water 

repellence. The assumption of clay protection effect on organic C in the biosolids was 

indicated by a decrease in net C and N mineralisation. An initial increase in net N 

mineralisation following addition of LAB, and to a lesser extent in LaBC
®
, was 

associated with the presence of biosolids; indicating that there was little release of N 

from soil organic matter. Organic matter contributes significantly to soil resilience and 

provides the chemical energy and nutrients essential to the activity of soil biological 

systems (Baldock and Skjemstad 2000). Furthermore, lime and clay directly impose 

strong influences on mineralisation by altering soil pH, soil cation exchange capacity 

and buffering capacity. They both directly and indirectly influence soil structural 

stability, water and nutrient retention capacities. The biological stability of organic 

matter in soil is interrelated to its chemical structure and to the protection provided 

within the soil matrix (Baldock and Skjemstad 2000; Umar 2010). The lower basal 

respiration after application of LaBC
®

 compared with LAB was attributed directly to 

physical protection of biosolids by the addition of clay. Clay amendment of LAB to 

form LaBC
®
 was initially beneficial both in terms of overcoming water repellence and 

for a decreasing N release from the biosolids. While clay protection of organic matter is 

not permanent, it can decrease the rate of decomposition relative to unprotected 

materials (Baldock and Skjemstad 2000) such as LAB. Indeed, a clay binding effect 

with organic matter appeared not to persist beyond the first few weeks of incubation, 

suggesting that a lime-induced pH effect may have influenced net N mineralisation as 

the incubation progressed. Evidence for this was observed with the greater inorganic N 

release from the added biosolids. While there may have been complex interactions 

between clay, lime and organic matter, each may have had a dominant role at different 

times during the mineralisation of N from biosolids in LaBC
®
. In addition, in the 

presence of plant roots, nutrient availability is further modified by biotic and abiotic 

interactions (Chaparro et al. 2012). 

 

Soil water repellence was completely eliminated where clay was combined with lime 

but lime application alone did not remove water repellence. The proportion of lime 

alone in the LaBC
®
 (1.4- 4.2 t ha

-1
) may not have been sufficient to eliminate water 

repellence (Roper 2005). Water repellence can only be minimised by applying relatively 
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high amounts of clay minerals (40–250 t ha
-1

) in sandy soils as demonstrated in several 

experiments (Carter and Hetherington 1994; Harper and Gilkes 1994; Cann 2000). 

Furthermore, use of kaolinite clay, the dominant clay type in these highly weathered 

soils (Singh and Gilkes 1992) on a very severe water repellent soil was the best clay 

source for overcoming water repellence (Ward and Oades 1993). Clay is attributed for 

its potential in increasing surface area that causes improved soil wettability (Ward and 

Oades 1993; Cann 2000). The technique of clay application is continually being 

modified to attain maximum economic returns from water repellent agricultural lands 

and adding up to 40-250 t ha
-1

 is considered to be the best range for improving soil 

wettability and moisture content in various regions of Australia (Cann 2000). In 

addition to clay, lime has been considered an alternative amendment for removing water 

repellence (Müller and Deurer 2011; Roper 2005). Higher soil pH has been shown to 

increase the abundance of wax-degrading microorganisms corresponding with a 

reduction in the hydrophobic layer that causes water repellence in sandy soil (Roper 

2005). Roper (2005) showed that lime application (up to 5 t ha
-1

) could be used as an 

alternative for clay applied at 100 t ha
-1

 in sandy soils. However, a combination of lime 

with clay was not studied. Thus, the combination of clay either with LAB or with lime, 

even at the lowest rate (50 t ha
-1

 of wet weight of LaBC
®
 equivalent), could increase the 

clay effects in eliminating water repellence compared with when they are used 

separately. In addition, N supply from biosolids may have supported the growth of 

microorganisms by decreasing water repellence.  

 

Numerous studies have demonstrated the role of agricultural lime application as a 

common practice in acidic soils for increasing soil pH besides increasing soil microbial 

biomass and respiration (Neale et al. 1997; Fuentes et al. 2006). However, the main 

purpose of lime stabilisation of biosolids is to help maintaining a higher pH value of the 

biosolids itself for extended period thereby decreasing bioavailability of potential metal 

contaminants (Samaras et al. 2008). Hence lime-amendment to the biosolids (LAB) 

could be an economic alternative in the sewage-sludge processing. Furthermore, it 

increases the agronomic value of biosolids while contributing to recycling nutrients. 

Several incubation studies also demonstrated a clay effect in increasing specific surface 

areas for its increased negative charge and cationic exchange capacity and thereby 

increasing the soil wetting front (Müller and Deurer 2011). With these assumptions, 

clay addition to LAB is likely to increase the soil wetting front due to an interaction 

between clay with lime. 
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The source of most of the N released in the presence of LaBC
® 

was the organic matter 

in biosolids because there was no significant N released by the other treatments or from 

the untreated control soil. Microbiological or mineralisation effects of lime have been 

investigated for acidic soils under different management systems (Shah et al. 1990). 

Soils that were treated with lime increased the pH and helped faster turnover of organic 

matter, favouring an increase in net N mineralisation and nitrification (Curtin et al. 

1998). Similarly, LAB applied to soil was associated with release of more N from 

biosolids than for soil amended with LaBC
®
 due to the clay dilution factor. Nitrification 

can lead to soil acidification (Van Miegroet and Cole 1984). Indeed, the elevated pH 

levels observed in the presence of lime were less marked towards the end of the 

incubation and this was associated with higher soil nitrate as the incubation progressed. 

The initial rise in soil pH did not correspond immediately with higher N release from 

LaBC
®.

although the combined application of lime with N fertiliser can decrease 

nitrification and denitrification processes in acid soils (Yamamoto et al. 2014). The 

increased N release from LaBC
® 

was observed only at the later stage of incubation, 

implicating a clay and lime interaction in protecting the organic matter.   

 

In the case of the highest application rate of LaBC
®
, the difference between LAB and 

LaBC
®
 treatments was large enough to indicate the presence of two main trade-off 

mechanisms that facilitated a slow and sustained decomposition pattern. First, the clay 

present in LaBC
®
 may have provided an initial, temporary physical protection 

mechanism for organic matter (Baldock and Skjemstad 2000; Umar 2010) contributing 

to a decreased C and N mineralisation. Second, the improved wettability due to 

comparatively higher fractions of clay may have provided a surface that assisted better 

survival of soil microorganisms besides increasing the liming induced pH effect in soil. 

In particular, the higher N mineralisation beyond 6 weeks may have occurred in 

response to gradual exposure of both biosolids and cellular contents of lysed dead 

microbial cells under the elevated soil pH. This was further supported with the idea of 

delayed influence of lime effect as discussed previously. Thus, the sustained release of a 

higher amount of N was likely to have been achieved in the case of LaBC
®
-amended 

soil in association with more than one mechanism over the period of 30 weeks 

incubation. Thus, the addition of clay to form the modified biosolids product LaBC
®
 is 

a novel method for prolonging the nutrient release from biosolids applied to soil.  
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The microbial biomass in soil increased many fold within 24 hours after the addition of 

the LAB. Such a rapid increase in microbial biomass immediately after amendment 

could possibly be associated with either the readily available soluble nutrients from the 

biosolids or an accelerated decomposition of added organic carbon that activates 

different microbial communities which is known as positive priming effect (Hoyle et al. 

2008). Carbon mineralisation could be overestimated in alkaline or lime-amended soil 

(Stevenson and Verburg 2006) and thus, the accuracy of estimation of microbial 

respiration can be uncertain in soils with higher pH values. This uncertainty is probably 

because of the presence of calcium carbonate, which may favour the contribution of 

inorganic C to produce CO2 (Stevenson and Verburg 2006). Therefore, the presence of 

lime in LAB
 
and in other treatments with lime in the study presented here could lead to 

an overestimation of microbial respiration. There was a four-fold increase for microbial 

respiration observed in LAB amended soil compared with unamended soil. However, an 

overestimation of CO2 emissions was unlikely because microbial respiration was similar 

in both the lime-alone treated soil and the un-amended control throughout the duration 

of incubation. LAB had slightly elevated carbonate content compared with LaBC
®

, but 

its contribution was probably negligible in influencing CO2 emissions because the 

primary source of C mineralisation was likely to be organic matter in biosolids. The 

higher amount of microbial biomass in the LAB amended soil corresponded with higher 

microbial respiration rates. Interactions among clay, lime and organic matter from 

LaBC
®
 are complex in this water repellent, acidic-sandy soil, but each may have had a 

dominant role at some point in time during the incubation.  

 

4.5 Conclusions 

 

Overall, clay addition to lime-amended biosolids (LAB) eliminated water repellence of 

an acidic sandy soil. This was mainly associated with an interaction between clay and 

lime within the LaBC
®
. LaBC

®
 application at 50 t ha

-1
(wet weight) increased soil pH (in 

CaCl2) from 5 to 7. This investigation provides evidence that net N mineralisation was 

initially decreased for two weeks at the lowest rate of clay application to LAB and for 

four weeks for the higher rates. As the incubation progressed, the lime effect 

outweighed clay protection by releasing more inorganic N in LaBC
®
-amended soil. 

Microbial biomass was decreased only after 24 hours, but there was no significant 

difference between the LaBC
®
 and LAB treatments as the incubation progressed. 

Increased microbial N-immobilisation could have occurred due to uniform wetting in 
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LaBC
®
-amended soil. Clay addition to LAB consistently decreased microbial 

respiration when applied only at the highest rate. This supports the assumption that clay 

provided physical protection of organic matter and helped decrease mineralisation 

compared to unprotected organic materials. Hence, addition of clay to LAB to form the 

product LaBC
®

 could be an efficient method of recycling lime-amended biosolids and it 

could be applied at up to 150 t ha
-1 

to achieve sustained nutrient release in a soil similar 

to the acidic sandy soil used in this study. However, in order to achieve a favourable soil 

pH, LaBC
®
 an application of 50 t ha

 -1 
(wet weight) in such soils would be sufficient to 

improve conditions for plant growth. 
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CHAPTER 5 

Relative abundance of 16S rRNA bacterial community in  

LaBC
®
 amended sandy acid soil 

 

5.1 Introduction  

 

Biosolids amended with both lime and clay (Lime-amended Biosolid-Clay (LaBC
®
) 

was developed as a product and intended using primarily as a slow releasing organic 

fertiliser for sandy soils of Western Australia (Humphries et al. 2009). Soil microbial 

communities play a major role in organic matter recycling (Coleman and Crossley 

1996; Nannipieri et al. 1994, 2003), including degradation of wax like substances that 

have branched and un-branched C16 to C36 fatty acids, for example coconut oil (Franco 

et al. 2000a; Roper and Gupta 2005). These soil bacteria can contribute to alleviation of 

soil water repellence (Braun et al. 2010), and improve plant establishment on sandy soil 

(Roper 2005). Most studies have investigated limitations such as water stress, acidity 

and nutrient availability on soil bacterial community structure independently. However,
 

LaBC
®
 alleviates several limiting factors simultaneously (Chapter 4).  

 

Water repellence can be caused by accumulation of organic waxy coatings, on sandy 

soil particles, and the organic coating is generally associated with certain plant species, 

root exudates and some hydrophobic fungal structures (Roberts and Carbon 1972; 

Franco et al. 1995; Doerr et al. 2000). Soil water repellence can be corrected by 

stimulating a range of wax degrading microbial communities (Franco et al. 1994) by the 

addition of slow release fertilisers (Franco et al. 2000b), changing soil water content 

(Braun et al. 2010), or lime application (Roper 2007) as such practices may enhance and 

support the growth of these naturally occurring community of soil bacteria, in 

particular. McKenna et al. (2002) and Roper (2006) demonstrated this by inoculating 

wax-degrading bacteria (species of bacteria such as Nocardia sp. Rhodococcus spp. and 

Mycobacterium spp. belonging to Actinomycetes) into water repellent soils. For lime 

application, alteration of the bacterial community structure was not simply because of 

lime-induced pH changes in soil (Rousk et al. 2010); it was mainly associated with 

calcium nutrition, which was contributed to the survival of these bacteria in soil (Roper, 

2007). It has also been shown that clay addition of minimum 100 t ha
-1

 could potentially 

correct hydrophobic layers in water repellent sands and this was most effective when 
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kaolinite minerals were used because of increased surface availability at the wetting 

front (Moore and Blackwell 1998). Braun et al. (2010) identified bacterial diversity 

(using denaturing gradient gel electrophoresis, DGGE) that clustered for urban soils 

according to water stress (non-wetting and wetting characteristics).  

 

Fungal communities are less well correlated with soil pH and bacterial communities are 

considered more sensitive to pH level changes in soil (Rousk et al. 2010). Moreover, the 

combined influence of physical, chemical and microbiological mechanisms that could 

impose potential changes in soil bacterial community structures are not well identified 

for water repellent soils. Furthermore, Roper’s (2005) study of lime effects on wax-

degrading bacteria did not include the non-culturable, naturally occurring bacteria that 

may be present in water repellent soils. Therefore, insight into changes in particular 

with bacterial community structure during the alleviation of water repellence, acidity 

and/or nutrient release during biosolids decomposition would need to include physical 

and chemical processes for more complete understanding of the potential use of LaBC
®
 

as an organic soil amendment.   

 

As shown in the 30 week laboratory incubation experiment (Chapter 4), application of 

the product LaBC
®
 eliminated water repellence after 24 hours after its application, 

increased soil pH, microbial biomass and sustained release of N over 30 weeks in an 

acid sandy soils. Thus, adding clay to LAB (to form the product LaBC
®
) had the 

specific effect in removing water repellence, and the LaBC
®

 blend combined effects of 

lime and clay in addition to incorporation of organic matter from the biosolids. Changes 

in soil bacterial communities, may affect important soil ecosystem processes such as 

biogeochemical and nutrient cycling and improve the soil productivity (Braun et al. 

2010; Rousk et al. 2010; Shange et al. 2012). These studies have shown that soil 

bacterial communities not only responds to soil management practices but also responds 

to environmental factors such as soil acidity, water stress and nutrient status. Hence, to 

further understand the impact of LaBC
® 

on soil biogeochemical mechanisms, the 

bacterial community structure can be assessed in response to changes in water 

repellence, water holding capacity and soil pH and nutrient content using DNA-based 

16S rRNA gene sequencing (Torsvik and Øvreås 2002; Caporaso et al. 2011; Whiteley 

et al. 2012).   
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The objective of this study was to characterise soil wetting properties and bacterial 

communities at phylum level using the same soils amended with LaBC
®
 from 

Experiment 2 (Chapter 4).  Bacterial community structure was assessed using Ion 

Torrent Personal Genome Machine (PGM Platform) (Whiteley et al. 2012). Water 

repellence changes over time were monitored and changes in water holding capacity 

were measured in LaBC
®

 amended soil. 

 

It was hypothesised that the occurrence and relative abundance of key taxa of the 

decomposer bacteria would vary with LaBC
® 

application to soil and that the bacterial 

community structure would be more affected by LaBC
®
 2 weeks after its application to 

soil than 12 weeks after its application to soil.   

 

5.2 Materials and Methods 

 

5.2.1 Experimental Design  

Soil samples analysed in this study were from Experiment 2 (Chapter 4). Water 

repellence was assessed (n=4) for soil amended with 50, 100 and 150 t h
-1 

of LaBC
® 

and 

its equivalent components (Table 4.1, Chapter 4) after 2, 4, 6, 12, 20 and 30 weeks. 

Water holding capacity (WHC) was assessed (n=4) on the same amended soils after 24 

hours of incubation. Bacterial community structure was assessed (n=3) for un-amended 

soil and for soil which had been amended with 50 and 150 t h
-1 

of LaBC
® 

after 2 weeks 

incubation as well as for 150 t h
-1 

of LaBC
® 

after 12 weeks incubation. PCR 

amplification of DNA extracted from soil from the other treatments in Experiment 2 

used in this study was not successful and this could be associated with the lower purity 

of DNA (260/280 ratio <1.8).  

 

5.2.2 Soil Wetting Properties 

Sub-samples were taken from the full depth of the containers using a metal corer (5 

cores; 2.5 cm diameter), mixed, air-dried and used for soil wetting analyses (n=4) and 

used to assess water holding capacity and water repellence.   

 

Water Holding Capacity 

Water holding capacity was measured for all the treatments with four replicates after 24 

hours of incubation using a pressure plate apparatus at 0, -10, -100, -1500 kPa (Dane 

and Hopmans 2002). 
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Water repellence   

Water repellence was measured over 30 weeks, for all the treatments with four 

replicates, following the Molarity of Ethanol Droplet (MED) test (King 1981).  

 

5.2.3 Bacterial Community Structure 

Soil sampling and storage for molecular analysis 

The soil samples used for analysing the bacterial community were from the following 

treatments (n=3): (i) LaBC
®
 @ 50 t ha

-1
 amended soil after 2 weeks of incubation, (ii) 

LaBC
®
 @ 50 t ha

-1
 amended soil after 12 weeks of incubation, (iii) LaBC

®
 @ 150 t ha

-1
 

after 12 weeks of incubation, and (iv) un-amended control soil. Samples of 100g soil 

were removed from the full depth of the incubation containers using a metal corer as 5 

cores (2.5 cm diameter) and homogenised. A metal spatula was used to collect 2 g soil 

from the homogenised sub-samples randomly for DNA extraction (n=3). Both metal 

corer and spatula was wiped with 70% ethanol to avoid microbial contamination 

between containers. The samples were collected in plastic vials (5 ml), snap-frozen in 

liquid nitrogen and stored at –80°C until DNA extraction. 

 

DNA extraction, PCR and molecular analysis using Ion Torrent (PGM Platform)  

DNA extraction 

The genetic structure of the soil bacterial community was determined based on gene 

fragments encoding for 16S rRNA, amplified by polymerase chain reaction (PCR) and 

with a help of next generation sequencing (NGS) method using Ion Torrent Personal 

Genome Machine (PGM). For representative soil samples collected from the 

experiment, the metagenomic DNA of each treatment was extracted from 0.25 g of soil 

using MoBio Powersoil DNA isolation kit and using bead beater (Mini-Beadbeater, 

Biospec Products) with column centrifuge (Eppendorf Centrifuge, 5415R) by following 

the manufacturer’s instruction. The purity of the extracted metagenomic DNA was 

checked using gel-electrophoresis (running on 1.5% agarose gel after mixing with 1 µL 

of bromophenol blue dye and in comparison to mass standard Hyper Ladder-I) and the 

concentration (ratio value ranged from 1.7 to 2.0) was quantified at A260/280 nm using 

Nanodrop Spectrophotometer (ND 1000, Thermo Fisher Scientific, USA) prior to 

storage of the DNA at -20°C.  
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PCR conditions 

PCR reaction was performed using a method optimised by Mr Ian Waite, Soil Biology 

and Molecular Ecology Group, UWA for environmental samples. The standard 200 b.p. 

V3 region of the gene encoding for bacterial 16S rRNA was amplified by PCR, using 

the extracted metagenomic DNA as a template and with V3 domain bacterial Golay 

barcode primers (Hamady et al. 2008; Whiteley et al. 2012). A volume of 50.5 µL on a 

template of metagenomic DNA (40-60 ng µL
-1

) using Phusion High-Fidelity DNA 

Polymerase kit (#F-530L, Thermo Fisher Scientific, Victoria) and the master mix 

contained 5X Phusion HF buffer (10 µL), 10mM of dNTPs (1 µL), 10 pmol of each 

forward and reverse primer (each 0.5 µL of A341F_BACT_A_21-60 and 

518R_BACT_P1), 2 U/ µL of HF Phusion DNA Polymerase (0.5 µL), and molecular 

grade water (37 µL). Amplification conditions were programmed using PCR machine 

(Eppendorf, Autorisierter Thermocycler) initially for 5min at 94°C, followed by 30 

cycles of 1 min at 94°C for denaturation; 30 cycles of 1 min at 52-53°C for annealing, 

and a final extension for 1 min at 72°C by 30 cycles followed by a final run of 5 min at 

72°C. 

 

PCR-gel purifications, Tag sequencing and QIIME core analysis 

The method for PCR-gel purification was performed using the method described by 

Whiteley et al. (2012) and optimised by Mr Ian Waite, Soil Biology and Molecular 

Ecology Group, UWA for environmental samples. The PCR product was confirmed and 

quantified by densitometry using gel-electrophoresis (Bio-Rad, Power PAC 300). Each 

40 µL of PCR product was mixed with 5 µL of xylene cyanole, a purple dye, and loaded 

in to each well of 15 combs created on large gel tray set with 1.5% agarose gel 

containing 5 µL of 10 mg/mL ethidium bromide. The set up was run on 80 volts for 40 

minutes. The PCR amplified bands were illuminated under UV Trans-illuminator and 

compared with mass standard (Hyper Ladder-I). The required 200-300 b.p. bands were 

cut, the DNA from the gel was purified using the manufactures protocol (Promega kit, 

Wizard SV Gel and PCR Clean-Up System) except that the DNA was eluted with 25 µL 

of molecular grade water; the DNA concentrations were determined using Nanodrop 

and adjusted to 5 ng µL
-1

 using molecular grade water, based on the lowest 

concentration of all the samples. Further all the gel-purified, PCR-DNA products were 

pooled, re-ran on 1.5 % agarose gel and again gel-purified to get maximum purity of the 

PCR products (as suggested by Mr Ian Waite). Pooled samples were sent to the 

laboratory (at Royal Perth Hospital, WA) for further steps towards sequencing using Ion 
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Torrent, Personal Genome Machine (PGM). The PGM data were obtained as *.fasta 

and*.qual files and the subsequent analysis was done to pick up the Operational 

Taxonomic Units (OTUs) of domain bacteria using QIIME pipeline within the Amazon 

EC2 image, cloud storage that run through N3PHELE environment 

(http://www.n3phele.com) according to Whiteley et al. (2012). 

 

5.2.4 Statistical analyses  

Statistical analyses were performed using Genstat
®
 version 12. Treatment effects on 

water repellence were determined using the log transformed MED values and the data 

were back-transformed to the original scores. General analysis of variance (ANOVA) 

was done under repeated measurements over time as detailed by Webster and Payne 

(2002) and the least significant difference (LSD) for MED was determined at P≤ 0.05. 

General Analysis of variance (ANOVA) was used to compare the effect of treatment on 

water holding capacity and the least significant difference (LSD) was determined at P≤ 

0.001. For the molecular data, means and standard errors were calculated to determine 

the effects of the following treatments on relative abundance of bacterial taxa: (i) 

LaBC
®
 @ 50 t ha

-1
 amended soil after 2 weeks of incubation, (ii) LaBC

®
 @ 50 t ha

-1
 

amended soil after 12 weeks of incubation, (iii) LaBC
®
 @ 150 t ha

-1
 after 12 weeks of 

incubation, and (iv) un-amended control soil.  

 

5.3 Results 

 

5.3.1 Water holding capacity 

With addition of LaBC
®
 and its various components (lime, clay, LAC and LAB) water 

holding capacity differed (26-30%, Table 5.1) significantly (P<0.001) among treatments 

at zero pressure. Likewise, at the pressures of -10, -100 and -1500 kPa, WHC increased 

significantly (P<0.001) in the presence of clay alone and for clay in combination with 

lime (LAC) and/or with LAB (Table 5.1).  

 

5.3.2 Water repellence 

With addition of LaBC
®
 and its various components (lime, clay, LAC and LAB) water 

repellence was eliminated (P<0.001) to various extents (Figure 5.1) and the range in 

response was maintained throughout the 30 week incubation. Water repellence ranged 

from very severe in the unamended soil (MED=3.6) to none (MED=0) when LaBC
®

 

was added. For the lowest level of addition of clay alone (wet weight equivalent of 50 t 
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ha 
-1 

LaBC
®
), water repellence was reduced (MED=1.8) and clay in combination with 

lime (LAC) reduced it further (MED=0.8). However, the two highest rates of 

application of LAC and LaBC
®
 completely eliminated water repellence. Overall, 

treatments without clay (i.e. lime alone and LAB alone) did not decrease water 

repellence (MED=3.2-3.6) at any of the equivalent rate applied throughout 30 weeks.  

 
Table 5.1 Water holding capacity changes from Aerobic-mineralisation assay, 24 hours after amendment 

with LaBC
® 

and its fractions and combinations (lime, clay, LAC and LAB) at three equivalent rates (dry 

equivalent to the wet weight of 50, 100, 150 t ha
 -1 

LaBC
®
) in a coarse-textured sandy soil  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Data are means±
 
standard errors of mean (n=4) 

1
Dane and Hopmans 2002  

 

 

 

Treatment* 

Water holding capacity (%) 

(pressure plate method
1
) 

0 

kPa 

-10 

kPa 

-100 

kPa 

-1500 

kPa 

Control 26 3±0.2 2±0.1 1 

LaBC
® 

@50t ha
 -1

 wet weight equivalent 29 5±0.2 3±0.1 2±0.2 

LAB @50t ha
 -1

 wet LaBC
® 

equivalent 26 3±0.2 2±0.1 2 

Lime @50t ha
 -1

 wet LaBC
® 

equivalent 26 3±0.2 2 2 

Clay @50t ha
 -1

 wet LaBC
® 

equivalent 28 4±0.1 2 2 

LAC @50t ha
 -1

 wet LaBC
® 

equivalent 28 5±0.2 3±0.1 2±0.2 

LaBC
® 

@100t ha 
-1

 wet weight equivalent 30 5±0.1 4±0.2 3±0.1 

LAB @100t ha
 -1

 wet LaBC
® 

equivalent 26 3±0.1 2±0.2 2±0.1 

Lime @100t ha
 -1

 wet LaBC
® 

equivalent 26 3±0.1 2 2±0.1 

Clay @100t ha
 -1

 wet LaBC
® 

equivalent 29 5±0.1 3±0.1 2±0.1 

LAC @100t ha
 -1

 wet LaBC
® 

equivalent 29 5 4±0.1 2±0.1 

LaBC
® 

@150t ha
 -1

 wet weight equivalent 30 6±0.2 4±0.1 3±0.1 

LAB @150t ha
 -1

 wet LaBC
® 

equivalent 27 4±0.1 2±0.1 3±0.3 

Lime @150t ha
 -1

 wet LaBC
® 

equivalent 27 3±0.2 2 2±0.1 

Clay @150t ha
 -1

 wet LaBC
® 

equivalent 30 5±0.1 4±0.1 3 

LAC @150t ha
 -1

 wet LaBC
® 

equivalent 30 6±0.3 4±0.1 3 

ANOVA P<0.001 P<0.001 P<0.001 P<0.001 
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Figure 5.1 Changes in soil water repellence* (MED values
a
) from aerobic-mineralisation 

assay, after amendment with LaBC
® 

and its equivalent fractions and combinations (lime, clay, 

LAC and LAB) at dry equivalent to the wet weight of (a) 50, (b) 100, (c) 150 t ha
 -1 

LaBC
®
 

applied to a coarse textured sandy soil during 30 weeks of incubation  

* Data are means (n=4). Treatments were significantly different from each other within each 

applied rate (ANOVA, P<0.001). LSD value calculated at 95% (P=0.05) 
a 

King 1981 (MED values and classification of Water Repellence: 0- None; 1-Slight; 2-

Moderate; 3-Severe; 4-Very severe; 5-Extreme) 
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5.3.3 Kingdom Bacteria: Relative abundance and phylum distribution  

The soil was dominated by Proteobacteria, Actinobacteria and Bacteroidetes at phylum 

level (Figure 5.2). Further to these dominant phyla, Acidobacteria, Firmicutes and 

Chloroflexi (<10%) were detected in addition to a number of others that comprised <1% 

of phyla. With addition of LaBC
®

 at 50 t ha
-1

, after week 2, the relative abundance of 

Actinobacteria decreased (Table 5.2). The relative abundances of other phyla were little 

affected, except for the Proteobacteria which increased (Table 5.2). When LaBC
®
 was 

added to soil at 150 t ha
-1

, there was little change, even after 12 weeks. Chloroflexi and 

Actinobacteria were more dominant at 12 weeks after application of 150 t ha
-1 

(Table 

5.2). 

 
Figure 5.2 Relative abundance (%) of dominant bacterial phylum in LaBC

®
 2 and 12 weeks after 

amendment of an acid sandy soil. Relative abundances (%) were estimated (n=3) from the proportional 

abundances of classifiable operational taxonomic units (OTUs), as indicated by the number of 16S rRNA 

gene copies measured using the Ion Torrent, Personal Genome Machine (PGM)   
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Table 5.2 Significant changes in actual proportional abundance (%) of key bacterial taxa based on the 

total measured OTUs using Ion Torrent PGM Platform and Standard Error values (n=3) in LaBC
®
 applied 

sandy-soil after 2 and 12 weeks 

 

Bacterial Taxa 

 

Treatments 

  

Control-week 2 LaBC
®
 - 50 t ha

-1
 

week 2 

LaBC
®

-150 t ha
-1

  

week 2 

LaBC
®

-150 t ha
-1

 

week 12 

 

Proportional abundance (%)  

in relation to Actual data-total OTUs observed 

 

Phylum level Mean SE Mean SE Mean SE Mean SE 

Acidobacteria 5.40 0.53 2.33 0.38 1.60 0.15 3.27 0.34 

Actinobacteria 31.60 4.31 20.53 1.93 15.87 1.64 19.87 2.86 

Bacteroidetes 8.13 1.58 11.17 2.82 17.50 1.82 8.83 0.90 

Chloroflexi  1.40 0.10 1.80 0.90 2.10 0.00 4.90 0.23 

Firmicutes 1.73 0.15 3.73 1.93 7.53 0.32 4.77 0.88 

Proteobacteria 31.07 1.51 50.60 8.75 38.77 0.23 37.23 1.33 

         

Class level  Mean  SE  Mean  SE  Mean  SE  Mean  SE  

Acidobacteria 1.50 0.10 0.37 0.13 0.43 0.03 1.70 0.15 

Actinobacteria 31.53 4.30 20.50 1.90 15.87 1.64 19.80 2.86 

Alphaproteobacteria 19.63 1.16 14.30 2.66 17.63 0.42 13.90 0.40 

Bacilli 1.63 0.15 3.47 1.82 6.33 0.49 4.00 0.58 

Betaproteobacteria 5.53 0.70 5.07 1.07 7.13 0.70 6.13 0.71 

Chloracidobacteria 1.37 0.19 0.90 0.15 0.43 0.09 0.53 0.13 

Clostridia 0.03 0.03 0.17 0.12 0.93 0.34 0.60 0.25 

Deltaproteobacteria 3.33 0.09 1.90 0.46 2.10 0.12 2.70 0.25 

Flavobacteria 1.50 0.15 5.10 1.82 4.93 0.27 0.97 0.27 

Gammaproteobacteria 1.00 0.12 27.83 12.92 9.90 1.11 12.40 1.02 

Sphingobacteria 5.53 1.26 4.60 0.62 10.17 1.46 6.60 0.53 

         

Order level Mean  SE  Mean  SE  Mean  SE  Mean  SE  

Acidobacteriales 1.50 0.10 0.37 0.13 0.43 0.03 1.70 0.15 

Actinomycetales 29.07 4.11 19.00 1.60 14.53 1.52 18.17 2.71 

Bacillales 1.57 0.12 2.43 1.08 4.57 0.22 3.17 0.38 

Burkholderiales 4.17 0.52 3.67 0.71 5.20 0.51 3.93 0.52 

Exiguobacterales 0.00 0.00 0.83 0.58 1.00 0.21 0.23 0.09 

Flavobacteriales 1.50 0.15 5.07 1.84 4.90 0.26 0.97 0.27 

Rhizobiales 5.63 0.26 6.67 1.82 6.90 0.45 5.00 0.15 

Solibacterales 2.17 0.22 0.63 0.19 0.50 0.00 0.30 0.10 

Sphingobacteriales 5.53 1.26 4.60 0.62 10.17 1.46 6.60 0.53 

Sphingomonadales 4.07 0.35 2.63 0.49 2.63 0.09 2.20 0.00 

         

Family level  Mean  SE  Mean  SE  Mean  SE  Mean  SE  

Acidobacteriaceae 0.73 0.07 0.07 0.03 0.00 0.00 0.03 0.03 

Bacillaceae 0.50 0.10 1.10 0.55 1.27 0.09 1.07 0.12 

Flavobacteriaceae 1.40 0.12 5.00 1.77 4.80 0.25 0.90 0.25 

Flexibacteraceae 0.13 0.03 0.67 0.18 1.90 0.32 3.17 0.22 

Solibacteraceae 2.17 0.22 0.63 0.19 0.50 0.00 0.30 0.10 

Sphingobacteriaceae 1.53 0.29 1.27 0.19 3.77 0.48 0.93 0.13 
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5.3.4 Sequence reads from Ion Torrent PGM Platform 

Number of raw input sequences was 1,505,778. The average number of read outputs for 

PCR-amplified 16S rRNA sequence was 4,055. The total number of sequences read 

(output) was 146,010. Only sequences in the range of 130 to 240bp were analysed. 

 

5. 4 Discussions  

 

LaBC
® 

application had a significant influence in decreasing soil water repellence and 

increased water holding capacity of the water repellent, acid coarse-textured soil used in 

Experiment 2. The improved soil wetting properties were associated with clay included 

within the LaBC
®
. The relative abundance of key bacterial community was little 

affected by changes in soil water repellence in response to LaBC
® 

amendment at week 

2, and was little or inconsistently affected at week 12 for some operational taxonomic 

units (OTUs). The complex soil condition was altered with LaBC
® 

addition in several 

ways. Therefore inconsistent shift in the relative abundance of bacterial OTUs at further 

class and family level, over time, was associated with changes in more than one soil 

characteristics, including alleviation of acidity that associated with increased availability 

of nutrients from the biosolids from the applied LaBC
®
.     

 

Soil water content plays a central role in microbial survival and nutrient transformation 

(Fierer et al. 2003; Zhang et al. 2007; Braun et al. 2010). Achieving sustainable water 

content is a challenging task in dry regional, coarse-textured soils (Roper 2005). The 

inclusion of clay in LaBC
® 

increased soil water holding capacity for all the measured 

atmospheric pressures. A recent study with similar coarse-textured soil in WA 

(Dempster et al. 2012) demonstrated improved water retention (31-35 at 0 kPa; 3.4-4.8 

at -100kPa) when amended with clay alone or biochar alone. This was associated with 

decreased N leaching and indicated potential bioavailability of soluble nutrient retention 

at these pressures.   

 

Soil management practices using lime or clay in water repellent soils showed improved 

soil water and nutrient retention would be beneficial for survival and activity of 

communities of wax-degrading bacteria that could have proliferated in response with 

these amendments (Roper 2005). There was an increase of up to 10 fold in growth of 

bacteria within the order Actinomycetes (Rhodococcus spp. and Mycobacterium spp.) in 

association with lime (15 t ha
-1

), and up to a 3 fold increase with clay (100 t ha
-1

) 
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applications when water repellence was ameliorated (Roper 2005). This is consistent 

with the observation made using the Ion Torrent PGM Platform, that unclassified 

families in the order Actinomycetales increased in relative abundance in association 

with LaBC
®
 application with a corresponding decrease in the relative abundance of 

Actinobacteria at phylum level. The increase in relative abundance of bacteria in the 

phylum Proteobacteria (dominated by Rhizobiales under Alphaproteobacteria) is also 

consistent with other previously identified wax-degrading bacteria from the same 

phylum in class Betaproteobacteria, order Burkholderiales (Roper and Gupta 2005). In 

addition, the relative abundance of class Gammaproteobacteia within the phylum 

Proteobacteria increased with an increase in soil pH in lime-amended soil (Rousk et al. 

2010). Braun et al. (2010) identified bacterial diversity among the classes 

Cyanobacteria, Actinobacteria, Chloroflexi and the phylum Firmicutes in both wetting 

and non-wetting water repellent urban soils using DGGE. Most of the bacterial 

community at phylum level was similar in wetting and non-wetting soils based on 

molecular 16S rRNA gene sequencing (Braun et al. 2010). This corresponded with the 

observed minimal change in relative abundance of these taxa in response to changes in 

water repellence associated with application of LaBC
®
 to soil.    

 

Soil bacterial communities are extremely diverse. Proteobacteria, Actinobacteria, 

Firmicutes, Bacteroidetes and Chloroflexi are the most abundantly identified phyla from 

environmental, agricultural and pasture soil samples (Shange et al. 2012) using both 

traditional cultivation and molecular techniques based on 16S rRNA genes, but 

Acidobacteria, commonly associated with acid soils (Rousk et al. 2010), are difficult to 

identify using traditional methods (Rastogi and Sani 2011). Increased microbial 

community structure with Gram negative bacteria using PLFA techniques was reported 

for an applied mixture of biosolids with river sediments (Kelly et al. 2007). Many 

agriculturally important bacteria are Gram negative bacteria and those within the 

phylum Proteobacteria include wax-degrading and rhizobia (Alpha- and Beta-

proteobacteria). The dominance of bacteria identified using the Ion Torrent PGM 

Platform was in general agreement with these findings but there was low relative 

abundance of Acidobacteria in un-amended control soil and it decreased further 

following LaBC
® 

application to soil which was likely to be a liming effect (Rousk et al. 

2010).   
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The bacterial community identified using the Ion Torrent Personal Genomic Machine 

(PGM Platform) was little affected between weeks 2 and 12 following application of 

LaBC
®
. Land use pattern and soil chemical properties (such as soil pH, organic matter 

and inorganic nutrients) can each impose a significant influence in altering relative 

abundance of key phyla in bacterial communities (Franco et al. 2000b; Rousk et al. 

2010; Shange et al. 2012). In particular, soil pH strongly influences changes associated 

with relative abundance of Acidobacteria, Proteobacteria and Gammaproteobacteria 

(Rousk et al. 2010) whereas soil organic matter and nutrient release influenced 

Actinobacteria (Franco et al. 2000b; Shange et al. 2012).  

 

LaBC
®
 application increased microbial biomass throughout 30 weeks of incubation 

corresponding with increased soil pH and net-N mineralisation with maximum increase 

in inorganic N occurring 2 weeks after incubation at all the incubation rates (Chapter 4). 

An increase in bacterial structural diversity involving Actinobacteria, Acidobacteria and 

Proteobacteria was expected at week 2 following application of LaBC
®

 corresponding 

with the peak in N mineralisation. However, the expected higher relative abundance of 

these key phyla at week 2 compared with week 12 did not occur and there were 

inconsistent changes. This corresponds with the study by Shange et al. (2012) using 16S 

rRNA gene sequencing, where significant differences were observed in response to land 

use at phylum level but not at class or family level within these phyla for nutrient rich 

and poor soils. Braun et al. (2010) also reported no changes in bacterial community 

under wetting and non-wetting soils using DGGE and suggested using cultivation-

dependent techniques with colony forming units (CFU) for further investigating 

difference because PCR-based molecular techniques may include most of the common 

groups that are dormant or adapted to soil water stress. Such studies (Roper 2005; Braun 

et al. 2010; Shange et al. 2012) could further explain the conflicts with the molecular 

based sequencing and associated limitations in identifying changes in relative 

abundance of bacterial community structure following LaBC
® 

addition to soil. 

Furthermore, quality of reads related to molecular analysis with Ion Torrent and the 

methodological issues could be magnified in data analysis as variability is common for 

the environmental DNA samples in particular with LaBC
®
 amendment. However, the 

number of read outputs for PCR-amplified 16S rRNA sequence was considerably lower 

than determined by Whiteley et al. (2012) for a study of bacterial community in 

wastewater. However, Caporaso et al. (2011, 2012) indicated that even 100 sequences 

could be used to distinguish shifts in relative abundance of bacterial taxa in 
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environmental samples. Despite this, further investigation of the effects of LaBC
®
 

amendment on bacterial community structure is advised to maximise the number of 

reads using the Ion Torrent (PGM Platform).  

 

5.5 Conclusions  

 

LaBC
® 

application increased water holding capacity of the non-wetting, acid-sandy soil 

by eliminating the water repellence. The improved soil wetting properties were 

associated with clay inclusion in LaBC
®
. This study identified that the relative 

abundance of key bacterial phylum Actinobacteria did not increase either with 

corresponding elimination of water repellence nor with increased N release due to 

LaBC
®
 addition. However the community changes of other key phyla due to LaBC

®
 

application were associated with increased soil pH and this was evident with highly 

increased relative abundance of Proteobacteria, class Gammaproteobacteria. There were 

inconsistent changes in bacterial structure between weeks 2 and 12 for the two 

application rates of LaBC
®
.  Minor and inconsistent changes, over time, in the less 

dominant phyla Acidobacteria, Bacteroidetes, Chloroflexi, Firmicutes, and Alpha and 

Beta-proteobacteria at class and family level were associated with LaBC
® 

addition. 

Overall, the bacterial community structure was not greatly affected by LaBC
® 

amendment and no apparent negative effect was observed at either applied rate soon 

after (2 weeks) application, when compared to un-amended control soil; this could 

imply that the soil productivity may not be decreased after LaBC
® 

application and that it 

is safe to recycle the biosolids using this product in this sandy soil. 
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CHAPTER 6 

Evaluation of the potential for residual effects of LaBC
®  

applied to coarse textured pasture soil
 

 

6.1 Introduction  

  

Some soils on the Swan Coastal Plain in Western Australia (WA) are coarse textured, 

nutrient deficient and need remedial measures to address soil conditions such as acidity 

(Pritchard and Collins 2006). In addition, these soils are characterised by poor water-

infiltration and poor nutrient and water retention capabilities that can cause problems for 

the quality of nearby waterways (Viney and Sivapalan 2001). Appropriate soil 

management and nutrient application practices are needed to provide better conditions 

for plant growth and to reduce the potential for nutrient leaching into waterways in the 

Swan Coastal Plains (Zammita et al. 2005; Robson et al. 2008). It has been suggested 

by Humphries et al. (2009) that lime-amended biosolids further blended with clay 

(called LaBC
®

) could be incorporated as soil amendment to remediate these sandy soils. 

However, nutrient release pattern for plant available N from LaBC
®
 and considerations 

for a potential long-term nutrient release are to be monitored and checked towards 

ensuring the safe recycling of nutrients in such acid sandy soil (Ovens 2009). 

 

Amending biosolids can increase plant yield in degraded pasture lands, besides 

improving the soil fertility (Mata-González et al. 2006; Sullivan 2008; Sigua 2009). 

Forms of both organic and inorganic sources of nutrients are applied, for which overall 

pasture productivity is increased, as frequent input of nutrients and amendments are 

required in such degraded soils (Lewis et al. 1987; Summers et al. 1996; Stabnikova et 

al.  2005; Gardner et al. 2010). For example, in a degraded acid soil, liming alone or in 

the form of alkaline stabilised sewage sludge (biosolid) has been potentially used in 

alleviating soil acidity by simply increasing the soil pH leading to better plant growth in 

the long-term (Sloan and Basta 1995; Haynes and Naidu 1998; Farhoodi and Coventry 

2008). Furthermore, there are different forms of biosolids available for use in 

agriculture, including lime stabilised biosolids (Luo and Christie 2002; Pritchard et al. 

2010) and a modified clay amended biosolid product (LaBC
®
), which has been created 

to use exclusively in acid sandy soils of Swan coastal plains of WA (Humphries et al. 
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2009). LaBC
®
 is similar to a biosolid product that was developed by mixing biosolids 

with river-sediments and then the nutrients from biosolids were recycled for growing 

native grasses in Illinois, US (Kelly et al. 2007). Furthermore, soil microbial biomass 

can be a sensitive indicator of changes in soil processes because of its much faster rate 

of turnover than the total soil organic matter (Paul, 1984; Schloter et al. 2003; Bending 

et al. 2004; Gonzalez-Quiñones et al. 2011). Recent evaluations lead to a conclusion 

that soil microbial biomass and related biological fertility can be increased overall to a 

higher level, with application of organic and/or inorganic amendments in to agricultural 

soils (Garcia-Gil et al. 2000; Ros et al. 2006; Hu et al. 2008; Chakraborty et al. 2010). 

 

Soil management practices, that include amending soils with organic amendments or 

inorganic fertilisers, can release residual nutrients (N and P) for some time after their 

application (Keller et al. 2005; Zhang et al. 2012). Several studies have demonstrated 

residual effects of applied amendments such as biosolids (Harrison et al. 1994; Speir et 

al.  2004; Sullivan 2006a,b) inorganic fertilisers (Kaiser et al. 2007; Wei-dong 2008) 

and lime (Coventry and Hirth 1992; Kemmitt et al. 2006; Fuentes et al. 2006) that 

increased soil macro-nutrients and microbial dynamics in a range of degraded and 

agricultural lands. A recent study in a sandy-loam soil demonstrated a differential effect 

on N availability for a repeated application of fertiliser and/or organic manures in a 17 

year experimental site (Zhang et al. 2012). It revealed that long-term N application 

stimulated gross nitrification more than 5.3 times and the soil organic matter was 2.7 

times greater in fertiliser applied treatments. However, another 2 year study of a direct 

effect of nutrients concluded that sewage sludge can be used as an organic amendment 

but it cannot be treated as a complete substitute for mineral fertilisers as inorganic 

nutrient inputs resulted in greater ryegrass yield on a land-fill site restored with London 

clay (Sellers et al. 2002). Therefore, the N release pattern for the supply of plant 

available nutrients from biosolids or fertilisers needs to be independently assessed 

according to rate applied and soil conditions, because a generalised approach for 

estimating nutrient supply has several limitations while budgeting nutrient release 

(Eldridge et al. 2008). 

   

In previous studies in this thesis, clay addition to lime-amended biosolids (LaBC
®
) 

increased soil microbial biomass, and this was associated with an increase in soil pH in 

an acid sandy soil when the amendments were incubated for 30 weeks. It was also 

found that N was released over a longer period when clay was added to the biosolid 
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with lime to form LaBC
®
 rather than when either clay or lime were added alone 

(Chapter 4). In addition, a long-term effect of LaBC
®
 and its direct potential for 

supplying plant nutrients have been investigated using ryegrass with agronomical 

studies at field and glasshouse scales (Ovens 2009). However, the impact on soil 

fertility with relevance to microbiological activities through long-term application of 

LaBC
®
 is not known. In this experiment, in order to study the residual effects on soil 

fertility, LaBC
®
 was initially applied once as a basal amendment and repeatedly added 

with inorganic fertilisers (N, P, K, Ca, Mg) before each planting for up to 5 cycles using 

ryegrass. This was done to establish a fertiliser history in a glasshouse experiment 

(Table 6.1). Further, the residual concentrations of N remaining in the soil, after 5 

growth cycles from the initial LaBC
®
 amendment, was assessed after a single re-

application of LaBC
®
 with a control in a sixth growth cycle of ryegrass (Figure 6.1). 

Thus, the residual effectiveness of re-applied LaBC
®
 was also determined by growing a 

second crop in Cycle 7. The parameters of ryegrass yield, soil inorganic N, pH and soil 

microbial biomass were assessed after the sixth and seventh cycle of ryegrass planting.  

 

The aim was to assess the effect of residual and recent LaBC
®
 applications in addition 

to long-term residual effects of basal fertilisers on ryegrass productivity to determine 

whether there is potential risk to the environment from the long-term application of 

LaBC
®
. It was hypothesised that (i) application of LaBC

®
 to soil with a fertiliser history 

will release more N and increase ryegrass yield than application of LaBC
®

 to soil 

without a fertiliser history, and (ii) that re-application of LaBC
®

 will have an immediate 

effect on increasing soil fertility regardless of prior history of LaBC
®
 and fertiliser 

application.   

 

6.2  Materials and Methods  

    

6.2.1 Experimental Design 

Pre-treatment of soil with LaBC
®
 and fertilizer for soil management history (Water 

Corporation of Western Australia) 

Soil used for this experiment with 2 cycles of ryegrass was taken from pots that had 

previously been treated and established under controlled glasshouse conditions in the 

following way by the Water Corporation of Western Australia. Before pre-treatment of 

soil for establishing the fertiliser history, a coarse textured acidic sandy soil with no 

recent fertiliser history had been collected from a depth of 0-10 cm after removing the 
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surface coarse litter materials. The field was adjacent to a site with natural woodland 

vegetation at Bullsbrook (31° 40' 0" South, 116° 0' 0" East), WA representing the Swan 

Coastal Plain-Bassendean sands of the Ellen Brook catchment. The soil was air-dried 

and passed through a 4 mm sieve. The soil was dominated by sand (98 %; 20 µm- 2 

mm) with a very small silt fraction (2 %; <20 µm). Soil chemical properties were: pH 

(CaCl2) 5.1, total carbon 1.3 %, total nitrogen 0.1 %, total oxidisable carbon 0.15 mg g
-1

 

and inorganic nitrogen 0.8 µg g
-1

.  

 

Free draining pots (175 mm in diameter, 2.8 L) were filled with 5 kg of soil, packed to a 

bulk density of 1.6 g cm
-3

, and supported with a stand. The pots of soil had been placed 

inside a bucket to simulate leaching after irrigation under controlled glasshouse 

conditions. Dry LaBC
®
 (50 t ha

-1
 wet weight equivalent, sized 2 to 4 mm) and macro-

nutrient fertiliser treatments (at district practice farming rates) had been applied as basal 

treatment once for the entire experimental period according to the treatment schedule 

(Table 6.1). The amendments were fully incorporated through the soil prior to planting 

ryegrass seeds. Macro-nutrient fertilisers were applied to the corresponding treatments 

on the soil surface prior to planting of ryegrass up to 5 cycles (Table 6.1). The quantity 

of macro-nutrients (N, P, K, Ca, Mg) were applied at district farming practice rates 

equivalent for each pot and the quantities applied were: 12 mL diluted Flexi N solution, 

0.1333 g ground triple super phosphate 10 mL K2SO4 solution, 10 mL CaCl2 solution, 

and 10 mL MgSO4 solution. Each treatment was replicated 3 times. Pots were watered 

with deionised water and maintained at 60% field capacity throughout the experimental 

period. 

 

Table 6.1 Pre-treatment details for the establishment of pasture soil history of 5 cycles of ryegrass. 

Starting LaBC
®
 and/or fertiliser treatments were applied once only prior to the commencement of the first 

pasture cycle  

Initial soil treatments  Fertiliser (+/-)  

Applied before planting ryegrass in each of 

the first 5 cycles  

(Water Corporation of WA) 

Control No 

 a 
LaBC

®
 No 

b
 Fertiliser  Yes 

LaBC
®
 + Fertiliser  Yes 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice (full details 

are included in the methods) 
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Seeds of annual ryegrass (Lolium multiflorum, cultivar Winter Star) were pre-

germinated in Petri dishes and 12 seedlings of uniform size were trans-planted into each 

pot as 1 week old seedlings. Plants were grown for six weeks after transplanting and the 

entire plant biomass was harvested at the end of each growth cycle by separating the 

roots from the shoots. Following each harvest, pots were returned to the glasshouse, 

simulating the field fallow condition for approximately 2 weeks without irrigation. 

Following this 2 weeks period, all contents were emptied from pots and passed through 

a sieve (4 mm) to remove coarse root debris. After each fallow period, the pots were 

planted with new set of 1 week old seedlings and macro-nutrient fertilisers were applied 

to the soil surface according to treatment schedule (Table 6.1).  The same method was 

repeated in total for five cycles of ryegrass growth and harvests. The process of 

establishing the soil history, with pre-treatments, is summarised in the following flow 

diagram (Figure 6.1).   

 

 

Figure 6.1 Steps involved in determining residual effect of LaBC
®
 in either the presence or absence of 

added fertilizer. Dry LaBC
®
 = 50 t ha

-1
 of wet weight equivalent; Fertiliser = macro-nutrient fertilisers (N, 

P, K, Ca, Mg) applied according to district practice 

 

Re-application of soil with LaBC
®
 (+/-) for 6 and 7 cycles of ryegrass (Current 

Experiment) 

Soil from each pot, which had been exposed to cycles 1 to 5, was divided and placed 

into 2 equal smaller pots (115 mm in diameter, 1.5 L) prior to re-application of 

Pre-treatment  

(Soil management history)  

Soil with basal 
LaBC® (+/- fertiliser 
applied before each 

planting) 

5 cycles of ryegrass 
growth 

Post-treatment  

(Current experiment) 

Cycle 6   

(re-application of +/-
LaBC®) 

Cycle 7  

(residul effect carried 
over from treatments 

of cycle 6)  
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treatments for Cycle 6 (Figure 6.1). LaBC
®
 was re-applied only once after Cycle 5 and 

ryegrass was grown for further 2 cycles. Plants grown in Cycles 6 and 7 were harvested 

after 6 weeks (as described in Section 6.2.1). After Cycle 6, new ryegrass seedlings 

were transplanted into each pot. LaBC
®
 was applied (or not applied) according to Table 

6.2.  

 

For Cycles 6 and 7, pots were filled with 1.65 kg of soil collected from the pots used in 

the first 5 cycles of growth of ryegrass and packed to a bulk density of 1.6 g cm
-3

. Dry 

LaBC
® 

(2 to 4mm fraction) was applied according to the treatment schedule (Table 6.2) 

and fully incorporated throughout the soil prior to planting. Each treatment was 

replicated 3 times. Pots were irrigated with deionised water and maintained at 60% field 

capacity level throughout the experimental period.   

 

Table 6.2 Single basal and re-application of LaBC
®
 during 7 cycles of ryegrass grown in pots of coarse-

textured, acid soil under glasshouse conditions to determine the residual effects of LaBC
®

 

 

Ryegrass Cycles 1 to 5 Ryegrass Cycle 6 Ryegrass Cycle 7 

History of single basal 

application of LaBC
®
 + / -

fertiliser 

LaBC
®
 re-applied to soil from half of each 

pot after Cycle 5 (+LaBC
®
) 

Remaining soil was untreated (- LaBC
®
) 

No LaBC
®
 added in 

this cycle (to all prior 

treatments) 

Control + / -  LaBC
®

 -  LaBC
®

 

a 
LaBC

®
  + / -   LaBC

®
 -  LaBC

®
 

b
 Fertiliser + / -  LaBC

®
 -  LaBC

®
 

LaBC
®
 + Fertiliser + / -  LaBC

®
 -  LaBC

®
 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice (full details 

are included in the methods) 

 

6.2.2 Characteristics of LaBC
®
  

The LaBC
®
 blend was air dried at 40

o
C and homogenised using a mechanical crusher. 

The amendment was then passed through a sieve that captured the particles between 2 - 

4 mm before application. Basic characteristics of the amendment was analysed using 

standard procedures (Rayment and Higginson 1992). The pH (CaCl2) was 8.2. 

Oxidisable C and carbonate contents were measured on 0.5 M K2SO4 extracts (sample-

solution ratio of 1:4) using auto sampler (Shimadzu, ASI-5000 A) and TOC analyser 

(Shimadzu, TOC 5000 A) based on wet combustion method (Nelson and Sommers 

1982). LaBC
®
 had only 3% total C, 0.3% total N, 2.4 mg g

-1
 oxidisable C, 0.9 mg g

-1
 

carbonate and 46 µg g
-1 

total inorganic N (see Chapter 4). 
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6.2.3 Sampling and Analyses  

Plants were harvested after 6 weeks of growth in Cycles 6 and 7. Shoots were cut just 

above the soil surface and their base was washed with de-ionised water to remove any 

adhering soil particles. Soil from each pot was then transferred into separate trays to 

collect root biomass; larger roots were gently removed by hand whereas the finer roots 

were removed by sieving through a 2 mm sieve. The soil was returned into the 

respective pots after removing the roots and root fragments. All plant samples were 

dried to a constant weight at 40°C for 7 days in a hot air oven and weighed to record dry 

weight biomass.  

 

Soil sub-samples were collected (approximately 50 g) at the end of each harvest, after 

removing the finer root fragments and homogenising the soil from each pot. Soil pH 

(1:5 v/v ratio of soil/0.01 M CaCl2 suspension) was measured after shaking for 1 hour 

continuously in a mechanical end-over-end shaker (Rayment and Higginson 1992).  

 

Soil inorganic N (NO3
-
-N + NH4

+
-N) was determined using fresh soil (10 g dry weight 

equivalent) extracts of 0.5 M K2SO4 (40 mL) after shaking in a mechanical end-over-

end shaker for 1 hour as described in Chapter 4. 

 

Microbial biomass N (MBN) was determined as described in Chapter 4.   

 

6.2.4 Statistical analyses 

Cycle 6 in this experiment was set up in a complete randomised block design (4 pre-

treatment histories x 2 LaBC
®
 post-treatments) with three replicates. Cycle 7 was the 

same as Cycle 6. Statistical analyses were performed using Genstat® version 12. Two-

way analysis of variance (ANOVA) was used to compare the residual effect of the pre-

treatment soil management history on post-treatment of LaBC
®
 and the least significant 

difference (LSD) was determined at P≤ 0.05. 

 

6.3 Results 

 

6.3.1 Shoot dry biomass (g pot
-1

)  

Shoot biomass was significantly influenced (P>0.05) only by fertiliser from the basal 

history, but not by the previously applied LaBC
®
, after 5 cycles of ryegrass planting 

(Table 6.3). When LaBC
®
 was re-applied at 50 t ha

-1
 in Cycle 6, shoot biomass was 
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increased (by > 100%) compared to no re-applied LaBC
®
. The residual effect of re-

applied LaBC
®
 from Cycle 6 was carried over to Cycle 7.  

 

Table 6.3 Shoot dry biomass (g pot
-1

) in ryegrass Cycles 6 and 7 with re-applied LaBC
®
 (+/-) as 

influenced by residual effects of soil amendments from previous management history 

   

                                                                     Shoot dry biomass (g pot
-1

)  

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®
 ) 

- LaBC
®
   + LaBC

®
   

(50t ha
-1

) 

Treatment- 

LaBC
®
 from 

Cycle 6  

Treatment + 

LaBC
®
 from 

Cycle 6 

Control  0.03 ± 0.03 c  0.33 ± 0.03 b  0.11 ± 0.02 d  0.38 ± 0.04 b  

a 
LaBC

®
  0.10 ± 0.00 c  0.39 ± 0.01 b  0.09 ± 0.01 d  0.30 ± 0.02 c  

b
 Fertiliser   0.28 ± 0.04 b  0.40 ± 0.06 b  0.15 ± 0.00 d  0.47 ± 0.04 e  

LaBC
®
+Fertiliser  0.33 ± 0.03 b  0.60 ± 0.06 a  0.11 ± 0.02 d  0.40 ± 0.04 ab  

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05) 

 

6.3.2 Root dry biomass (g pot
-1

)  

Root biomass was significantly influenced (P>0.05) only by fertiliser from the basal 

history, but not by the previously applied LaBC
®

, after 5 cycles of ryegrass planting 

(Table 6.4). It was increased 3 fold by the fertiliser from the prior history. When LaBC
®

 

was re-applied at 50 t ha
-1

 in Cycle 6, it did not have a significant effect regardless of the 

soil history. However, the residual effect of re-applied LaBC
®
 from Cycle 6 was carried 

over to Cycle 7.  

 

6.3.3 Plant dry biomass (g pot
-1

) 

Plant dry biomass was significantly influenced (P>0.05) only by fertiliser from the basal 

history, but not by the previously applied LaBC
®

, after 5 cycles of ryegrass planting 

(Table 6.5). Re-application of LaBC
®
 in Cycle 6 was influenced by the prior history of 

LaBC
® 

and fertiliser but not when they had been applied together. The residual effect of 

re-applied LaBC
®
 in Cycle 6 in the absence of fertiliser, was carried over to Cycle 7.  
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Table 6.4 Root dry biomass (g pot
-1

) in ryegrass Cycles 6 and 7 with re-applied LaBC
®
 (+/-) as influenced 

by residual effects of soil amendments from previous management history 

   

                                                                     Root dry biomass (g pot
-1

)  

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC) 

- LaBC
®
  + LaBC

®
  

(50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  0.23 ± 0.03 d 0.53 ± 0.13 cd 0.10 ± 0.02 c 0.50 ± 0.10 b 

a 
LaBC

®
  0.34 ± 0.08 cd 0.58 ± 0.06 cd 0.31 ± 0.09 bc 0.45 ± 0.06 b 

b
 Fertiliser   1.08 ± 0.22 a 0.57 ± 0.15 cd 1.03 ± 0.20 a 0.59 ± 0.14 b 

LaBC
®
+Fertiliser  1.03 ± 0.12 ab 0.67 ± 0.09 bc 0.95 ± 0.11 a 0.52 ± 0.09 b 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05).  

 

Table 6.5 Plant dry biomass (g pot
-1

) in ryegrass Cycles 6 and 7 with re-applied LaBC
®
 (+/-) as influenced 

by residual effects of soil amendments from previous management history 

   

                                                                     Plant dry biomass (g pot
-1

)  

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC) 

- LaBC
®
 + LaBC

®
  

(50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  0.27 ± 0.03 d 0.87 ± 0.17 c 0.21 ± 0.03 c 0.88 ± 0.09 ab 

a 
LaBC

®
  0.44 ± 0.08 d 0.97 ± 0.06 bc 0.40 ± 0.09 c 0.75 ± 0.08 b 

b
 Fertiliser   1.37 ± 0.18 a 0.97 ± 0.18 bc 1.18 ± 0.20 a 1.06 ± 0.14 ab 

LaBC
®
+Fertiliser  1.37 ± 0.13 a 1.27 ± 0.12 ab 1.06 ± 0.11 ab 0.93 ± 0.08 ab 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  

 

6.3.4 Root:Shoot Ratio 

Root:Shoot was significantly influenced (P>0.05) by LaBC
® 

and/or fertiliser from the 

basal history after 5 cycles of ryegrass planting (Table 6.6) and the value increased 

approximately 4-6 times. There was a residual effect of both LaBC
® 

and fertiliser which 

lasted through to Cycle 7. When LaBC
®
 was re-applied at 50 t ha

-1
 in cycle 6, it did not 

have a significant (P>0.05) effect on root:shoot regardless of the soil history and this 

was carried over to Cycle 7 (Tale 6.6). Overall, up to 7 cycles, the residual effect of 

fertiliser history significantly influenced the root:shoot but only in the absence of re-

applied LaBC
®

 (P>0.05). 
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6.3.5 Shoot N concentration (%) 

Shoot N concentration was not influenced (P>0.05) by LaBC
®
 and/or fertiliser from the 

basal history after 5 cycles of ryegrass planting (Table 6.7). When LaBC
®
 was re-

applied at 50 t ha
-1

 in Cycle 6, it did not have a significant (P>0.05) effect regardless of 

the soil history. However, shoot N was significantly increased (by 34%) with re-applied 

LaBC
®
 in Cycle 6. There was no further residual effect of re-applied LaBC

®
 from Cycle 

6 carried over to Cycle 7. 

 

Table 6.6 Root:Shoot in ryegrass cycles 6 and 7 with re-applied LaBC
®
 (+/-) as influenced by residual 

effects of soil amendments from previous management history   

 

                                                                                                   Root:Shoot   

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®

) 

- LaBC
®
  + LaBC

®
  

(50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  0.67 ± 0.67 d  1.56 ± 0.22 bcd  0.89 ± 0.21 b 1.38 ± 0.32 b 

a 
LaBC

®
  3.33 ± 0.88 ab 1.50 ± 0.14 bcd  3.22 ± 0.75 b 1.48 ± 0.13 b 

b
 Fertiliser   4.28 ± 1.62 a  1.45 ± 0.37 bcd  6.64 ± 1.13 a 1.29 ± 0.36 b 

LaBC
®
+Fertiliser  3.14 ± 0.43 abc  1.13 ± 0.16 cd  8.97 ± 1.63 a 1.34 ± 0.31 b 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  

 

 

Table 6.7 Shoot N concentration (%) in ryegrass cycles 6 and 7 with re-applied LaBC
®
 (+/-) as influenced 

by residual effects of soil amendments from previous management history 

   

                                                                                      Shoot N concentration (%)   

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®

) 

- LaBC
®
  + LaBC

®
  

(50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  1.79 ± 0.12 cd 2.11 ± 0.05 abc 1.46 ± 0.13 a 1.33 ± 0.06 a 

a 
LaBC

®
  1.78 ± 0.04 cd 2.18 ± 0.13 ab 1.58 ± 0.06 a 1.52 ± 0.03 a 

b
 Fertiliser   1.86 ± 0.1 bcd 2.28 ± 0.22 a 1.49 ± 0.03 a 1.44 ± 0.04 a 

LaBC
®
+Fertiliser  1.75 ± 0.1 d 2.35 ± 0.07 a 1.46 ± 0.08 a 1.54 ± 0.01 a 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  
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6.3.6 Soil pH 

Soil pH (CaCl2) was significantly influenced (P>0.05) by LaBC
®
 from the basal history 

after 5 cycles of ryegrass planting (Table 6.8). When LaBC
®
 was re-applied at 50 t ha

-1
 

in Cycle 6, there was a further significant (P>0.05) increase (by 1-2 units) in soil pH 

regardless of the soil history. The residual effect of re-applied LaBC
®
 from Cycle 6 was 

further carried over to cycle 7 and the pH increased by 0.5 units. Overall, up to 7 cycles, 

the residual effect of basal LaBC
®
 in soil history significantly influenced the pH along 

with the presence of re-applied LaBC
®
 (P>0.05).   

 
Table 6.8. Soil pH in ryegrass cycles 6 and 7 with re-applied LaBC

®
 (+/-) as influenced by residual 

effects of soil amendments from previous management history 

   

                                                                     Soil pH   

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®

) 

- LaBC
®
  + LaBC

® 

 (50t ha
-1

) 

Treatment 

- LaBC
®
 

from Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  5.0 ± 0.03 d 6.6 ± 0.06 b 4.9 ± 0 e 7.1 ± 0.09 b 

a 
LaBC

®
  5.4 ± 0.00 c 6.8 ± 0.06 a 5.4 ± 0.03 c 7.4 ± 0.07 a 

b
 Fertiliser   4.7 ± 0.03 e 6.5 ± 0.12 b 4.6 ± 0.03 f 7.1 ± 0.06 b 

LaBC
®
+Fertiliser  5.3 ± 0.07 c 6.9 ± 0.09 a 5.2 ± 0.06 d 7.2 ± 0.06 b 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  

 

6.3.7 Soil total inorganic N  

Soil total inorganic N was significantly (P>0.05) increased (5-15 fold) when LaBC
®
 was 

re-applied in Cycle 6 (Table 6.9). There was no residual effect of re-applied LaBC
®

 

from Cycle 6 carried over to Cycle 7 and the concentration remained similar, regardless 

of the soil history. Overall, in Cycle 6, the residual effect of basal fertiliser from soil 

history significantly influenced the soil inorganic N in the presence of re-applied LaBC
®
 

(P>0.05).   

 

6.3.8 Soil microbial biomass N 

Soil microbial biomass N was not significantly influenced (P>0.05) by LaBC
®
 and/or 

fertiliser from the basal history after 5 cycles of ryegrass planting (Table 6.10). Re-

application of LaBC
®
 and its effect in cycle 6 was not influenced by soil management 

history. In Cycle 6, when LaBC
®
 was re-applied at 50 t ha

-1
, it had a no influence on 
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soil MBN regardless of the soil history (Table 6.10). Similarly, there was no residual 

effect on soil MBN of re-applied LaBC
®
 from Cycle 6 carried over to Cycle 7. 

 

Table 6.9 Total inorganic N (µg g
-1

 soil) in ryegrass cycles 6 and 7 with re-applied LaBC
®
 (+/-) as 

influenced by residual effects of soil amendments from previous management history  

  

                                                                         Total inorganic N (µg g
-1

 soil) 

Soil management 

history  

(Cycles 1 to 5) 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®
) 

- LaBC
®
  + LaBC

® 

 (50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  0 ± 0 d 0.68 ± 0.33 cd 0.20 ± 0.06 b 0.33 ± 0.17 ab 

a 
LaBC

®
  0.25 ± 0.25 cd 0.92 ± 0.04 bc 0.20 ± 0.15 b 0.60 ± 0 a 

b
 Fertiliser   0.09 ± 0.09 d 1.70 ± 0.37 a 0.37 ± 0.09 ab 0.63 ± 0.07 a  

LaBC
®
+Fertiliser  0.29 ± 0.14 d 1.50 ± 0.43 ab 0.37 ± 0.12 ab 0.43 ± 0.15 ab 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  

  

 

 

Table 6.10 Microbial biomass N (µg g
-1

 soil) in ryegrass cycles 6 and 7 with re-applied LaBC
®
 (+/-) as 

influenced by residual effects of soil amendments from previous management history 

 

                                                                     MBN (µg g
-1

 soil) 

Soil management 

history  

(Cycles 1 to 5) 

 

Ryegrass Cycle 6 Ryegrass Cycle 7 

Current treatment (+/- LaBC
®

) 

- LaBC
®
  + LaBC

® 

 (50t ha
-1

) 

Treatment 

- LaBC
®
 from 

Cycle 6  

Treatment  

+ LaBC
®
 from 

Cycle 6 

Control  7.60 ± 7.60 a  0 ± 0 a 7.67 ± 5.55 ab  3.10 ± 1.84 b 

a 
LaBC

®
  3.20 ± 3.20 a 3.90 ± 3.90 a 2.54 ± 2.54 b 7.20 ± 3.69 b 

b
 Fertiliser   7.63 ± 6.83 a 15.85 ± 14.77 a 7.61 ± 5.08 ab 22.94 ± 9.33 a 

LaBC
®
+Fertiliser  4.42 ± 2.17 a 09.77 ± 4.89 a 10.70 ± 2.74 ab 10.85 ± 6.13 ab 

a 
LaBC

®
 = 50 t ha

-1
 of wet weight equivalent  

b
 Fertiliser = macro-nutrient fertilisers (N, P, K, Ca, Mg) applied according to district practice 

Values are mean ± SE (n=3).  The letters followed by mean ± SE were based on LSD (P≤0.05).    

The main and interaction effects of treatments with same letters, within same column and between 

columns within each cycle respectively, were not significant (P≤0.05), based on 2 way ANOVA.  
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6.4 Discussions  

Re-application of LaBC
®
 (50 t ha

-1
 wet weight equivalent) had an immediate effect on 

ryegrass biomass yield in Cycle 6 and was further influenced by soil management 

history to certain extent. In the absence of re-applied LaBC
®
 in Cycle 6, there was no 

residual nutrient effect of one time basal applied LaBC
®
. However, after 5 cycles, soil 

pH was maintained at a significantly higher level, indicating a residual liming effect of 

the previously applied LaBC
® 

in this acid soil. Furthermore, the increased ryegrass shoot 

and root weight in Cycle 6 was associated with the residual effect of fertilisers and soil 

history in addition to the direct nutrient release from re-applied LaBC
®
. The effect of 

freshly re-applied LaBC
® 

was generally confined to current cycle (Cycle 6) with little 

residual benefits carrying into a further cycle (Cycle 7). Where there were benefits, there 

was no corresponding change in microbial biomass N. 

 

Combined application of organic amendments and inorganic mineral fertilisers is a 

balanced approach while budgeting plant nutrient management and carbon sequestration 

practices (Cai and Qin 2006; Ros et al. 2006; Pan et al. 2009; Chakraborty et al. 2010; 

Wang et al. 2012). Inorganic soluble N fertilisation effects on vegetation cover, plant 

biomass and yield (Guevara et al. 2000; Springer and Taliaferro 2001) can be 

immediately noticeable, significantly higher and long-lasting (Pan et al. 2006; 

Majumder et al. 2007; Nayak et al. 2009; Kowaljow et al. 2010; López-Bellido et al. 

2010; Luo et al. 2010). For example, application of inorganic N (37 kg ha
-1

) and P (94 

kg ha
-1

) fertilisers increased growth of both shoot and root biomass and increased the 

root:shoot ratio of cool-season wheatgrass (Agropyron sp.) when grown in a low fertile 

strip mine soil under glasshouse and field condition (Holecheck 1982). In a 3 year study 

conducted by Kowaljow et al. (2010), a single application of inorganic fertilisers (100 

kg N and 35 kg P ha
-1

) on a degraded semiarid ecosystem continuously supported a 

significantly higher native plant cover with shrubs and grasses (to 29%) after 24 months 

than did a single application of screened and unscreened biosolid and municipal waste 

composts (each @ 40 t ha
-1

,
 
supplied a range of nutrients 10-54 kg N and 6-68 kg P ha

-

1
). The root biomass and root length did not differ significantly between treatments, but 

the root:shoot was significantly lower (2.1) in inorganic fertiliser applied area associated 

with increased shoot biomass. However, the effect was less pronounced after 3 years. 

Similarly, in the evaluation of residual effects of LaBC
® 

and fertiliser studied in this 

Chapter, residual effects of the biosolid product LaBC
®
 were minimal compared with 

the residual effect of fertiliser.  
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LaBC
®
 had a residual effect and increased the soil pH primarily due to the incorporation 

of lime into this biosolids byproduct. In contrast, continuous application of mineral 

fertilisers, especially inorganic N, can acidify the soil environment (Xu et al. 2002) as 

was demonstrated in Cycles 6 and 7 where there was a decrease in soil pH(CaCl2) (to 

4.6) associated with inorganic fertiliser applied. Adding agricultural liming materials can 

bring a better environment in acid soil by increasing soil pH. An increase in soil pH can 

potentially increase N mineralisation and organic substrate availability thereby 

increasing microbial biomass and its activity (Curtin et al. 1998; Tate 2000). Similar 

liming effects have been shown in an incubation study over 56 days (Fuentes et al. 

2006).  

 

In contrast with the residual liming effect, inorganic N released from LaBC
® 

was not 

sufficient to carry over for up to 5 cycles of ryegrass growth after a single application. 

Soil N mineralisation is considered as crucial factor while determining agronomical 

values of organic amendments (Flavel and Murphy 2006). Soil inorganic N was 

significantly higher only when re-applied with LaBC
® 

in soils that had received mineral 

fertiliser and fertiliser+LaBC
® 

application in the past. This was associated with the 

residual effect of inorganic fertilisers, which was applied during the past 5 cycles. In 

addition to the residual effect of inorganic fertilisers, the added slow release nutrients 

from re-applied LaBC
®
 contributed plant available nutrients only within its immediate 

crop cycle (Cycle 6). This further could imply that the re-applied and/or the single basal 

applied LaBC
®
 (50 t ha

-1
 wet weight equivalent) would not be contributing towards a 

potential level of N that could be leached to its immediate environment.     

 

Increased soil microbial biomass and activities indicate improved biological components 

of soil fertility status after application of organic amendments (Melero et al. 2006; 

Mondini et al. 2008). In the acid sandy soil used in this study, re-applied LaBC
®

 did not 

increase microbial biomass N. Although soil pH and mineralisation based on soil 

inorganic N were higher with re-applied LaBC
®
, it was not associated with increased 

microbial biomass at the time of sampling. However, microbial biomass N changed over 

time with application of LaBC
®
 in the absence of plants (Chapter 4) but the presence of 

plants in this experiment may have introduced competition for N nutrition at the level of 

LaBC
®
 applied (50 t ha

-1
). Alternatively, microbial biomass C could have been 

measured to monitor the size of the biomass, but this was not assessed in this study. 
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6.5 Conclusions 

 

The main benefit was for soil pH(CaCl2) which was maintained at near 5.4 even after 5 

cycles of single LaBC
® 

application. The release of inorganic N with re-applied LaBC
®

 

appears to be confined to the current cycle (Cycle 6), with only a small benefit carrying 

into the next cycle (Cycle 7). The re-applied and previously applied LaBC
®
 (50 t ha

-1
 

wet weight equivalent) would not pose a risk of leachable N in this soil, based on these 

findings 
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CHAPTER 7 

Addition of biochar with LaBC
®
 to increase N-use efficiency and  

subterranean clover growth in soils with different fertility status 

 

7.1 Introduction  

  

The addition of treated industrial wastes such as biosolids to soil is an established 

practice for improving soil fertility (Sullivan 2008; Wang et al. 2008). Biosolids may 

contain high concentrations of plant macro- and micro-nutrients in addition to chemical 

contaminants and pathogens (Zaleski et al. 2005; Singh and Agrawal 2008; Sigua 

2009). LaBC
®

 is a modified form of high quality biosolids which was developed by the 

Water Corporation of Western Australia as a slow release fertiliser for application to 

sandy soils in south-western Western Australia. Strict regulations are made to ensure 

high quality before biosolids application to agricultural land. However, excess loading 

of N could be a possible further limiting factor associated with use of the biosolids by-

product LaBC
®
. Overuse of fertilisers in coarse textured agricultural lands is a potential 

threat to nearby aquatic systems (Giles 2005) since the N loading triggers 

eutrophication and fish kills, in addition to reducing the quality of potable water 

(Robson et al. 2008). Higher nitrate leaching has also been found with higher 

application rates of biosolids in degraded soils (Kowaljow et al. 2010). Hence, 

assessment of the N release and its availability for plant growth is an important criterion 

(Dilly et al. 2003) for assessing LaBC
®

 and its quality as soil amendment.  

 

Addition of biochar, a form of thermal stabilised charcoal, is increasing in popularity in 

the recent decade as a method for increasing soil quality (Atkinson et al. 2010). Biochar 

has the potential to improve soil fertility, sequester carbon and other agronomical 

related soil benefits by altering soil nutrients cycles, in particular, N cycle (Lehmann et 

al. 2008, 2011). Its potential mechanism for sorption of nitrogenous compounds was 

attributed for increasing soil nutrient retention thereby lowering inorganic N traces in 

soil. It can increase soil cation and anion exchange capacity as well as soil pH (Enders 

et al. 2012). From the biological perspective, biochar application to soil has been 

reported either to increase soil microbial activity or to decrease microbial growth 

because of presence of volatile compounds in biochar (Lehmann et al. 2011). In a study 

conducted in WA coarse textured soil, Dempster et al. (2012a) demonstrated that 



Chapter 7                                                                                                                                 Effects of Biochar + LaBC
® 

in 4 Soils 

 

 
 
92 

decreased microbial biomass C occurred when organic/inorganic N fertilisers were 

added with increasing rates of a woody Eucalyptus biochar (0-25 t ha
-1

, w/w). This was 

associated with a significant decrease in soil N mineralisation and organic matter 

decomposition rate measured as CO2 evolution.  

 

Improving soil fertility by increasing nutrient retention is an important task in coarse 

textured agricultural lands either by application of single amendment or a combination 

of amendments (Dempster et al. 2012a). Addition of clay has been demonstrated to be a 

potential remedy for such soils for improving nutrient retention, thereby increasing 

plant yields (Hall et al. 2010). Co-application of clay with organic composts has been 

shown to be a beneficial soil management practice in coarse textured soils of Western 

Australia and in similar environments (Flavel 2009). In particular, clay addition has 

been demonstrated to have a significant effect on decreasing N leaching in sandy soils 

and the effect was comparable with a biochar effect (Dempster et al. 2012). However, 

this study did not investigate whether the clay- or biochar-retained nutrients were plant 

available or helped increase fertiliser use efficiency in the amended soils. Another study 

(Knowles et al. 2011) demonstrated that adding biochar/biosolid mixtures helped 

decrease nitrate leaching from soils over short period (5 months). However, it did not 

identify a clear mechanism responsible for the inhibition of nutrient leaching by the 

biochar/biosolid combination. This necessitates investigating about the impact of 

combined application of LaBC
® 

and biochar on soil nutrient retention and biological 

fertility of sandy soil.  

 

Soil microbial biomass and structural diversity are important components of soil 

microbiological fertility because soil microorganisms have major roles in organic matter 

decomposition, nutrient cycling and maintenance of soil structure (Jenkinson and Ladd 

1981; Insam 2001; Bloem et al. 2006). Perturbation of soil, including application of 

inorganic fertilisers or organic-based materials such as compost or municipal wastes, 

influences microbial community diversity (Ladd et al. 1994; Garcia-Gil et al. 2000; Ros 

et al. 2003). Increased soil microbial biomass could provide an early indication of 

changes in soil organic carbon and total soil nitrogen long before their changes can be 

reliably detected (Powlson et al. 1987; Sparling 1992; Kowaljow and Mazzarino 2007). 

Recent evaluations lead to the conclusion that both soil microbial functional and 

structural diversity can be increased and shifted in response to carbon substrate 

availability such as provided in organic composts (Ros et al. 2006; Bach et al. 2010; 
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Eilers et al. 2010), biosolids and its modified products (Sullivan et al. 2006a; Kelly et 

al. 2007), and/or when co-applied with biochar amendments (Dempster et al. 2012a; 

Lehmann et al. 2011) in degraded soils.  

  

Soil amendment with substrates rich in biosolids and plant nutrients, such as LaBC
®
, is 

likely to affect soil N mineralisation and nutrient retention capacities. In Chapter 4, 

incubation studies showed that clay addition to lime-amended biosolids (LaBC
®
) 

increased soil microbial biomass corresponding with increased net-N mineralisation for 

an extended period over 30 weeks. Furthermore, a glasshouse study (Chapter 6) showed 

there was no residual N from a single application of LaBC
®
. However, there was a 

residual liming effect of LaBC
®
, with a higher soil pH (5.4) after 5 cycles of pasture 

growth, when ryegrass was grown under different soil management practices with 

inorganic fertilisation. Therefore, the combined addition of biochar with LaBC
®

 may be 

another potential solution for decreasing N release from its biosolid component when 

co-applied in agricultural lands, especially in sandy soils. In this experiment, LaBC
®

 

was applied either alone or with biochar in soils with different texture, fertility and 

management practice in a glasshouse experiment using subterranean clover.  

 

The aim of this experiment was to determine whether there was an interaction between 

LaBC
®
 and biochar on mineralisation following growth of subterranean clover in 3 soils 

which have higher soil C and soil pH than the acid soil used in previous experiments. It 

was expected that the addition of biochar to soil amended with LaBC
®

 would increase 

N-use efficiency and yield of subterranean clover when added to soils with different 

fertility status. The combined application of biochar and LaBC
®
 was expected to 

increase soil microbial biomass and nodulation in subterranean clover because the 

biochar used was expected to provide a favourable microhabitat (Atkinson et al. 2010; 

Lehmann et al. 2011) in addition to causing slow release of N from the LaBC
®
. It was 

expected that the N released from LaBC
®
 could be adsorbed by biochar (Dempster et al. 

2012), slowing the release of N from LaBC
®
 into the soil, which eventually could cause 

a shift in the structure of the soil microbial community (Bach et al. 2010; Eilers et al. 

2010). Moreover, as nodule formation occurs during the early stage of subterranean 

clover growth, reduced release of N from LaBC
®
 at this time could be beneficial. 

However, the relative importance of these processes could depend on soil texture, 

fertility and agricultural management (Hassink, 1994, 1997; Wang et al. 2003). 

Therefore it was decided to determine further these effects in different soils. 
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It was hypothesised that (i) part of the N release from biosolids in LaBC
®
 would be 

adsorbed when co-applied with biochar and less soil N will be available, (ii) the 

combination of LaBC
®
 + biochar will not affect growth and nodulation of subterranean 

clover as the excess N release could be adsorbed both by the clay and biochar, and (iii) 

soil microbial biomass will be higher with the combined amendment of LaBC
®
 + 

biochar compared with their separate application due to improved mico-habitat.   

 

7.2 Materials and Methods 

 

7.2.1 Experimental design, treatment details and clover planting 

A glasshouse experiment was conducted to assess the efficiency of adding a 

combination of biochar with LaBC
®
 to field soils differing in fertility. Four soils were 

collected from sites in the Chittering Shire and near Bullsbrook, Western Australia. The 

experimental design consisted of two factors: soil amendments (4 treatments) and soil 

(from 4 locations) in a completely randomised block with three replicates (n=3).  

 

The texture of the four soils (Soils 1 - 4) was sand, sandy loam, clay and sand 

respectively. The soil amendments were (i) LaBC
®

; (ii) Biochar; (iii) LaBC
®
+Biochar; 

and (iv) control soil (with no amendment). In total, there were sixteen treatment 

combinations and the same experiment was replicated in order to have two independent 

harvests at the 4
th

 and 8
th

 week after planting.  

 

Plastic pots (115 mm in diameter, 1L) were lined with polythene bags. The polythene 

bags were filled with 1 kg of soil and packed to the bulk density of each soil (Table 

7.1). Soil amendments were added dry according to treatments (ha
-1

 area equivalent of 

LaBC
®
 @ 50 t and Biochar @ 20 t) and mixed through the soil in each pot prior to 

planting. Deionised water was added to each pot to establish 60% water holding 

capacity and this water content was maintained throughout the experiment by adding 

the calculating the water loss daily. Pre-germinated subterranean clover (Trifolium 

subterraneum) seeds, four per pot, were planted and thinned to two per pot after 

seedling emergence. Pots were harvested at either the 4
th

 and 8
th

 week after planting. 

This experiment was designed, established and maintained in collaboration with Noraini 

MD Jaafar, who investigated soil phosphorus mineralisation from the treatment 

combination. 
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7.2.2 Soils and Amendments 

Soils 

The four soils (Soils 1 - 4) were collected from sites in the Chittering Shire (33° 21' 

South, 116° 09' East), and near Bullsbrook (31° 40' South, 116° 0' East), north of Perth, 

WA. Each soil had different crop and fertiliser history and varied in fertility status, 

texture and chemical properties (Table 7.1). The basic soil characteristics were analysed 

using standard laboratory methods (Rayment and Higginson 1992). 

 

Soil 1 was from an alternative crop trial site at Chittering Landcare Land Use 

Demonstration Project (CLLUDP) area. Soil 2 was from an agroforestry area at the 

same CLLUDP site. Soil 3 was from a pasture, 3 km to the east of this CLLUDP site. 

Soil 4 was unimproved pasture adjacent to the natural woodland soil used in Chapter 4. 

At each site, soil was collected from the surface (0-10 cm), air-dried and passed through 

a 4 mm sieve.  

  

Amendments used in this experiment 

The biochar used in the experiment was obtained from Simcoa Ltd, Bunbury, Western 

Australia. It had been made by Simcoa Ltd. from jarrah wood (Eucalyptus marginata) 

by pyrolysing at a temperature of 550-650
o
C for 24 hours in the year 2008. The biochar 

application level used in this experiment (20 t ha
-1

 (2% (v/v)) was calculated equivalent 

to the area of the pot, applied as dry material according to treatments, and mixed 

through 1 kg of the potted soil. The quantity applied was chosen as an optimum 

application level based on previous studies using a range of levels of applications of 

biochar (Jaafar N MD personal communication).  

 

The LaBC
®
 used in this experiment was produced by the Water Corporation of Western 

Australia as explained in Chapter 4. The amount LaBC
®
 (50 t ha

-1
, wet equivalent) 

applied to the soil was calculated based on the area of the pot. It was applied dry and 

mixed through 1 kg of the soil. The quantity applied was chosen as an optimum based 

on Chapter 4. 
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Table 7.1 Basic characteristics* of soils used 

 Soil characteristics Soils
1
 

 Soil 1 Soil 2 Soil 3 Soil 4 

Ammonium Nitrogen (mg kg 
-1

) 7.0 7.0 8.0 2.0 

Nitrate Nitrogen (mg kg 
-1

) 1.0 ≤ 1 13.0 ≤ 1 

Phosphorus Colwell (mg kg 
-1

) 75.0 33.0 19.0 6.0 

Potassium Colwell (mg kg 
-1

) 46.0 33.0 92.0 ≤ 15 

Sulphur (mg kg 
-1

) 4.9 7.1 6.9 1.6 

Organic Carbon (%) 1.74 1.4 4.26 0.79 

EC (mS cm
-1

) 3.3 5.2 6.5 1.3 

pH Level (CaCl2) 4.3 4.5 4.8 5.5 

pH Level (H2O) 5.2 5.5 5.8 6.5 

Bulk Density 1.2 1.4 1.0 1.6 

Sand (%) 90 73 25 98 

Silt (%) 3 10 6 < 0.01 

Clay (%) 7 17 69 < 2 

Textural classification  Sand   Sandy loam Clay  Sand 
1
Soil 1 = mixed pasture with grass and legumes (Chittering); Soil 2 = agroforestry area with underlying 

pasture grass (Chittering); Soil 3 = pasture grass (Chittering); Soil 4 = pasture grass (Bullsbrook) 

*soil samples for basic characteristics were analysed using standard methods (Rayment and Higginson 

1992).  

 

These amendments were air dried separately at 40
o
C; each was homogenised separately 

using a mechanical crusher and the 2-4 mm fraction was used. Both the amendments 

were highly alkaline in nature with the pH(CaCl2) valued between 7-8. Some basic 

chemical properties of the amendments are listed in Table 7.2. 

 

Table 7.2 Basic chemical properties of soil amendments (LaBC
®
 and Biochar) 

  

Characteristics  
Biochar  

(Simcoa Ltd.) 

LaBC
®  

(Water Corporation, WA) 

Total C Content (%)* 73.8 3.1  

EC (mS cm
-1

)    0.54 4.0 

pH (CaCl2) 7.6 8.2 
*
McGeehan and Naylor 1988 

 

 

7.2.3 Sampling and harvesting 

The plants were harvested 4 and 8 weeks after sowing. The plant shoots were cut at 

ground level then washed with de-ionised water to remove any adhering soil particles 

and weighed (dry weight). Soil from each pot was transferred into separate trays to 

collect all the root biomass and the rest of the soil was kept for further sub-sampling for 

biochemical analyses. The collected root samples were carefully washed to remove soil 

and organic debris, and stored in zip-lock plastic bags prior to assessing nodulation, 

then dried and weighed. 
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7.2.4 Plant analyses  

All plant samples were dried to constant weight at 40°C for 7 days in a hot air oven and 

dry biomass weight was recorded. Shoot N concentration was determined only on 

samples harvested after the 8
th

 week. Air-dried, finely-ground shoot materials were used 

for measuring plant N concentration (%) by combustion in a CNS macro elemental 

analyser (Elementar, vario Macro CNS, Germany). Plant N uptake (mg N plant
-1

) was 

calculated by multiplying shoot dry biomass by shoot N concentration. 

   

Nodulation was assessed using a slightly modified counting procedure after combining 

the criteria for colour and size from Rice et al. (1977) and criteria for position and 

number from Quigley et al. (1997). Nodule initials were counted at the first harvest (4
th

 

week).  Nodule scores were determined according to criteria (Table 7.3) for the roots 

harvested after the 8
th

 week. The nodule score 0-9 was calculated by summing 

individual characteristics of the effective nodule colour, size, number and its position 

(crown or spread) on the root (Table 7.3). 

 

Table 7.3 Combined nodule characteristics and criteria used in assessing clover root nodulation to a total 

maximum scoring value of 0-9*  

  

Nodule characteristics Criteria Score 

Colour  90-100 % pink 4 

 70-89 % pink 3 

 50-69 % pink 2 

 30-49 % pink 1 

 0-29 % pink 0 

Size  3-10 mm diameter 1 

 >10 or < 3 mm diameter 0 

Number on Crown**  > 10 2 

 < 10 1 

 none 0 

Number on Spread > 10 2 

 < 10 1 

 none 0 

* Rice et al. 1977; Quigley et al. (1997) 

** crown = first 5 cm of taproot below cotyledons, or on lateral roots within 1 cm of this taproot region 

were considered as crown position; elsewhere on root system is spread    

 

7.2.5 Soil chemical and biochemical analyses  

The soil was sub-sampled at the end of each harvest (4
th

 and 8
th

 week) from each pot 

after removal of roots. Each sub-sample (approximately 50 g) was taken after 

homogenising the soil from each pot. Soil pH (1:5 v/v ratio of soil/0.01 M CaCl2 

suspension) was measured after shaking for 1 hour continuously in a mechanical end-

over-end shaker (Rayment and Higginson 1992).  
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Soil inorganic N (NO3
-
-N + NH4

+
-N) was determined, at the end of each harvest (4

th
 and 

8
th

 week), using fresh soil (10 g dry weight equivalent) extracts of 0.5 M K2SO4 (40 

mL) after shaking in a mechanical end-over-end shaker for 1 hour as described in 

Chapter 4. 

 

Microbial biomass nitrogen (MBN) was determined, at the end of each harvest (4
th

 and 

8
th

 week), using the chloroform fumigation-extraction method as described in Chapter 4.   

 

7.2.6 DNA extraction and molecular analysis using Ion Torrent (PGM Platform)  

The bacterial community structure was assessed using the Ion Torrent (PGM Platform). 

The procedures were all the same, for soil sampling, soil storage, DNA extraction, PCR 

and molecular analyses as those described in Chapter 5. 

 

7.2.7 Statistical analyses  

The experiment was set up as a complete randomised block design (4 treatments x 4 

soils) with three replicates. Statistical analyses were performed using Genstat® version 

12. Analysis of variance (ANOVA) was used to compare the effect of treatments within 

each soil and the least significant difference (LSD) was determined at P≤ 0.05. 

Treatment effect on root nodules was determined using the log transformed scoring 

values and the data were back-transformed to the original scores. Two-way analysis of 

variance (ANOVA) was used to see the influence of treatments on 4 soils and the least 

significant difference (LSD) was determined at P≤ 0.05. For the molecular data, means 

and standard errors were calculated to determine the effects of the treatments on relative 

abundance of key bacterial taxa. 

   

7.3 Results 

 

7.3.1 Plant Analyses 

Shoot Biomass 

Shoot biomass was significantly influenced (P>0.05) by an interaction between soil and 

treatments 8 weeks after planting (Figure 7.1). Treatment effects differed among soils. 

LaBC
® 

applied alone increased (P>0.05) shoot biomass in Soil 1 after 4 weeks, but not 

in Soils 2, 3 or 4 (Figure 7.1a). By 8 weeks, there was a marked increase (P>0.05) in 

shoot biomass with application of LaBC
®
 in Soils 1, 2 and 3, but not in Soil 4 (Figure 

7.1b). Biochar applied alone did not change (P>0.05) shoot biomass in Soils 1, 3 or 4 
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after 4 weeks. In contrast in Soil 2, biochar application significantly decreased the shoot 

weight over the same period (Figure 7.1a). By week 8, there was no significant effect of 

biochar on shoot biomass in any of the four soils when it was applied alone (Figure 

7.1b). Biochar applied with LaBC
®
 did not change (P>0.05) shoot biomass compared to 

LaBC
®
 applied alone for any of the soils within 4 weeks (Figure 7.1a). By week 8, the 

Biochar + LaBC
®
 treatment significantly (P>0.05) decreased shoot biomass compared to 

LaBC
®
 applied alone in Soil 3, but not in Soils 1, 2 and 4 (Figure 7.1b). 

  

Overall, by week 8, the effects of amending soil with LaBC
®

 on shoot bimass were 

greatest in Soils 2 and 3 (P>0.05). Application of LaBC
®
 increased shoot biomass by 

134% and 67% respectively in Soil 2 and 3 (after 8 weeks). However, when biochar was 

added together with LaBC
®
, there was a decrease (P>0.05) in shoot biomass (29%) 

compared to LaBC
®
 applied alone in Soil 3. 

 

Root biomass 

Root biomass was significantly influenced (P>0.05) by an interaction between soil and 

treatments by 8 weeks after planting (Figure 7.2). Treatment effects differed among 

soils. LaBC
®
 applied alone increased (P>0.05) root biomass in Soil 1, after 4 weeks, but 

not in Soils 2, 3 or 4 (Fig. 2a). By 8 weeks, there was a marked increase (P>0.05) in 

root biomass with application of LaBC
®
 in Soils 1, 2 and 4, but not in Soil 3 (Figure 

7.2b). Biochar applied alone did not change (P>0.05) root biomass in any of the four 

soils after 4 weeks (Figure 7.2a). By 8 weeks, there was a significant increase in root 

weight in Soil 1 and 4, but not in Soil 2 and 3 (Figure 7.2b). Biochar applied with 

LaBC
®
 did not change (P>0.05) root biomass compared to LaBC

®
 applied alone for any 

of the soils either after 4 weeks or by 8 weeks (Figure 7.2a,b).  

 

Overall, by week 8, the effects of amending soil with LaBC
®

 root biomass were greater 

in Soils 1 and 2 (P>0.05) than in Soils 3 and 4. Application of LaBC
®
 increased root 

biomass 2 fold in Soils 1 and 2. However, when biochar was added together with 

LaBC
®
, there was no significant difference (P>0.05) in root biomass compared to 

application of LaBC
®
 alone in these two soils.  
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Figure 7.1 Shoot dry biomass (g pot

-1
) as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 

across 4 soils at the first harvest (a) after 4 weeks and the second harvest (b) after 8 weeks of clover 

growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay, Soil 

4=Sand (Water Repellent). Error bars represent standard errors (n=3). Different letters next to error bars 

indicate significant difference between treatments within each soil based on LSD (P≤0.05); ns=non-

significant 

 

Root:Shoot Ratio 

Root:shoot ratio was significantly influenced (P>0.05) by an interaction between soil 

and treatments by 8 weeks after planting (Figure 7.3) with differences across soils. 

LaBC
®
 applied alone increased (P>0.05) root:shoot ratio in Soil 2, after 4 weeks, but 

there was no difference in Soils 2, 3 or 4 (Figure 7.3a). By week 8, there was a marked 

increase (P>0.05) in root:shoot ratio with application of LaBC
®

 in Soils 1 and 4, but it 

decreased in Soil 3 (Figure 7.3b). Biochar applied alone increased (P>0.05) root:shoot 

ratio in Soil 2 after 4 weeks, but not in Soils 2, 3 or 4 (Figure 7.3a). By week 8, there 

was a significant increase in root:shoot ratio in Soils 1, 2 and 4, but not in Soil 3 (Figure 

7.3b). Biochar applied with LaBC
®
 did not change (P>0.05) root:shoot ratio compared 

to LaBC
®
 applied alone for any of the soils at either harvest (Figure 7.3a,b).  
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Overall, after 8 weeks, the effects of amending soil with LaBC
®
 on root:shoot ratio 

were greatest in Soils 1 and 4 (P>0.05). Application of LaBC
®
 increased root:shoot ratio 

by 2 fold and the ratio was less than 1 in Soils 1 and 4. However, when biochar was 

added together with LaBC
®
, there was no significant difference (P>0.05) in root:shoot 

ratio compared to LaBC
®

 applied alone. 

  

 

 
Figure 7.2 Root dry biomass (g pot

-1
) as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 

across 4 soils at the first harvest (a) after 4 weeks and the second harvest (b) after 8 weeks of clover 

growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay, Soil 

4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next to error bars 

indicate significant difference between treatments within each soil based on LSD (P≤0.05); ns=non-

significant 

 

Plant N 

Plant N was significantly influenced (P>0.05) by an interaction between soil and 

treatments by 8 weeks after planting (Figure 7.4); treatment effects were different 

among soils. LaBC
®
 applied alone increased(P>0.05) shoot N concentration(%) in Soils 

1, 2 and 4, but not in Soil 3 by 8 weeks (Figure 7.4a). Plant N uptake (N mg plant
-1

) 
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increased (P>0.05) with LaBC
® 

application in Soils 1, 2 and 3 but not in Soil 4 (Figure 

7.4b). Biochar applied alone increased (P>0.05) shoot N concentration (%) in Soil 1 but 

there was no difference in Soils 2, 3 or 4 by 8 weeks (Figure 7.4a). Plant N uptake (N 

mg plant
-1

) did not change (P>0.05) with biochar application in any of the four soils 

after 8 weeks (Figure 7.4b). Biochar applied with LaBC
®
 decreased (P>0.05) shoot N 

concentration in Soil 2, but there was no difference in Soils 1, 3 or 4 after 8 weeks 

(Figure 7.4a). Plant N uptake did not change (P>0.05) with combined biochar 

application in any of the four soils after 8 weeks (Figure 7.4b). Overall, by 8 weeks, the 

effect of amending soil with LaBC® was greatest in Soil 2 (P>0.05). Application of 

LaBC
®
 increased shoot N concentration and plant N uptake in Soil 2. However, when 

biochar was added together with LaBC
®
, there was no significant difference (P>0.05) in 

plant N uptake compared to when LaBC
®
 was applied alone across the four soils. 

  

 

 
Figure 7.3 Root:Shoot as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 across 4 soils at 

the first harvest (a) after 4 weeks and the second harvest (b) after 8 weeks of clover growth. Textural 

classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay, Soil 4=Sand (Water 

Repellent). Error bars represent standard errors (n=3). Different letters next to error bars indicate 

significant difference between treatments within each soil based on LSD (P≤0.05); ns=non-significant 
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Figure 7.4 Plant N as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 across 4 soils 

measured as (a) clover shoot N concentration (%) and (b) clover N uptake (mg N plant
-1

) at the second 

harvest after 8 weeks. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 

3=Clay, Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next 

to error bars indicate significant difference between treatments within each soil based on LSD (P≤0.05); 

ns=non-significant. 

 

7.3.2 Soil Chemical Analyses 

Soil pH  

Soil pH was significantly influenced (P>0.05) by an interaction between soil and 

treatments by 8 weeks after planting (Figure 7.5) with differences among soils. LaBC
®

 

applied alone increased (P>0.05) soil pH (CaCl2) from 4 to 7 in Soils 1, 2 and 4, but to a 

lesser extent in Soil 3 by week 4 (Figure 7.5a). By 8 weeks, the pH was maintained at 

the similar unit of 6-7 due to LaBC
®
 application (Figure 7.5b). Biochar applied alone 

slightly increased (P>0.05) soil pH (CaCl2) by 0.2 units in all four soils by 4 weeks 

(Figure 7.5a). However, by 8 weeks, there was no increase in pH with biochar 
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application in any of the four soils (Figure 7.5b). Biochar applied with LaBC
®

 did not 

change (P>0.05) soil pH (CaCl2) compared to LaBC
®
 applied alone for any of the soils 

after 4 weeks (Figure 7.5a). However, by week 8, biochar added with LaBC
®
 decreased 

(P>0.05) soil pH (CaCl2) by 0.2 units in Soils 3 and 4, but not in Soils 1 and 2 (Figure 

7.5b). Overall, by 8 weeks, the effect of amending soil with LaBC
®
 was greater in Soils 

2 and 4 (P>0.05). Application of LaBC
®
 increased soil pH(CaCl2) in Soils 2 and 4. 

However, when biochar was added together with LaBC
®
, there was no significant 

difference (P>0.05) in soil pH compared to LaBC
®

 applied alone treatment by week 4. 

 

Soil inorganic-N 

Soil inorganic-N was significantly influenced (P>0.05) by an interaction between soil 

and treatments by 4 weeks after planting (Figure 7.6) with differences among soils. 

LaBC
®
 applied alone significantly (P>0.05) added inorganic-N (increased by 140-640%) 

in all four soils, after 4 weeks (Fig. 6a). By 8 weeks, there was a marked increase 

(P>0.05) in added inorganic-N (by 4- 25 fold) in Soils 1-3, but not in Soil 4 (Figure 

7.6b). Biochar applied alone decreased (P>0.05) soil inorganic-N (by 50-800 %) in Soils 

1 and 3, but not in Soils 2 and 4 after 4 weeks (Figure 7.6a). By 8 weeks, there was no 

significant (P>0.05) change in soil inorganic-N with biochar application in any of the 

four soils (Figure 7.6b). Biochar applied with LaBC
®
 decreased (P>0.05) inorganic-N 

(by 37-69 %) compared to LaBC
®
 applied alone in all four soils, after 4 weeks (Figure 

7.6a). By 8 week, there was a significant decrease (by 44-53 %) in inorganic-N in Soils 

1 and 2, but not in Soils 2 and 4 (Figure 7.6b). Overall, by 4 weeks, the effects of 

amending soil with LaBC
®
 were greater in all the four soils (P>0.05). Application of 

LaBC
® 

increased inorganic-N (by 140-640%). However, when biochar was added 

together with LaBC
®
, there was a decrease (P>0.05) in inorganic-N (by 40-70%) 

compared to LaBC
®
 applied alone. 

 

Soil NH4
-
N was significantly influenced (P>0.05) by an interaction between soil and 

treatments by 4 weeks after planting (Figure 7.7) and each treatment effect was different 

among soils. LaBC
®
 applied alone significantly (P>0.05) decreased soil NH4

-
N in Soil 1 

(by 78%) and Soil 2 (by 82%) after 4 weeks, but not in Soils 3 and 4 (Figure 7.7a). By 8 

weeks, there was a marked decrease (P>0.05) in soil NH4
-
N (by 40%) in Soil 1 but not 

in Soil 4; whereas in Soils 2 and 3, application of LaBC
®
 significantly increased the 

NH4
-
N in soils (Figure 7.7b). Biochar applied alone decreased (P>0.05) soil NH4

-
N (by 

81 %) in Soil 1 after 4 weeks, but not in Soils 2, 3 and 4 (Figure 7.7a). By 8 weeks, there 
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was no significant (P>0.05) change in soil NH4
-
N with biochar application in any of the 

four soils (Figure 7.7b). Biochar applied with LaBC
®
 did not have any significant 

(P>0.05) change in soil NH4
-
N compared to LaBC

®
 applied alone in all four soils, after 

4 weeks (Figure 7.7a). By 8 weeks, there was no significant (P>0.05) change in soil 

NH4
-
N with combined LaBC

® 
and biochar application in any of the four soils (Figure 

7.7b). Overall, the soil NH4
-
N was not significantly (P>0.05) influenced by mixing of 

biochar with LaBC
®
 and was not further influenced by soil type. 

 

 

 
Figure 7.5 Changes in soil pH (CaCl2) as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 

across 4 soils at the first harvest (a) after 4 weeks and at the second harvest (b) after 8 weeks of clover 

growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay, Soil 

4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next to error bars 

indicate significant difference between treatments within each soil based on LSD (P≤0.05); ns=non-

significant 
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Soil NO3
-
N was significantly influenced (P>0.05) by an interaction between soil and 

treatments by 4 weeks after planting (Figure 7.8) and treatment effects differed among 

soils. LaBC
®
 applied alone significantly (P>0.05) increased soil NO3

-
N in all four soils 

after 4 weeks (Figure 7.8a). By 8 weeks, there was a similar trend in all four soils but 

very little NO3
-
N present (Figure 7.8b). Biochar applied alone decreased (P>0.05) soil 

NO3
-
N in Soil 1(by 60%) and Soil 3 (by 80%) after 4 weeks, but did not affect NO3

-
N in 

Soils 2 and 4 (Figure 7.8a). By 8 weeks, there was no significant (P>0.05) change in soil 

NO3
-
N with biochar application in any of the four soils (Figure 7.8b). Biochar applied 

with LaBC
®
 decreased (p>0.05) NO3

-
N (by 50-240%) compared to LaBC

®
 applied alone 

in all four soils, after 4 weeks (Figure 7.8a).  

 

 

 
Figure 7.6 Soil inorganic-N (µg g

-1
 soil) as influenced by addition of LaBC

®
, Biochar and 

Biochar+LaBC
®
 across 4 soils at the first harvest (a) after 4 weeks and the second harvest (b) after 8 

weeks of clover growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 

3=Clay, Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next 

to error bars indicate significant difference between treatments within each soil based on LSD (P≤0.05); 

ns=non-significant 

 

By week 8, there was a significant decrease in NO3
-
N in Soil 1 (by 50%) and Soil 2 (by 

60%), but not in Soils 2 and 4 (Figure 7.8b). Overall, by 4 weeks, effects of amending 
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soil with LaBC
®
 on NO3

-
N occurred in all four soils (P>0.05), with increases in NO3

-
N 

of up to 380%. However, when biochar was added together with LaBC
®
, there was a 

decrease (P>0.05) in NO3
-
N (by up to 240%) compared to LaBC

®
 applied alone in all 

soils. 

 

 

 
 

 
Figure 7.7 Soil total NH4-N (µg g

-1
 soil) as influenced by addition of LaBC

®
, Biochar and 

Biochar+LaBC
®
 across 4 soils at the first harvest (a) after 4 weeks and the second harvest (b) after 8 

weeks of clover growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 

3=Clay, Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next 

to error bars indicate significant difference between treatments within each soil based on LSD (P≤0.05); 

ns=non-significant 

 

7.3.3 Soil Microbial Analyses 

Microbial biomass-N  

Soil MBN was influenced (P>0.05) by an interaction between biochar and LaBC
®

 by 4 

weeks, but only in Soil 2 (Figure 7.9). LaBC
®

 applied alone significantly (P>0.05) 

increased soil MBN in Soil 1 (by 48%) and Soil 2 (by 170%), after 4 weeks, but not in 

Soils 3 and 4 (Figure 7.9a). By 8 weeks, there was no significant change in soil MBN in 

any of the four soils (Figure 7.9b). Biochar applied alone decreased (P>0.05) soil MBN 
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(by 40 %) in Soils 2 after 4 weeks, but not in Soils 1, 3 and 4 (Fig. 9a). By 8 weeks, 

there was no significant (P>0.05) change in soil MBN with biochar application in any of 

the four soils (Figure 7.9b). Biochar applied with LaBC
®
 increased (P>0.05) soil MBN 

(by 46 %) compared to LaBC
®

 applied alone treatment in Soil 2 after 4 weeks, but there 

was no effect in Soils 1, 3 and 4 (Figure 7.9a). By week 8, there was no significant 

(P>0.05) change in soil MBN in any of the four soils (Figure 7.9b). Overall, by 4 weeks, 

the effects of amending soil with LaBC
®
 were greater only in Soil 2 (P>0.05). 

Application of LaBC
®
 increased MBN (by 46%) in Soil 2. However, when biochar was 

added together with LaBC
®
, there was 2 fold increase (P>0.05) in MBN compared to 

LaBC
®
 applied alone in Soil 2.   

 

 

 
Figure 7.8 Soil total NO3-N (µg g

-1
 soil) as influenced by addition of LaBC

®
, Biochar and 

Biochar+LaBC
®
 across 4 soils at the first harvest (a) after 4 weeks and the second harvest (b) after 8 

weeks of clover growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 

3=Clay, Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3). Different letters next 

to error bars indicate significant difference between treatments within each soil based on LSD (P≤0.05); 

ns=non-significant 
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Root nodulation 

Root nodule was influenced (P>0.05) by an interaction between biochar and LaBC
®
 by 4 

weeks, except in Soil 2 (Figure 7.10). LaBC
®

 applied alone significantly (P>0.05) 

increased nodule initials in Soils 1, 2 and 3, after 4 weeks, but decreased nodule initials 

in Soil 4 (Figure 7.10a). By 8 weeks, there was no significant (P>0.05) change in any of 

the four soils (Figure 7.10b). Biochar applied alone increased (P>0.05) nodule initials in 

Soil 1 after 4 weeks, but there was no effect in Soils 2, 3 and 4 (Figure 7.10a). By week 

8, there was no significant (P>0.05) change in occurrence of nodule initials any of the 

four soils (Figure 7.10b). Biochar applied with LaBC
®
 increased (P>0.05) nodule initials 

compared to LaBC
®
 applied alone in Soils 1, 3 and 4 after 4 weeks, but not in Soil 2 

(Figure 7.10a). By 8 week, there was a significant (P>0.05) increase in nodule initials in 

Soil 4, but not in Soils 1, 2 and 3 (Figure 7.10b).  

 

 

 
Figure 7.9 Microbial biomass-N (µg g

-1
 soil) as influenced by addition of LaBC

®
, Biochar and 

Biochar+LaBC
®
 across 4 soils at the first harvest (a) after 4 weeks and second harvest (b) after 8 weeks of 

clover growth. Textural classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay, 

Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3).  Different letters next to error 

bars indicate significant difference between treatments within each soil based on LSD (P≤0.05); ns=non-

significant 
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Figure 7.10 Root nodules as influenced by addition of LaBC

®
, Biochar and Biochar+LaBC

®
 across 4 

soils at first harvest (a) after 4 weeks (nodule initiation number pot
-1

) and second harvest (b) after 8 weeks 

(nodule score, 0-9) of clover growth. Textural classification for the soils used: Soil 1= Sand, Soil 

2=Sandy loam, Soil 3=Clay, Soil 4=Sand (Water Repellent). Error bars represent standard errors (n=3).  

Different letters next to error bars indicate significant difference between treatments within each soil 

based on LSD (P≤0.05); ns=non-significant 

 

Overall, by 4 weeks, the effects of amending soil with LaBC
®

 were greater only in Soils 

1 and 3 (P>0.05). Application of LaBC
®
 increased nodule initials in Soils 1 and 3. 

However, when biochar was added together with LaBC
®
, there was an increase (P>0.05) 

in nodule initials compared to LaBC
®
 applied alone in Soils 1, 3 and 4.   

 

Bacterial Community Structure 

Kingdom Bacteria: Relative abundance and phylum distribution  

All the soils were dominated by Proteobacteria and Actinobacteria at phylum level 

(Figure 7.11). Further to these dominant phyla, Acidobacteria and Firmicutes were 

detected (≤10%) in Soils 1, 2 and 3(Figure 7.11a-c). With addition of LaBC
®

 at 50 t ha
-1

, 

by week 8, the relative abundance of Actinobacteria increased in Soils 1 and 2, but 

remained unchanged in Soils 3 and 4 (Tables 7.4 to 7.7).  
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Figure 7.11 (a-c) Relative abundance (%) of dominant bacterial phyla with addition of LaBC

®
, Biochar 

and Biochar+LaBC
®
 to Soils 1 to 3 (a,b,c) at the 2

nd
 harvest of subterranean clover (8 weeks). Textural 

classification for the soils used: Soil 1= Sand, Soil 2=Sandy loam, Soil 3=Clay). Relative abundance (%) 

was estimated (n=3) from the proportional abundance of classifiable operational taxonomic units (OTUs), 

as indicated by the number of 16S rRNA gene copies measured using Ion Torrent, Personal Genome 

Machine (PGM). 
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Further, with LaBC
® 

addition the relative abundance of Proteobacteria increased in Soil 

2 and remained unchanged in the other soils (Tables 7.4 to 7.7).  

 

The less abundant phylum Acidobacteria decreased in relative abundance with LaBC
® 

addition in Soils 1, 2 and 3 (Tables 7.4 to 7.6). Biochar addition did not change the 

relative abundance of these phyla and the pattern remained similar to untreated soil in 

all 4 soils (Tables 7.4 to 7.7). For Biochar+LaBC
®
, the relative abundance of these 

phyla remained unchanged when compared to addition of LaBC
® 

alone in Soils 1, 2 and 

3 (Tables 7.4 to 7.6). However, in Soil 4 (Table 7.7), the Biochar+LaBC
® 

combination 

increased
 
two-fold the relative abundance of Proteobacteria, decreased the relative 

abundance of Actinobacteria and almost eliminated all of the less abundant phyla 

compared to LaBC
® 

addition. 

 

 
Figure 7.11 (d) Relative abundance (%) of dominant bacterial phyla with addition of LaBC

®
, Biochar 

and Biochar+LaBC
®
 to Soil 4 (d) at the 2

nd
 harvest of subterranean clover (8 weeks). Textural 

classification for the soils used: Soil 4=Sand (Water Repellent). Relative abundance (%) was estimated 

(n=3) from the proportional abundance of classifiable operational taxonomic units (OTUs), as indicated 

by the number of 16S rRNA gene copies measured using Ion Torrent, Personal Genome Machine (PGM). 
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Table 7.4 Significant changes in actual proportional abundance (%) of key bacterial taxa as influenced by 

addition of LaBC
®
, Biochar and Biochar+LaBC

®
 in Soil 1, at the 2

nd
 harvest of subterranean clover (8 

weeks). Textural classification for the soil used: Soil 1= Sand. Mean (%) and Standard Error values (n=3) 

were estimated based on the total measured OTUs, as indicated by the number of 16S rRNA gene copies 

measured using Ion Torrent, Personal Genome Machine (PGM)  

Soil 1 

Treatments 

Control Biochar  

(20t ha
-1

) 

LaBC
® 

(50t ha
-1

) 

Biochar+LaBC
®

 

Proportional abundance (%)  

in relation to Actual data-total OTUs observed  

Bacterial Taxa Mean SE Mean SE Mean SE Mean SE 

Phyla         

Acidobacteria 10.77 1.19 4.23 2.09 3.77 0.38 4.03 0.15 

Actinobacteria 16.57 0.35 17.63 7.67 31.17 5.57 27.77 2.14 

Bacteroidetes 5.90 0.23 4.50 2.03 4.43 1.37 5.93 0.81 

Chloroflexi  1.67 0.27 1.47 0.15 2.30 0.46 1.37 0.03 

Firmicutes 6.10 0.85 6.33 2.11 5.80 0.95 5.97 0.37 

Proteobacteria 28.10 0.98 44.43 21.08 28.80 0.95 28.13 1.06 

Proteobacteria: class         

Alphaproteobacteria 15.57 1.38 36.93 23.74 16.10 1.07 17.17 1.23 

Acidobacteria: order         

Solibacterales 1.77 0.32 1.37 0.60 1.10 0.06 1.13 0.09 

Acidobacteriales 5.33 0.62 1.77 0.94 1.23 0.09 1.23 0.09 

Actinobacteria: family     
Nocardioidaceae 0.60 0.06 0.63 0.32 2.03 0.52 1.57 0.24 

 

 

Table 7.5 Significant changes in actual proportional abundance (%) of key bacterial taxa as influenced by 

addition of LaBC
®
, Biochar and Biochar+LaBC

®
 in Soil 2, at the 2

nd
 harvest of subterranean clover (8 

weeks). Textural classification for the soil used: Soil 2=Sandy loam. Mean (%) and Standard Error values 

(n=3) were estimated based on the total measured OTUs, as indicated by the number of 16S rRNA gene 

copies measured using Ion Torrent, Personal Genome Machine (PGM)  

Soil 2 

Treatments 

Control Biochar 

(20t ha
-1

) 

LaBC
® 

(50t ha
-1

) 

Biochar+LaBC
®

 

Proportional abundance (%)  

in relation to Actual data-total OTUs observed  

Bacterial Taxa Mean SE Mean SE Mean SE Mean SE 

Phyla         

Acidobacteria 10.20 1.96 11.73 0.78 3.63 0.67 4.10 0.21 

Actinobacteria 12.23 1.95 12.70 2.50 21.03 4.68 21.37 4.60 

Bacteroidetes 5.17 0.91 6.00 0.35 10.50 1.93 9.03 0.78 

Chloroflexi  0.67 0.18 1.00 0.26 2.03 0.28 1.37 0.09 

Firmicutes 13.80 1.00 12.87 1.87 6.47 0.38 9.03 0.78 

Proteobacteria 24.90 2.12 27.30 0.66 36.77 1.30 36.67 2.71 

Proteobacteria: class         

Alphaproteobacteria 13.60 1.19 16.30 0.79 19.50 1.37 17.13 1.13 

Acidobacteria: order         

Solibacterales 1.47 0.27 2.30 0.17 0.80 0.12 0.80 0.12 

Acidobacteriales 4.03 0.87 4.67 0.54 1.10 0.35 1.03 0.09 

Actinobacteria: family 
Nocardioidaceae 0.30 0.00 0.23 0.03 1.00 0.26 1.07 0.32 

 

  



Chapter 7                                                                                                                                 Effects of Biochar + LaBC
® 

in 4 Soils 

 

 
 
114 

Table 7.6 Significant changes in actual proportional abundance (%) of key bacterial taxa as influenced by 

addition of LaBC
®
, Biochar and Biochar+LaBC

®
 in Soil 3, at the 2

nd
 harvest of subterranean clover (8 

weeks). Textural classification for the soil used: Soil 3=Clay. Mean (%) and Standard Error values (n=3) 

were estimated based on the total measured OTUs, as indicated by the number of 16S rRNA gene copies 

measured using Ion Torrent, Personal Genome Machine (PGM)  

Soil 3 

Treatments 

Control Biochar  

(20t ha
-1

) 

LaBC
® 

(50t ha
-1

) 

Biochar+LaBC
®

 

Proportional abundance (%)  

in relation to Actual data-total OTUs observed  

Bacterial Taxa Mean SE Mean SE Mean SE Mean SE 

Phyla         

Acidobacteria 13.13 0.58 13.40 0.65 9.03 0.12 11.37 1.81 

Actinobacteria 23.57 1.88 23.83 0.94 29.53 2.58 25.60 2.02 

Bacteroidetes 4.13 0.23 5.43 0.66 4.20 1.38 4.10 0.36 

Chloroflexi  1.83 0.27 2.03 0.41 2.13 0.43 2.07 0.37 

Firmicutes 8.67 0.48 6.83 0.92 5.13 0.42 12.30 1.36 

Proteobacteria 26.03 1.17 27.30 1.25 30.13 1.38 26.47 1.07 

 

 

Table 7.7 Significant changes in actual proportional abundance (%) of key bacterial taxa as influenced by 

addition of LaBC
®
, Biochar and Biochar+LaBC

®
 in Soil 4, at the 2

nd
 harvest of subterranean clover (8 

weeks). Textural classification for the soil used: Soil 4=Sand (Water Repellent). Mean (%) and Standard 

Error values (n=3) were estimated based on the total measured OTUs, as indicated by the number of 16S 

rRNA gene copies measured using Ion Torrent, Personal Genome Machine (PGM)  

Soil 4 

Treatments 

Control Biochar 

(20t ha
-1

) 

LaBC
® 

(50t ha
-1

) 

Biochar+LaBC
®

 

Proportional abundance (%)  

in relation to Actual data-total OTUs observed  

Bacterial Taxa Mean SE Mean SE Mean SE Mean SE 

Phyla         

Acidobacteria 2.17 0.12 2.77 2.28 4.03 1.19 1.03 1.03 

Actinobacteria 17.43 8.98 18.30 5.83 24.33 5.14 9.33 6.64 

Bacteroidetes 18.30 5.45 8.20 3.39 4.97 1.23 3.63 2.23 

Chloroflexi  0.13 0.13 0.27 0.27 2.33 0.55 0.50 0.50 

Firmicutes 9.07 3.06 10.63 4.67 3.63 0.92 8.70 6.54 

Proteobacteria 35.63 4.22 34.00 4.50 33.57 2.12 72.17 15.03 

Proteobacteria: class         

Alphaproteobacteria 6.03 1.83 10.43 2.12 21.07 1.02 35.97 29.82 

Acidobacteria: order         

Solibacterales 0.00 0.00 1.10 0.67 0.90 0.40 0.50 0.50 

Acidobacteriales 0.00 0.00 0.40 0.40 1.20 0.25 0.50 0.50 

Actinobacteria: family 
Nocardioidaceae 1.07 1.07 1.80 1.42 1.63 0.23 3.23 3.23 
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Sequence reads from Ion Torrent PGM Platform 

Number of raw input sequences was 957,540 (Soils 1 to 3) and 1,505,778 (Soil 4). The 

average number of read outputs for PCR-amplified 16S rRNA sequence was 2,334 

(Soils 1 to 3) and 4,055 (Soil 4). The total number of sequences read (output) was 

91,027 (Soils 1 to 3) and 146,010 (Soil 4). Only sequences in the range of 130 to 240bp 

were analysed. 

 

7.4 Discussions 

 

This experiment examined potential interactions between LaBC
®
 and biochar with 

respect to (i) N release from biosolids in LaBC
®
, (ii) growth and nodulation of 

subterranean clover and (iii) soil microbial biomass and relative abundance of key 

bacterial taxa. 

 

(i) N release from biosolids in LaBC
®
  

As hypothesised, N release from biosolids in LaBC
®
 was adsorbed when co-applied 

with biochar and this could imply that there would be less leachable soil N available 

after application. Overall, biochar addition with LaBC
® 

had a significant influence in 

decreasing net-N mineralisation in soil, and the LaBC
® 

released considerable plant 

available N from its biosolids fraction. This was associated with the NO3
-
 adsorption 

mechanism of biochar, indicating potential for decreased N leaching throughout the 

duration of 8 weeks for the Biochar + LaBC
®
 combination.  

 

N mineralisation and nutrient supplying capacity to release readily soluble N to plant 

productivity is considered as the most crucial factor in assessing both agronomical and 

soil biological value of an organic amendment (Dilly et al. 2003; Murphy et al. 2003). 

In this study, LaBC
®
 application stimulated net-N nitrification regardless of soil 

characteristics with less or high N content, indicating a potential source for nutrient 

addition from biosolids fraction found within the product and it was plant available. 

This is consistent with previous findings (Chapter 4 and 6) which showed slower and 

longer N release capacity of LaBC
® 

after soil application that supported for improved 

microbial and plant biomass in a coarse-textured sandy soil. This is also in agreement 

with results obtained by others using biosolids and or modified biosolids product for an 

increased N release and mineralisation in the amended soil (Diaz and Darmody, 2004; 

Kelly et al. 2007). For example, a product mixture with a combination of biosolids and 
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river-sediments (of silty clay loam texture) amended plot increased in total N and P for 

improved yield of native grasses (Kelly et al. 2007). This was associated with increased 

microbial community diversity found at field scale for the combination of biosolids and 

sediments mixtures compared with river sediment or biosolids alone which is in 

agreement with LaBC
® 

application.  

      

Other important mechanisms determining plant available nutrients and net-N 

mineralisation pattern from biosolids are not only limited to soil textural characteristics 

and fertility status but also depend on soil microorganisms and plant N use efficiency in 

particular soil conditions, in addition to the influence of the presence with other soil 

ameliorants such as biochar (Hassink, 1994, 1997; Wang et al. 2003; Dempster et al. 

2012, 2012a). A recent study with coarse-textured soil of WA, showed decreased soil 

nitrification values in association with biochar amendment (Dempster et al. 2012a). 

Another lysimeter leaching study conducted for 21 days (Dempster et al. 2012) in the 

same sandy soil showed that biochar (25 t ha
-1

) significantly decreased cumulative NH4
+
 

(by 20%) and NO3
– 

leaching (by 25%) in the amended soil. This was mainly associated 

with more positive charges of the applied biochar that caused larger anion retention 

(Cheng et al. 2008), in turn helped efficient N adsorption from the applied inorganic 

fertiliser (40 kg N
-1

 ha) (Dempster et al. 2012). The study identified mainly NO3
– 

sorption mechanisms with biochar addition and associated increase in water holding 

capacity in the amended sandy soil (Lehmann et al. 2011; Dempster et al. 2012, 2012a). 

My results are consistent with these findings as the combined application of Biochar + 

LaBC
®
 showed decreased inorganic NO3

–
N after plant growth, regardless to the soil 

texture and fertility status.   

 

A potential interaction between LaBC
® 

and Biochar when applied together that caused 

less soil inorganic NO3
– 

N available for leaching, without decreasing plant growth much 

in almost all soil conditions. This is in agreement with findings of other study (Knowles 

et al. 2011) showed with a lysimeter column leaching with ryegrass that was amended 

with combinations of biochar (102 t ha
-1

 equivalent) and biosolids (600 and 1200 kg N 

ha
-1

 equivalent) in two types of silty loam soils. This study showed significant potential 

for decrease in nitrate leaching with combination of biochar and biosolids together than 

using the biosolids alone and further suggested for higher rate application of this 

mixture in ameliorating degraded soils.  
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(ii) Growth and nodulation of subterranean clover  

The combination of Biochar + LaBC
®

 was not expected to affect growth and nodulation 

of subterranean clover as the excess N release could be adsorbed both by the clay and 

biochar. Indeed, co-application of biochar and LaBC
®
 did not decrease growth of 

subterranean clover or plant N uptake in any soil. Amelioration of soil acidity and 

maintaining optimal nutrient status provides favourable conditions for improved 

subterranean clover yield (Peoples et al. 1995a,b; Ritchey et al. 2004). Several studies 

showed varied effects with biosolids application depending on its N and P supplying 

capacity and heavy metal content in different soils (Smith and Giller 1992; Munn et al. 

2001). Nevertheless, some studies showed increased legume growth and nodulation 

with nutrients incorporation using biosolids in Australia (Munn et al. 2001; Vieira 2001; 

Antolín et al. 2010; Holt et al. 2010). Maximum N2-fixation in legume roots occurs in 

the younger nodules, therefore the earlier phase of clover growth needs adequate N, P 

and Ca nutrients for nodule development (Ferreira et al. 1995; Zahran 1999).  

 

Munn et al. (2001) studied the effectiveness of Rhizobium leguminosarum cv. trifolii 

with finely ground dry urban biosolids applied at 60 to 240 t ha
-1

 with different 

concentrations of heavy metals in 6 soils. This glasshouse and laboratory study 

correlated increased soil NO3
– 

N and its inhibitory effects on N2 fixation of higher 

amount of biosolids with increased rate applied (at 240 t ha
-1

). This study also showed 

increased N2 fixation, plant N and clover nodulation in association with increased soil 

pH and improved Ca and P availability for most of the acid soils, which received 

biosolids (< 240 t ha
-1

).  

 

Although LaBC
®
 addition ameliorated soil acidity and increased the pH, subterranean 

clover nodulation was inconsistent and little increase in nodulation was found at either 

harvest. Further, shoot biomass yield and plant N uptake of the subterranean clover 

were similar when LaBC
® 

was applied alone or in combination with biochar, indicating 

no negative effects of biochar addition on plant available nutrients at this rate in all the 

soils. These results agreed to some extent with Munn et al. (2001) as slightly increased 

clover nodule initiation was associated with biosolids as was clear in Soils 1 and 3 at 

week 4 when LaBC
®
 alone or LaBC

®
+Biochar were applied together. Only a slight 

increase in nodulation in Soil 4 at week 8 was observed, indicating a potential 

insufficient N was released from added LaBC
® 

for plant uptake, with minimum N 

allocation assumed for further nodule development in the initial stages of clover growth. 
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This is further confirmed with subterranean clover leaf-tissue N concentration that 

appeared to be marginal range (3-3.2%) indicating insufficient N supply associated with 

LaBC
® 

application regardless of the soil fertility status. Therefore, adequate N range 

(3.3-5.5 % shoot tissue concentration) for subterranean clover (Reuter and Robinson 

1997) is not achieved at this low level of addition of LaBC
® 

(50 t ha
-1

 (wet equivalent)). 

Further, low soil biomass N at both harvests regardless of the amendments in all soils, 

indicaties potential competition between soil microbes and subterranean clover for N 

uptake that is associated with inadequate nutrients supplied through the biosolids within 

LaBC
®
. 

 

(iii) Soil microbial biomass and Relative abundance of key bacterial taxa 

Soil microbial biomass was expected to be higher with the combined amendment of 

Biochar+LaBC
®
 compared with their separate application due to improved mico-

habitat. It was found that the level of soil microbial biomass N was unchanged and 

inconsistent over 8 weeks in all soils. However, the initial slight increase with microbial 

biomass in Soils 1 and 2 at week 4, was associated with increased availability of 

nutrient substrate from LaBC
®
 and additional microhabitat from biochar from the co-

application. A study with coarse-textured soil similar to Soil 4, showed decreased 

microbial biomass C and biotic respiration when biochar (up to 25 t ha
-1

) and N 

fertiliser (up to 100 t ha
-1

) applied together (Dempster et al. 2012a). However, the 

microbial biomass N remained unaltered in association with this biochar and N fertiliser 

combination which was attributed mainly to decreased N mineralisation mechanisms 

from the biochar combination. The data from the present study are partially in 

agreement with the study of Dempster et al. (2012a) as the combined application of 

Biochar + LaBC
®
 showed unaltered microbial biomass N in most of the soils.  It was 

expected that the relative abundance of key bacterial taxa would be changed to a greater 

extent when LaBC
®
 and biochar are applied together associated with combined effects 

of both. Soil microbial community structure is inconstant and dependant on both biotic 

and abiotic factors at both spatial and temporal scales in soil (Lauber et al. 2008). 

Spatial heterogeneity in soil microbial communities is strongly correlated with 

differences in soil chemistry (Lauber et al.  2008; Fierer et al. 2012). Bacterial 

communities are, in particular, more influenced by soil pH, which is considered as a 

better predictor of bacterial community composition than with any other soil properties 

(Rousk et al. 2010). A field study showed increased response with phyla Proteobacteria 

(Alphaproteobacteria and Gammaproteobacteria) and Acidobacteria in association with 
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soil pH gradient across soil samples with pH range 4-8.3 (Rousk et al. 2010). Increased 

microbial diversity and a positive shift in bacterial community structure associated with 

organic wastes such as biosolids have been shown in several studies (Kelly et al. 2007; 

Stark et al. 2007; Nakatani et al. 2011). The dominant bacterial phyla identified with 

respect to LaBC
®
 were consistent with their findings, but the relative abundance of taxa 

was little affected or inconsistently across the 4 soils used. The relative abundance of 

identified dominant phyla Actinobacteria and Proteobacteria increased in the coarse-

textured sandy and sandy-loam soils (Soil 1 and 2) in response to LaBC
®
 application.  

 

Although the oligotrophic taxon Acidobacteria (mostly associated with nutrient poor 

environments) was observed with with a low relative abundance in the amended sandy 

Soils 1 and 2, this LaBC
®
 addition decreased this further (with associated increases in 

other taxa). It is not clear whether this confirms the potential of LaBC
®
 for alleviating 

soil pH stress, because the actual abundance of the bacterial groups was not assessed. 

On the other hand, the relative abundance of most of the phyla identified in the clay 

textured, nutrient rich soil, did not change and the structural abundance remained 

unaltered despite with LaBC
®

 application, indicating the inherent capacity of the clay 

soil (organic carbon 4%) to support members of the dominant copiotrophic phyla 

(Alphaproteobacteria) which is generally associated with the nutrient rich environment 

(Fierer et al. 2012).  

 

Application of biochar has been shown with improved microbial abundance in soil 

mostly with increased AM fungi and to some extent with bacterial structure (O’Neill et 

al. 2009; Atkinson et al. 2010; Lehmann et al. 2011). However, application of biochar 

alone did not consistently influence the relative abundance of the dominant bacterial 

phyla naturally present in the soils used in this experiment, indicating a neutral effect on 

the bacterial community structure at this 20 t ha
-1

 application rate. Further when biochar 

was co-applied with LaBC
®
, there was little effect and the relative abundance of these 

phyla remained unchanged compared to LaBC
® 

addition in all the soils. Therefore co-

application of biochar and LaBC
®
 could be a potential option for amending soils with 

nutrient leaching risks.    

 

Most of the rhizobia groups are symbiotic soil bacteria found associated with legume 

roots and the root-nodules are actively formed during the earlier stage of growth of 

annual legumes (Ledgard and Steele 1992; Gage 2004). Most belong to the order 
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Rhizobiales and family Rhizobiaceae under the Alphaproteobacteria (Sprent 2001). 

Although the bacterial community structure inconsistently changed across the 4 soils 

due to amendment applications, biochar or LaBC® addition significantly increased root 

nodule initiation in the coarse-textured sandy soil (Soil 1) in week 4. This was well 

correlated with bacterial community structure as indicated by an increase in relative 

abundance of Proteobacteria in Soil 1 with biochar addition and further with the 

increased relative abundance of class Alphaproteobacteria. This is consistent with the 

findings of Rondon et al. (2007) and Postma et al. (1990) where biochar application 

increased rhizobial activity and symbiotic activity in legumes. Furthermore, in Soil 4 

there was an increase in relative abundance of Alphaproteobacteria, indicating the 

positive effects of biochar and LaBC®, but the root nodules were poorly developed due 

to the low fertility status of this sandy soil. This in turn emphasises that LaBC® applied 

at 50 t ha
-1

 contributes inadequate fertilisation for subterranean clover in this sandy soil. 

However, also confirms the likelihood of safe recycling of both amendments at the rates 

for the amelioration purposes of this sandy soil.  

 

The number of read outputs for PCR-amplified 16S rRNA sequence was considerably 

lower than determined by Whiteley et al. (2012) for a study of bacterial community in 

wastewater. However, Caporaso et al. (2011, 2012) indicated that even 100 sequences 

could be used to distinguish shifts in relative abundance of bacterial taxa in 

environmental samples.  

 

 

7.5 Conclusions 

Overall, biochar addition with LaBC
® 

had a significant influence in decreasing net-N 

mineralisation in soil, and the LaBC
® 

released considerable plant available N from its 

biosolids fraction. This was associated with the NO3
-
 adsorption mechanism of biochar, 

indicating potential for decreased N likely to be leached, consistently for the duration of 

8 weeks from the Biochar+LaBC
®
 combination. Co-application of biochar had little 

effect on subterranean clover growth or plant N uptake in any of the soils. Furthermore, 

there was little effect on nodulation of subterranean clover and this was associated with 

marginal values of shoot tissue N concentration indicating an inadequate N supplied 

through LaBC
®
. Soil microbial biomass N was inconsistent over 8 weeks in all soils. 

However, the initial slight increase with microbial biomass in Soils 1 and 2 at week 4 

was associated with increased availability of nutrient substrate from LaBC
®
 and 
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additional microhabitat from biochar from the co-application. Inconsistent effects were 

observed with respect to relative abundance of bacterial phyla across the 4 soils, in 

response to LaBC
®
 application. The dominant phyla, Actinobacteria and Proteobacteria, 

increased in relative abundance in the coarse-textured sandy and sandy-loam soils (Soils 

1 and 2) corresponding with LaBC
®
 addition. Oligotrophic taxa, the Acidobacteria 

decreased in relative abundance with LaBC
®
 addition in the coarse-textured sandy and 

sandy-loam soils. However, adding biochar had a neutral effect on bacterial community 

structure either when added alone or when co-applied. Therefore, potential recycling of 

LaBC
® 

alone or in combination with biochar in soils is not likely to have a negative 

impact on soil bacterial communities. Furthermore, the co-application of this biosolids 

amendment with biochar suggests using higher application rates of LaBC
®
 where 

nutrient leaching risk is foreseen.   
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CHAPTER 8 

General Summary and Future work  

 

The proposal for recycling biosolids after mixing with clay and lime (product LaBC
® 

-

Lime-amended Bioclay
®

) by the Water Corporation of Western Australia showed 

potential improvement in soil water and nutrient holding capacity at filed and laboratory 

scale in association with soil physical, chemical and agronomical values in the Ellen 

Brook catchment (ChemCentre 2009; Humphries et al. 2009, 2010; Ovens 2009). This 

thesis focussed on improvement in microbiological fertility of the water repellent, 

coarse-textured acid sandy soil, following application of LaBC
®
. Associated with this, 

five thesis objectives were identified and investigated with series of field scale 

sampling, laboratory incubation techniques and glasshouse pot experiments (Chapter 3 

to 7). As hypothesised (Chapter 1), LaBC
®
 application to this soil improved soil 

properties (Figure 1.1) and increased overall microbiological fertility of the soil.  

8.1 General conclusions 

As per the unifying hypothesis, application of LaBC
®
 in acid coarse-textured soil 

altered microbiological activities and achieved sustained nutrient release from biosolids 

(e.g. sustained N mineralisation, increased microbial biomass and changes in relative 

abundance of key phyla within the bacterial community). This was associated with 

improvements in soil physical (e.g. alleviated water repellence and increased water 

holding capacity) and chemical properties (e.g. increased soil pH and inorganic N 

content) in response to LaBC
®

 application and associated altered N mineralisation 

processes. Improved plant productivity was also associated with amelioration of soil 

characteristics due to LaBC
®
 amendment. However, LaBC

®
 is not a complete fertiliser 

and hence supplementation with other source of adequate nutrients according to plant 

requirements needs to be considered. As the N released from biosolids in LaBC
®
 was 

not extensive, the potential environmental threat associated with leachable N is expected 

to be minimal and LaBC
® 

if applied alone or in association with biochar. Table 8.1 

outlines the main findings of research in this thesis in relation to corresponding 

objectives.     
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Table 8.1 Summary of experimental findings on the impact of LaBC
®
 on microbiological processes in coarse textured soil   

 

Chapters 

& Experimental 

design 

Objectives  Soils used Treatments  Hypotheses  

(Agreed / Disagreed) and findings 

 

Main Findings   

Chapter 3 

(Field soil sampling 

from a year old 

winter oats 

cultivated site) 

Characterising key soil 

chemical and 

microbiological 

properties from the 

LaBC
®
 applied plot 

Coarse textured, 

acid sandy soil, 

(Bassendean sand, 

WA) 

LaBC
® 

@ 150 t ha
-1

 

(wet equivalent) 

Agreed – 

The key soil microbiological properties 

measured had higher variation in LaBC
®
-

amended field   

Soil microbiological 

parameters varied to greater 

extent 

Impractical larger sample 

numbers were needed to 

increase the sensitivity of 

statistics and data reliability  

Chapter 4 

(Soil incubation 

assays) 

Clay addition to lime-

amended biosolids 

supports soil microbial 

biomass and longer 

release of N in an acid 

sandy soil 

Coarse textured, 

acid sandy soil, 

(Bassendean sand, 

WA) 

LaBC
®
 @ 50, 100, 150 

t ha
-1

 (wet equivalent) 

and its fractions in 

equivalent weight 

namely, Lime, Clay, 

LAB (lime+biosolids), 

LAC (lime+clay) 

Agreed – 

LaBC
® 

application improved soil physical 

and chemical properties and microbial 

biomass than application of its fractions 

alone  

Increased application rates decreased CO2 

respiration and sustained N release to some 

extent 

Complex interaction 

occurred between clay, lime 

and biosolids 

Clay effect on N-

mineralisation lasted briefly 

for 2 weeks (slowed 

mineralisation) and after that 

lime effect outweighed the 

clay effect, causing 

increased N mineralisation 

Chapter 5 

(Soil incubation 

assay) 

Changes in water 

repellence and 

microbial diversity 

after amending with 

LaBC
® 

and its various 

fractions 

Coarse textured, 

acid sandy soil, 

(Bassendean sand, 

WA) 

LaBC
®
 @ 50, 100, 150 

t ha
-1

 (wet equivalent) 

and its various 

fractions in equivalent 

weight namely, Lime, 

Clay, LAB 

(lime+biosolids), LAC 

(lime+clay) 

Agreed – 

Key bacterial phyla and their relative 

abundance shift increased in response with 

LaBC
®
 application  

Disagreed – 

No shift in relative abundance of bacterial 

phyla observed between weeks 2 and 12 

Relative abundance of 

bacterial phyla responded 

less to soil wetting 

properties. 
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Table 8.1  Continued 

Chapters 

& Experimental 

design 

Objectives  Soils used Treatments  Hypotheses  

(Agreed / Disagreed) and findings 

 

Main Findings   

Chapter 6  

(Glasshouse pot 

experiment with 

Ryegrass) 

Direct and residual 

influence of fertilisers 

and LaBC
® 

on ryegrass 

yield   

Coarse textured, 

acid sandy soil; 

history with 

previously added 

LaBC
®
 + fertilisers 

LaBC
®
 @ 50 t ha

-1
 

(wet equivalent) + 

previous history with 

LaBC
®
 and fertilisers   

Agreed – 

Re-application of LaBC
®
 to soils with pre-

applied fertilisers increased the plant yield 

than in without-fertiliser history 

Re-application of LaBC
® 

had immediate 

effect  

LaBC
®
 application did not 

have residual nutrient effect 

after 5 cycles, however, the 

pH effect was persisted even 

after 5 cycles and 

maintained the higher pH 

value to certain extent 

Chapter 7  

(Glasshouse pot 

experiment with 

Subterranean 

clover) 

Influence of biochar 

and LaBC
®
 on 

mineralisation and 

amendments 

interactions on 

subterranean clover 

yield in 4 soils 

3 soils (Soils 1 to 3) 

that differ in basic 

properties and 

textures (Sand, 

Sandy loam, Clay) 

1 reference soil 

(Soil 4), water 

repellent acid Sand, 

Bassendean, WA 

 

LaBC
® 

@ 50 t ha
-1

 (wet 

equivalent)  

Biochar (20 t ha
-1

) 

and  

Biochar + LaBC
®

 

Agreed – 

N release from LaBC
® 

was adsorbed by 

biochar and less N was left in soil with the 

combined application 

Partially Agreed – 

Combination of LaBC
®
 + biochar 

inconsistently increased clover nodulation 

across 4 soils, but did not suppress the 

nodulaion  

Partially Agreed – 

Microbial biomass slightly increased in 

coarse-textured sandy soils and 

inconsistent effect was noticed across soils 

over 8 weeks due to Biochar + LaBC
® 

The combination of Biochar + LaBC
® 

did 

not increase the changes in key bacterial 

community across 4 soils  
 

Deficit N supplied through 

LaBC
®
 @ 50 t ha

-1
 in the 

acid  sandy soil  

Relative abundance of 

Rhizobia group of bacterial 

community 

(Alphaproteobacteria) 

slightly increased in sandy 

soils and had neutral effect 

in nutrient rich clay soil  

Clay soil with high inherent 

fertility was insensitive to 

the amendment application, 

but sandy soils responded 

more positively with these 

amendment applications in 

terms of bacterial 

community structure. 
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8.2 Research Objective 1 

To characterise key soil chemical and microbiological properties after LaBC
®
 

application to a field plot. (Chapter 3, Experiment 1). 

 

Hypothesis:  

Key soil microbial parameters (MBC and MBN) and oxidisable C will show higher 

variability than other key chemical properties (soil pH and C:N) within the LaBC
®
 

amended plot. 

 

Main Findings: 

Oxidisable C, MBC and MBN measured in an acid coarse textured soil showed higher 

variability compared to the soil pH and C:N within the LaBC
®
 amended plot as 

hypothesised. This was associated with non-uniform incorporation of LaBC
®
 that was 

apparent during the sample collection. As a consequence, field scale changes in 

microbial biomass and their community changes could not be identified from this 

experiment due to extreme heterogeneity in distribution of LaBC
®
 in the field soil. 

Based on this preliminary study, it was decided not to use this amended field plot for 

further thesis investigations and more controlled environment was designed for the 

Chapters 4, 5, 6 and 7.    

 

8.3 Research Objective 2 

To provide fundamental information on the advantage of clay addition to LAB (lime-

amended biosolids) to form LaBC
®
, and to determine how different fractions of LaBC

®
 

influence the soil microbial environment through net mineralisation and nutrient release 

from the biosolids in acid, coarse-textured soil (Chapter 4, Experiment 2). 

 

Hypotheses: 

a). When applied to an acid sandy soil, LaBC
®
 will increase soil pH and 

decrease water repellence which will support higher soil microbial biomass and 

respiration compared with un-amended soil and soil amended with combinations 

of lime and clay in the absence of biosolids.  

b). Increasing rates of application of LaBC
®
 to an acid sandy soil will decrease 

CO2 respiration and sustain net-N-mineralisation when compared to the 

application of LAB to soil  
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Main Findings: 

Aerobic-incubation and CO2 respiration assays were used to monitor water repellence 

and chemical and biological properties of LaBC
® 

amended soil over 30 week period. 

Dry LaBC
®

 was applied at equivalent wet weight of 50, 100 and 150 t ha
-1

. In addition, 

dry components of LaBC
®
 (lime, clay, LAC (lime+clay) and LAB (lime+biosolids)) 

were applied separately at rates equivalent to their fractions within LaBC
®
. Inclusion of 

clay in LaBC
®
 was effective in eliminating water repellence at all application rates. 

Inclusion of clay in LaBC
® 

suppressed N release from the biosolids (by 58%), even at 

the lowest application level, but only during the first two weeks of incubation. LaBC
® 

consistently decreased soil microbial respiration compared with LAB alone when 

applied at the highest level (150 t ha
-1

) thereby protecting organic matter. There was no 

significant N release with lime and clay amendment alone or in combination (LAC) in 

the absence of the biosolids. There may be a complex interaction between, clay, lime 

and organic matter, but each may have had a role in altering N release from biosolids at 

different times during the 30 weeks incubation. Addition of clay to LAB increased its 

effectiveness in remediating this water repellent, acidic-sandy soil and prolonging the N 

release from the biosolids following soil amendment. For more understanding of the 

interactions among the components of LaBC
®
, further experiments were established to 

investigate the soil bacterial community using molecular methods. In addition, 

alternative soil amendments to LaBC
®
 could be used to decrease the net N 

mineralisation activities and sustain N release from biosolids present in LaBC
® 

aligning 

plant growth requirements and uptake based on the efficient crop nutrient budgeting.   

 

8.4 Research Objective 3 

To characterise soil wetting properties and bacterial communities at phylum level using 

the soil amended with LaBC
®

 (Chapter 5, Experiment 2). 

 

Hypotheses: 

a). The occurrence and relative abundance of key taxa of the decomposer bacteria will 

vary with LaBC
® 

application to soil. 

b). The bacterial community structure will be more affected by LaBC
®
 2 weeks after its 

application to soil than 12 weeks after its application to soil. 
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Main Findings: 

LaBC
® 

application increased water holding capacity of the non-wetting, acid-sandy soil 

by eliminating the water repellence. The improved soil wetting properties were 

associated with clay inclusion in LaBC
®
. This study demonstrated that the relative 

abundance of the key bacterial phylum Actinobacteria did not increase in relative 

abundance either with corresponding elimination of water repellence or with increased 

N release due to LaBC
®

 addition in this acid soil. There were inconsistent changes in 

bacterial community structure between weeks 2 and 12 for the two application rates of 

LaBC
®
. Other minor but inconsistent changes, over time, in the less abundant phyla 

Acidobacteria, Bacteroidetes, Chloroflexi, Firmicutes, and Alpha and Beta-

proteobacteria at class and family level were associated with LaBC
® 

addition.  

 

8.5 Research Objective 4 

To determine the effect of residual and recent LaBC
®
 applications and long-term 

residual effects of basal fertilisers on ryegrass productivity (Chapter 6, Experiment 3).  

 

Hypotheses: 

a). Application of LaBC
®
 to soil with a fertiliser history will release more N and 

increase ryegrass yield than application of LaBC
®
 to soil without a fertiliser history. 

b). Re-application of LaBC
®
 will have an immediate effect on increasing biological 

fertility regardless of prior history of LaBC
®
 and fertiliser.   

 

Main Findings: 

The aim was to investigate whether there was residual effect of one time basal applied 

LaBC
®
 on ryegrass yield in coarse-textured soil and on its microbiological fertilities. 

Furthermore, it was investigated whether re-application of LaBC
®
 increased fertiliser-

use efficiency and plant growth when added to soils with long histories of fertilised 

pasture production. In a glasshouse experiment, soil management history was 

established initially with once applied LaBC
®

 (50 t ha
-1

 wet weight equivalent) as basal 

amendment and repeatedly added without or with inorganic fertilisers (N, P, K, Ca, Mg) 

before planting ryegrass for up to 5 cycles. In the current experiment (Cycle 6) using 

ryegrass, a single re-application of LaBC
®
 was applied and maintained along with 

residual controls; further carry over effects were assessed in Cycle 7. The parameters of 

ryegrass yield, soil inorganic N, pH and soil microbial biomass N were assessed after a 

sixth and seventh cycle of planting. Re-application of LaBC
®
 (50 t ha

-1
 wet weight 
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equivalent) had an immediate effect on ryegrass biomass yield in Cycle 6 and the shoot 

biomass was increased compared to no re-applied LaBC
®

 treatments, regardless of soil 

management history. In the absence of re-applied LaBC
®
 in Cycle 6, there was no 

residual nutrient effect of one time basal applied LaBC
®
; however, after 5 cycles, soil 

pH was maintained significantly to a higher level (5.4), indicating a residual liming 

effect from the previously applied LaBC
® 

in acid soil. Furthermore, the increased 

ryegrass dry plant biomass was associated with the residual effect of fertiliser from the 

soil history, in addition to the nutrients released from re-applied LaBC
®
. The nutrient 

effect of freshly re-applied LaBC
® 

appeared to be confined to Cycle 6, with perhaps 

some small residual benefit carrying into a further cycle (Cycle 7). Therefore, the long-

term residual concentrations of inorganic N remained in this sandy soil after a single 

LaBC
®
 amendment was negligible and did not appear to be a risk to the environment 

for the rates applied with 50 t ha
-1

 wet weight equivalent.  

 

8.6 Research Objective 5 

To determine whether there was an interaction between LaBC
®

 and biochar on 

mineralisation following growth of subterranean clover in 3 soils which have higher soil 

C and soil pH than the acid soil used in previous experiments (Chapter 7, Experiment 

4).   

 

Hypotheses: 

a). Part of the N release from biosolids in LaBC
®
 will be adsorbed when co-applied 

with biochar and less soil N will be available.  

b). The combination of LaBC
®
 + biochar will not affect growth and nodulation of 

subterranean clover as the excess N release could be adsorbed both by the clay and 

biochar.  

c). Soil microbial biomass will be higher with the combined amendment of LaBC
®
 + 

biochar compared with their separate application due to improved mico-habitat.  

 

 

Main Findings: 

LaBC
®
 (50 t ha

-1
) added to all 4 soils increased clover biomass and increased soil pH. 

However, the N supply seemed to be inadequate at this application rate in all the soils as 

evidenced with marginal leaf tissue N concentration and poor nodulation in clover. This 

study provided the evidence for less inorganic NO3-N in all 4 soils, both at week 4 and 
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8, indicating that co-application of biochar (20 t ha
-1

) addition absorbed the N released 

from the added LaBC
®
 as hypothesised. With biochar co-application, little and 

inconsistent effects were found on soil microbial biomass N over 8 weeks. Slightly 

increased soil microbial biomass N was found only in coarse-textured sandy and sandy-

loam soils (Soils 1 and 2) at week 4 and this was assumed due to doubled benefit from 

the combination of amendments. Subterranean clover nodulation was little increased 

indicating the nutrient deficit at this rate of LaBC
® 

application. Inconsistent effects were 

observed with relative abundance of bacterial phyla across the 4 soils, in response with 

LaBC
®
 application. Dominant phyla were Actinobacteria and Proteobacteria and they 

increased in some of the coarse-textured sandy and sandy-laom soils (Soils 1 and 2) 

corresponding to LaBC
®

 addition. Oligotrophic taxa, the Acidobacteria decreased with 

LaBC
®
 addition in some of the coarse-textured sandy and sandy-loam soils. However 

adding biochar had neutral effect on bacterial community structure either when added 

alone or when co-applied. Therefore my study suggests potential recycling of LaBC
® 

alone or in combination with biochar in soils without having negative impact on soil 

bacterial communities. Further, this co-application with biochar suggests using higher 

application rates of LaBC
®
 where nutrient leaching risk is foreseen.   

 

8.7 Consistencies in bacterial community structure between Chapters 5 and 7 

A complex interaction occurred between clay and lime present within the LaBC
® 

and 

the lime effect outweighed the clay effect as evidenced with incubation experiment in 

water repellent acid sandy soil (Chapter 4). The findings were in agreement with the 

shift in relative abundances of key bacterial phyla as they increased with pH changes 

due to LaBC
®
 addition (Chapter 5). However, changes in key phyla associated with 

water content and improved soil wetting properties, based on the literature review, were 

not identified from this Experiment 2. This is could be due to sampling error or 

methodological issues based on the sequence output read on the Ion Torrent chip.  

Followed this, the effect of LaBC
® 

was determined in soils with different texture and 

fertility status (Chapter 7). However bacterial community shifts associated with LaBC
®
 

addition were inconsistent across the soils and were little affected in the organic matter 

and nutrient rich clay soils. The changes in relative abundance of bacterial taxa were 

inconsistent in water repellent, acid sandy soils when amended in soils without plants 

(Experiment 1) and when grown in the same soil with subterranean clover (Experiment 

4). This could be associated with methodological issues related with the number of 
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reads in the molecular data. Addition of biochar had a neutral effect on bacterial 

community structure either when added alone or when co-applied with LaBC
®
. 

Therefore there is potential for recycling of LaBC
® 

alone or in combination with 

biochar in soils without having negative impact on soil bacterial communities at the rate 

applied and for the form of biochar used in this study.  

 

8.8 Quality limitations associated with molecular analysis 

The change in identified OTUs of the bacterial diversity and community shift occurred 

based on relative abundance. However, this does not correspond with actual abundance 

of taxa present and an increase in group may decrease the proportion of others without 

changing its actual abundance in response to soil amendments. Thus, further 

investigation of the abundance and function of bacterial communities is necessary. 

 

Potential measures to minimise the spatial variability can be achieved by minimising the 

variable size fractions of the LaBC
® 

clumps during the production process to enable 

more uniform spread of this soil amendment in the field. Future field studies could 

focus on plant nutrient supply throughout the soil continuum in response to microbial 

activity. Investigations of management practices that create more uniform distribution 

of clumped soil amendments are required to better understand the microbiological 

impacts of LaBC
®
 under field conditions. A combination of physiological 

methodologies such as PLFA or CLPP would also complement the molecular 

methodologies used to determine microbial community structure. 

 

8.9 Future work 

Field scale experiments, variability assessment associated with agronomical and 

microbiological characteristics: 

The heterogeneity associated with LaBC
® 

application at field scale (Chapter 3) is a 

crucial factor for drawing conclusions about shift in microbial communities and 

associated microbiological processes in soil after LaBC
® 

application in agriculture. 

Therefore below are identified for future study in relation to field scale experiments:   

 Future field studies can focus on plant nutrient supply (for both N and P) 

throughout the soil continuum in response to microbial activity and 

during the whole season.  
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 Field studies could be considered in association with potential measures 

that minimise the spatial variability by reducing size fractions of LaBC
® 

during the production process to form more uniform spread in the soil.  

 Altering the clay, lime and biosolids ratios within the LaBC
®

 and 

incorporating with other inorganic fertilisers such as urea could be 

considered towards improving LaBC
®’

s value as a complete fertiliser 

under field condition.  

 Management practices and field application methods that create more 

uniform distribution of soil amendments will enable better understanding 

of microbiological impacts of LaBC
®
 under field conditions.  

 Experiments that could simulate the incubation and greenhouse 

investigations conducted in this thesis can be considered under field scale 

environment. 

 

Determination of N and P leaching associated with soil chemical and microbial 

characteristics: 

Sustained N release in soil was associated with clay inclusion within the product LaBC
®
 

at rates up to 150 t ha
-1 

wet weight equivalent (Chapter 4). Also, there were low levels 

of residual inorganic soil N (both NO3
-
 N and NH4

+
 -N) remaining in soil following 

LaBC
®
 application (50 t ha

-1 
wet weight equivalent) after plant harvest (Chapter 6 and 

7). This low available inorganic soil N was further efficiently decreased with co-applied 

biochar (Biochar+LaBC
®
), indicating potential for reduced risk of N leaching into the 

environment (Chapter 7) as identified with biochar N absorption mechanisms 

(Dempster et al. 2012, 2012a; Knowles et al. 2011; Lehmann et al. 2011).  

 Therefore manipulating safe recycling of N from LaBC
®
 is possible with 

further increased rates of LaBC
®

 alone or in combination with biochar 

(Biochar+LaBC
®
). However, P related microbiological investigations 

need to be conducted on this amendment.  

  N and P leachates, competition for N and P nutrition between plant and 

microbes, microbial biomass P and biomass C and shifts in soil microbial 

communities and function (including fungi and bacteria) could be 

assessed for practices that use combination of amendments with LaBC
®
.  
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Determination of soil microbial diversity including fungi community structures and 

their community changes using reliable tools: 

The shifts in relative abundance of bacterial phyla were inconsistent among treatments 

and soils over time (Chapters 3 and 7) despite the experiments being designed under 

controlled laboratory incubation and glasshouse conditions (Chapters 4, 5 and 7) after 

considering the variability involved in soil microbiological properties (Chapter 3). 

However, shifts in key fungi community structure was not investigated in this thesis. 

Bacterial community altered due to LaBC
®
 application (Chapter 5) could be in response 

with increased soil pH (Roper 2005; Roper and Gupta 2005; Rousk et al. 2010), but this 

was not consistent with other bacterial phyla associated with the removal of water 

repellence and related soil water stress found previously (Roper 2005; Braun et al. 

2010). Furthermore, shifts in bacterial communities were inconsistent when LaBC
®
 (50 

t ha
-1 

wet weight equivalent) was amended in different soils (sandy and clay texture 

with differential nutrient status) and when plants were grown with co-applied biochar 

(20 t ha
-1

) (Chapter 7).     

 

 Shifts in bacterial community structure identified using molecular level 

gene sequencing techniques can be further studied (Braun et al. 2010) in 

combination with a range of other methods such as traditional cultivation 

techniques, functional assays using multiple substrate induced respiration 

method and physiological methodologies determining microbial 

catabolic efficiency associated with decomposition, for example PLFA 

(phospholipid fatty acids) or CLPP (community level physiological 

profiles) to obtain more clarity about effects of LaBC
®
 application in 

sandy soils.  

 

Relative abundance of bacterial community and the quality of the sequence output reads 

determines the reliability of the data obtained from Ion Torrent PGM Platform using 

16S rRNA (Whiteley et al. 2012). Though significant shift in relative abundance of 

bacterial phyla can be determined using the data with minimum 16S rRNA sequence 

outputs (<100) (Caporaso et al. 2011, 2012), there were inconsistencies between 

experiments (Chapter 5 and 7).  

 

 Optimisation of molecular laboratory techniques associated with LaBC
®
-

amended soil samples needs further work to maximise DNA yield (16S 
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rRNA gene fragments), and to improve the success of PCR 

amplifications which in turn will maximise the quality of sequence 

output reads. 

 Further molecular techniques that quantify actual abundance of key taxa 

within microbial community structure including for both fungi and 

bacteria need to be used for more complete understanding of changes in 

soil microbial communities and their function in amended LaBC
®
-

amended soils. 
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