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SUMMARY 
Agricultural management practices impact the biodiversity and functionality of soil 

microbial communities [2]. Microbes in soil are imperative for soil health. Therefore, it is 

essential to evaluate the impact of agricultural management practices on the soil microbial 

biodiversity and functionality. Soil health is hard to define and measure, especially in 

agricultural landscapes where the land is being constantly manipulated by the landholders. 

Aspects of the chemical or physical properties of the soil are common indicators of soil 

health; however, the use of microbes to assess soil health has become prevalent in the last 

decade [3-5]. Microbial communities living within soils make up the soil microbiota. This 

living component of the soil contributes significantly to nutrient cycling and other 

processes that can have both negative and positive effects on the soil health [6]. A meta-

analysis of the ability of four existing soil microbial community parameters (Microbial 

Biomass Carbon (MBC), microbial activity, taxonomic diversity and functional diversity) 

to behave as bioindicators were assessed for their ability to respond repeatably to 

agricultural management practices. Studies conducted prior to 2010 have suggested that 

using MBC was an appropriate bioindicator of soil health however, newer methods that use 

microbial DNA to identify the microbial communities and their functions have arisen [7-

10]. The findings of the present meta-analysis partially support the hypothesis that the four 

microbial community parameters could be used as bioindicators, as they appear to respond 

repeatedly to the different management practices.  

 

This study also investigated the effect that tilling the soil and burning of crop residues have 

on the soil microbiota. Soil cores were collected from tilled and untilled pasture paddocks, 

and burned and unburnt cropping paddocks in Victoria, Australia. The analysis of bacterial 

16S rRNA and fungal ITS regions produced taxonomic diversity data, and the PICRUSt 

program produced predicted bacterial functional pathways. It was hypothesised that the two 

management practices would both have effects on the soil microbial communities. This was 

hypothesised because both tilling and burning of crop residues are shown to have negative 

effects on the soil microbiota [11-15]. The results revealed that the microbial communities 

between the tilling treatments were taxonomically and functionally changing. The burning 

treatments caused taxonomic changes, but no functional changes. The data obtained from 

this research will provide a greater understanding of the bacterial and fungal communities 

within an agricultural landscape. This research will assist the Australian agricultural sector 

in identifying microbial bioindicators associated with soil health. 
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1.0 INTRODUCTION 

 

1.1 Microbial communities play an important role in soil health   

Land used for agricultural purposes exists as a unique environment due to it being primarily 

maintained and manipulated by the landholders, often referred to as an ‘agroecosystem’ 

[16]. Agroecosystems account for 50 percent of Australian land use as Australia is a large 

producer and exporter of wheat, barley, oats and canola [17]. The Australian agroecological 

weather consists of heavy seasonal rainfall and extended periods of drought, contributing 

to the soils’ unique environment [18]. Banu, Singh and Copeland [19], have described 

Australian soils to be highly weathered, with a low pH, low organic carbon (C) content, 

and a high content of iron oxides. In addition to its chemical components, the soil consists 

of a living component which includes an abundance of microorganisms such as bacteria 

and fungi as well as archaea and small invertebrates. The definition of soil health varies 

however, it can be considered in this thesis as having the capacity to provide or a fitness 

for purpose [20]. Microorganisms contribute to a healthy soil, and in agroecosystems, a 

healthy soil is one that produces high yielding crops [20].  

 

Microbial communities (also referred to as the microbiota) and their related activities assist 

soil health through a variety of mechanisms, such as: improved soil structure, carbon 

sequestration and nutrient cycling. These are important processes which are essential for 

agricultural production [19, 21]. In addition, microorganisms that live in the plant 

rhizosphere, defined as the soil directly influenced by root secretions, include many plant 

growth-promoting rhizobacteria (PGPR) which can stimulate plant growth [22]. In 

particular, PGPR assist in the mobilisation of phosphorus (P) as well as other nutrients such 

as nitrogen (N), among other processes highlighted in Table 1.1 [23].  
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Table 1.1.  Examples of molecular mechanisms of bacterial and fungal species that assist 

with soil health and plant growth.  

Process Molecular mechanism Example of microbial 

species involved 

Reference 

Improved soil 

structure and water 

infiltration/retention 

by aggregate 

formation  

 

Production of mycorrhizal 

hyphae, mucilages, 

extracellular compounds, 

polysaccharides and soil 

proteins (hydrophobins and 

glomalin) 

 

Production of hyphae and 

polysaccharides  

 

Rhizophagus irregularis 

Paraglomus occultum  

 

 

 

Actinomycetes (class) 

[24, 25] 

 

 

 

 

[26] 

Increased nitrogen 

supply to the plant 

through nitrogen 

fixation  

Symbiotic bacteria form 

plant root nodules  
Rhizobium spp. 

(Rhizobium 

leguminosarum) 

 

Majority of the species in 

the family 

Rhodospirillaceae 

 

[27] 

 

 

 

[28] 

Production of 

nitrates through 

nitrification for plant 

uptake 

Oxidation of ammonium to 

nitrite and then to nitrate 

Nitrosomonas spp. 

(Nitrosospira multiformis, 

Nitrosospira briensis) 

 

[29] 

Reduction of 

nitrogen in soil by 

denitrification* 

Microbes oxidise nitrogen 

compounds in the absence 

of oxygen  

Micrococcus denitrificans 

 

Thiobacillus denitrificans 

[30] 

 

[31] 

Increased 

phosphorus (P) 

solubilisation by 

Phosphate 

Solubilising 

Microorganisms 

(PSMs)  

for plants 

Transform insoluble 

phosphorus to soluble forms 

 

Pseudomonas aeruginosa 

BS8 

Pseudomonas alcaligenes 

 

Glomus mosseae  

[32] 

 

[33] 

 

[34] 

C sequestration 

increases C in soil  

Certain microbial 

communities assist with the 

storage of C 

 

Community level attribute  [35] 

*a buildup of nitrogen in the soil has detrimental effects for plant growth [36]. 
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In Australia, agricultural production is the primary motivator for land clearing [37]. The 

conversion of naturally occurring ecosystems to agricultural land reduces essential 

nutrients and impacts microorganisms in the soil [38]. Land clearing destroys ecosystems 

and is devastating to biodiversity and as a result, sustainable management practices need to 

be incorporated to avoid further destruction [39, 40]. With increasing land exploitation, it 

is important to understand the exact microbial mechanisms that facilitate healthy soils, and 

the roles the microbiota play in promoting resilient, functioning, sustainable agricultural 

systems. The soil microbial community influences the biogeochemical cycles with 

synergistic interactions occurring between the PGPRs and therefore, the maintenance of 

soil health through the microbial communities is critical in supporting the Australian 

agricultural industry. 
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1.2 Microbial communities have potential as bioindicators for assessing soil health 

in agricultural landscapes 

There is growing interest in the use of soil microbes as biological indicators, also called 

bioindicators, of soil health [41]. The criteria used to identify an indicator of soil health 

includes; responsiveness to management practices, easy to measure and interpret, 

associated with major ecological soil processes and able to reflect field conditions under a 

given management [20]. Indicators of soil health have traditionally included soil chemical 

or physical properties, or the presence of invertebrates like nematodes as biological 

indicators. The soil microbiota inhabit specific niches that are susceptible to environmental 

changes and therefore, changes in microbial activities or their abundances may be used to 

determine the effect of different management practices on soil health [13]. When exposed 

to aspects of their environment some bacteria and fungi are fragile, while others are able to 

withstand environmental factors such as drought and severe heat [42]. Since microbes are 

susceptible to environmental conditions, they are highly influenced by the management 

practices they are exposed to [13]. There have been numerous attempts to identify an 

appropriate microbial bioindicator for the measurement of soil health in agricultural 

landscapes [3, 43-47]. However, to date, there is no clear consensus in the literature as to 

whether soil microbes can be used as accurate bioindicators of soil health.  

 

Biological tests that seek to utilise soil communities as bioindicators for soil health typically 

target one of four community properties: Microbial Biomass Carbon (MBC), microbial 

activity, taxonomic diversity, or functional diversity (see Table 1.2 for advantages and 

disadvantages). One of the most common measurements used as a parameter of soil health 

is MBC. This is the measurement of C contained within the living component of the soil 

organic matter [7]. Microbial activity can be measured through substrate consumption on 

Biolog Ecoplates or by the activity of certain enzymes such as dehydrogenase, β-

glucosidase, phosphatase, urease and arylsulphatase [4]. Biolog Ecoplates provide 

important community analysis information and provide a reliable and sensitive index of 

environmental change through analysing microbial substrate consumption [10, 48]. 

Specific enzyme activities in the soil are associated with microbial C and P cycling and the 

breakdown of nutrients therefore, can be an indicator of microbial activity [4, 49]. The 

potential bioindicator of taxonomic diversity is most frequently assessed via sequencing of 

the 16S rRNA gene. Although more advanced techniques are available that target the soil 

metagenome, RNA or metabolites, due to their associated costs, 16S rRNA profiling is the 



5 

 

most widely used method for taxonomic profiling of agricultural soils [9]. The functional 

diversity of soil can be measured as metabolic diversity via Biolog Ecoplates. As Biolog 

plates contain 31 different carbon substrates, the diversity of substrates a community can 

utilise can be used as a measure of community functional diversity. Importantly, this 

technique only measures the functional activity of the culturable proportion of the soil 

community, which has been estimated to be less then 1 % of the total diversity [50]. 

Functional profiling can also be achieved via molecular techniques. Metagenomic and 

transcriptomics can directly measure functional gene content and gene expression profiles, 

respectively. Taxonomic profiling, via 16S rRNA sequencing, can also be leveraged to 

generate functional profiles using programs such as PICRUSt and other emerging 

techniques which predict functional content from the community taxonomic profiles [7, 9, 

51, 52]. While all four approaches are available to soil researchers, all have advantages and 

disadvantages (Table 1.2). An identified gap in the literature is that few studies have 

explored the functional diversity of the soil microbiota and how it can be used as a 

bioindicator of soil health in agricultural landscapes.  
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Table 1.2. The advantages and disadvantages of the four categorised microbial 

community properties utilised in bioindicator analyses.  

Name of bioindicator Advantages Disadvantages  References 

Microbial biomass carbon 

(MBC) 

Indicates the 

presence of 

microbes  

Known indicator of 

soil quality 

Low cost 

Low complexity of 

data 

Does not identify 

individual taxa  

Does not assess 

community function 

 

[13, 53] 

Microbial 

activity  

Biolog 

Ecoplate 

Sensitive and rapid 

method  

Assesses microbial 

metabolic potential 

Low cost 

Culture-based – bias 

against slow 

growing species 

Does not identify 

individual taxa 

Sensitive to 

contamination  

[10, 48, 54] 

Enzyme 

activity  

Indication of 

specific microbial 

processes 

Various enzymes  

Relatively low cost  

Answers specific 

questions about 

microbial processes 

[49, 55] 

Taxonomic diversity 

(Using DNA based 

molecular techniques) 

Identifies 

individual taxa  

Culture-

independent  

Detects rare taxa 

Requires relatively 

small amounts of 

data  

 

May need available 

reference genomes  

Limited ability for 

functional data 

High cost  

Cannot differentiate 

between alive/dead 

microbes 

Moderate-high cost 

[54, 56] 

Functional 

diversity  

Functional 

profile 

predicted from 

DNA 

metabarcoding   

Identifies 

community 

functional potential 

Culture 

independent  

 

Lack of reference 

data 

Standard procedure 

not developed  

Emerging technique  

High cost  

Does not identify 

the active microbial 

functions  

[7, 9, 51, 

52, 54, 56] 

Biolog 

Ecoplate 

Identifies 

community 

functional potential 

(As per microbial 

activity) 
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1.3 Management practices that affect soil microbiota  

As mentioned above, agricultural management practices influence the taxonomic structure 

and functional diversity of the soil microbiota [21, 57]. The microbial communities present 

within soil contribute to important processes and their abundances are constantly changing 

in response to management practices. This includes tilling of the soil, which disrupts the 

soil structure and microbial community, has been shown to facilitate the proliferation of 

plant pathogens which could be used as potential indicators of poor microbial soil health 

[41]. Management practices, such as crop rotation, have been shown to enhance the activity 

and diversity of the microbial communities [49, 58]. As such, increased soil community 

diversity is often considered indicative of a good soil management practice. Some 

management practices, such as the burning of crop residues or the application of fertiliser, 

have few studies investigating the functional diversity, making it difficult to determine how 

these practices impact the soil microbial communities. 

 

Crop rotation and tilling of the soil have opposing effects on the soil, where crop rotation 

must be incorporated to avoid depletion of soil nutrients, tilling is typically considered to 

have degradative effects [21, 59] (Table 1.3). Tilling of the soil is the mechanised ploughing 

and inversion of soil, incorporated to disrupt the growth of weeds, reincorporate the organic 

matter back into soil and allow seedlings to germinate in soft soil [14, 60]. Tilling changes 

a soil’s microenvironment by incorporating oxygen and breaking up essential soil 

aggregates that create a habitat for microorganisms [59]. Tilling has been shown to cause a 

loss of organic matter, and a decrease in MBC and microbial activity [55, 61, 62]. 

Incorporating the practice of no-till, where no tillage occurs is recommended as a good, 

regenerative management practice [35, 60, 63]. Crop rotation can be defined as growing 

different crops in succession on the same land, to avoid depleting specific nutrients 

available in the soil, and to control for pests, diseases and weeds [64].  Crop rotation 

supports a higher diversity of soil microorganisms, and hence, their input of nutrients into 

the soil contributes to improving plant growth [21]. Crop rotations help enhance the nutrient 

and organic material cycling strategies that microbes perform in soils [21]. To help 

rehabilitate and rebuild a cropping paddock’s lost carbon, these paddocks are often turned 

into pasture, where plants are grown with the intent of animal grazing [65]. Although tilling 

the soil and crop rotations have clear effects on the soil microbiota, other management 

practices have varying effects.  

 



8 

 

 

Table 1.3.  Positive and negative effects of each management practice on the soil 

microbiota.  

Management 

practice 

Positive effects on the 

soil microbiota 

Negative effects on the 

soil microbiota 

Reference 

Burning of crop 

residues** 

Reduces weeds 

Increase bacterial 

diversity  

 

Lower microbial 

biomass 

Removal of organic 

matter   

[11, 12] 

Fertiliser *** 

 

Increases microbial 

biomass C 

 

Temporarily inhibit 

microorganism growth 

Alters microbial 

community composition 

[10, 66] 

Crop rotation  Increases MBC and 

microbial activity  

Higher in taxonomic 

and functional diversity  

(No known negative 

effects) 

[21, 43, 49, 

57] 

Tilling of soil Reduces weeds 

Releases soil nutrients  

Extreme erosion  

Lower level of organic 

matter  

Lower microbial 

biomass C 

Disruption of soil 

aggregates   

[13, 14, 60] 

**there is no consensus in the literature on whether burning of crop residues has positive 

or negative effects [61, 67].  

***short term versus long term effects of fertiliser use vary [66]. 

 

The literature has opposing views on whether burning crop residues and the application of 

fertiliser have positive or negative effects on the soil microbiota [11, 66] (Table 1.3). 

Agricultural burning is where the crop residues remaining from the previous harvest are 

burnt [61]. From the growers’ perspective, removing remaining crop residues through 

burning assists the upcoming plant growth, as well as controlling common pest populations 

e.g. slugs and snails [61]. Shen [12] reported that burning increased bacterial diversity and 

abundance in Eucalyptus ecosystems however, this has not been studied extensively in 

agroecosystems. Fertiliser has been incorporated in agricultural soils routinely since the 

1950s due to its remarkable increases in crop yield [68]. The most common fertiliser used 

in agroecosystems is NPK (Nitrogen, Phosphorus and Potassium) and is most often applied 

yearly, at the time of seeding [10]. Zhong et al., [10] found that the presence of fungi was 

higher under NPK treated soils. Furthermore, Geisseler et al., [66] looked at the wider 



9 

 

literature and confirmed that fertiliser altered MBC in the short term, whereas microbial 

community composition was affected in both the short and long term.   
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1.4 Aims and hypothesis  

This thesis aimed to investigate the utility of soil microbial communities in evaluating soil 

health in an agricultural landscape. Firstly, the current usage of microbial soil bioindicators 

in the wider literature was investigated. To address current knowledge gaps regarding the 

accuracy of microbial bioindicators in measuring soil health, a meta-analysis was 

performed. Specifically, the aim of this meta-analysis was to appropriately sample the 

literature to determine whether the four microbial community parameters (MBC, microbial 

activity, taxonomic diversity and functional diversity) had the ability to behave as 

bioindicators. The hypothesis of this meta-analysis was that the four microbial community 

parameters would respond in a repeatable way to the four agricultural management 

practices: tilling of soil, burning of crop residues, application of fertiliser and crop rotation.  

 

This thesis also aimed to determine the effect of tilling the soil and burning of crop residues 

on the soil microbiota on properties in regional Victoria, Australia. This was investigated 

through analysis of bacterial 16S rRNA and fungal ITS regions for taxonomic diversity, 

and the PICRUSt program where bacterial functional pathways were examined. It was 

hypothesised that tilling of pasture paddocks and burning of crop residues would influence 

the bacterial and fungal taxonomic diversity, and bacterial functional diversity.  
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2.0 MATERIALS AND METHODS  

2.1. Meta-analysis examining use of bioindicators in agricultural landscapes  

The aim of this meta-analysis was to appropriately sample the literature to determine 

whether the four soil community parameters (MBC, microbial activity, taxonomic diversity 

and functional diversity) were accurate bioindicators of soil health.  

 

2.1.1. Literature compiling 

Literature was compiled for this meta-analysis using the database SCOPUS (Elsevier). 

Initial search terms were “Biological indicator” (subsequently refined to “Bioindicator”), 

“Management practices” and “Soil”. This initial search resulted in 5587 articles, from 

which only those that included agricultural/cultivated soils, and reported the effects of 

tillage, stubble management (through burning of crop residues), fertiliser or crop rotation 

on Microbial Biomass Carbon (MBC), microbial activity, taxonomic diversity, functional 

diversity or a combination of these variables were selected. The initial search was expanded 

by checking reference lists and citations of the studies that met the initial search criteria. 

The studies were not limited to a specific country. The final list of studies included in this 

meta-analysis comprises of 44 research articles ranging in publication dates from 1980 to 

2020 (see Table 6.7, Appendix III for each reference used in the meta-analysis). The 

methodology for this meta-analysis is as presented in Figure 2.1.  

  



12 

 

 

Figure 2.1. The flowchart of methodology for the present meta-analysis.  
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2.1.2. Data collection 

Data was taken from both tables and figures in the publications that met our search criteria. 

The response variables used in this meta-analysis are MBC, microbial activity, taxonomic 

diversity and functional diversity. MBC is a direct measurement of the carbon contained 

from the living component of the soil via the fumigation and extraction method, first 

described by Jenkinson et al., [69]. Microbial activity measurements included data obtained 

from Biolog Ecoplates or direct assays of the activity of different extracellular enzymes 

(such as dehydrogenase, β-glucosidase, phosphatase, urease and arylsulphatase). Biolog 

Ecoplates use a 96-well plate format to assay carbon substrate utilisation of 31 different 

carbon sources via a colorimetric reaction. Microbial activity was specifically measured as 

the rate of colour change [70]. Taxonomic diversity was consistently measured through 

DNA sequencing of the 16S rRNA gene to assess the microbial community structure. 

Functional diversity was measured either via Biolog Ecoplates, where richness of well 

response was taken for a proxy for functional diversity, or via predictive functional 

profiling whereby DNA sequencing of the 16S rRNA gene is used to predict the functional 

profile based on taxonomic relationships using programs like PICRUSt [9, 70]. 

 

When studies were conducted across a variable number of years, only the final timepoint 

of the data was taken. Where a study examined a range of sampling depths, only 

measurements from the top layer of soil were considered (usually 0 to 10 cm of the soil 

surface). Some studies used multiple variables or management practices.  

 

2.1.3. Data Analysis 

For each study, the impact of a given management practice on the four potential soil health 

indicators was recorded as ‘increased’, ‘decreased’ or ‘no significance difference’. To 

determine whether bioindicators exhibited repeatable responses to management practices 

across the literature, Chi-square tests were used to compare the observed outcomes to the 

null hypothesis of expected no trend in outcomes (Appendix III).  
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2.2. Effect of agricultural management practices on microbial communities  

This field study was conducted in collaboration with the Goulburn Broken Catchment 

Management Authority (GBCMA). This study aimed to examine the impact of two 

common agricultural management practices on soil bacterial and fungal community 

structure and function. Two different management practices were examined: mechanical 

soil tilling and burning of crop residues. Tilling is described as the mechanised breaking up 

of the soil. In agriculture, specialised equipment attached to a tractor is used to break up 

the soil and reincorporate organic matter, approximately 20 cm deep. Agricultural burning 

of crop residues occurs when the previous harvests’ crop residues are burnt. A drip torch is 

used, so flaming fuel can be slowly deposited for controlled burning of the paddock. 

Controlled burning of crop residues results in some patches of the paddock left unburnt due 

to the large scale that it occurs.  

 

2.2.1. Soil sampling location in rural Victoria 

This study conducted sampling across four different private properties in northern regional 

Victoria (Figure 2.2). Soil sampling was conducted in mid-April of 2020. The annual 

precipitation for this area is approximately 400 to 600 mm [71]. The average temperature 

during the month of April ranges from 8°C to 22°C [71].  

 

The land is used primarily for agricultural purposes. Sampling was conducted 

approximately two to three weeks post-tilling to capture the effects of tillage on soil 

communities. All cropping paddocks had comparable NPKS fertiliser applications during 

seeding, pasture paddocks had no application of fertiliser. 

 

All samples for tilled experiments were obtained from pasture paddocks, an area of land 

covered in grass and other ground cover plants for grazing animals. Each paddock was in 

pasture for more than five years with livestock grazing by sheep for the duration it was in 

pasture. Pasture crops on paddocks 2A, 3B and 4B was predominantly grass (Phalaris sp.), 

paddock 2B had a mixed pasture of rye (Secale cereale) and clover (Trifolium sp.). The 

reason for tilling 2A was not added because it was not discussed, but it can be assumed it 

was to reincorporate organic matter back into the soil.  

 

The crop residue existing on the burnt treatments was wheat (Triticum aestivum). Burnt 

paddocks were sampled between post-harvest and pre-sowing where there were no active 
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crops. Sampling took place approximately one-week post burn. In previous years, there had 

been a yearly crop rotation procedure on the paddocks, where other crops such as oat 

(Avena sativa), barley (Hordeum vulgare) and canola (Brassica napus) had been planted.  

  

 

 
Figure 2.2. Satellite images showing A) State of Victoria with the region of sampling 

circled in red and B) Goulburn region and the location of the four collection sites in northern 

regional Victoria. Colour is indicative of location: site 1, site 2, site 3 and site 4. Coordinates 

of sites in Appendix I, Table 6.1.  
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2.2.2. Experimental design of tilled treatments  

The effect of tillage on the bacterial and fungal communities was investigated by sampling 

four different paddocks across three different sites (Table 2.1).  One tilled and three untilled 

paddocks were sampled. One of the tilled treatments were paired, where a tilled and un-

tilled paddock were sampled from the same site (site two). An additional planned sampling 

site did not proceed due to farmer management choice.  

 

Table 2.1. The different property sites and management practice for each tilled 

treatment.Unique property and paddock identifiers in brackets. 

 Tilled paddock (A) Un-tilled pasture paddock 

(B) 

Site 1 (1)   

Site 2 (2) ✓ ✓ 

Site 3 (3)  ✓ 

Site 4 (4)  ✓ 

 

2.2.3. Experimental design of burnt treatments  

Five paddocks across four sites were sampled to investigate the effect that burning crop 

residues has on bacterial and fungal communities. Both the burnt and unburnt patches 

across two burnt paddocks were sampled (Table 2.2). Two paddocks on two separate sites 

were used as no-burn controls. Due to the 2020 COVID19 Victorian lockdown restrictions, 

the task of soil sampling was completed by the property owners. Therefore, replication and 

randomisation did not represent the original experimental design of this project. 

 

Table 2.2. The different property sites and management practice for each burnt 

treatment.Unique property and paddock identifiers in brackets. 

 Burnt paddock  

  

Unburnt crop-residue 

attached paddock (E) 

 Unburnt patch 

(C) 

Burnt patch (D)  

Site 1 ✓ ✓ ✓ 

Site 2    

Site 3   ✓ 

Site 4 (paddock_i) ✓  ✓   

Site 4_(paddock_ii) ✓  ✓   
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2.2.4. Soil core collection  

For each paddock sampled, a total of five replicates were collected.  For tilled paddocks, 

un-tilled pasture paddocks and un-burnt paddocks, five representative soil cores were 

collected from across the entire paddock (Figure 2.3A). For burnt paddocks, five replicate 

soil cores were collected from burnt areas and a second set of five replicate cores were 

collected from unburnt patches within the burnt paddock (Figure 2.3B). The average size 

of a paddock was between 40 to 60 ha.  

 

 

 

Figure 2.3. The experimental design for sampling the treatments: A) where tilled paddocks, 

un-tilled pasture paddocks, and paddocks with crop residues attached had 5 representative 

samples taken and B) burnt paddocks had 5 samples from the surrounding paddock, and 5 

samples from unburnt patches (brown circle).  
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Cores were collected approximately 10 m away from the fence line to avoid soil conditions 

different to the rest of the paddock. Loose, organic matter was removed prior to where the 

soil sample was taken. The top layer of soil (approximately 10 cm) was collected as a core 

using 50 ml falcon tubes to avoid handling and disturbance (Figure 2.4). This resulted in a 

2.5 cm in diametre soil core sample. A total of 60 falcon tubes were collected of soil, with 

nine paddocks sampled from four different properties. Once the soil samples were 

collected, they were stored in a freezer at approximately -20°C until they were posted via 

Express Australia Post and kept in a deep freezer at -30°C at La Trobe University until 

analysis.  

 

 

Figure 2.4. Falcon tube method of surface soil sampling.Resultant soil core depth is 10 cm, 

core diameter is 2.5 cm.  Falcon tube was placed on the surface of soil prior to being pushed 

into the ground.  

 

2.2.5. Community DNA extraction from soil samples  

DNA was extracted from 0.40 g of soil utilising the Qiagen DNeasy Powersoil® kit as per 

the manufacturer’s protocol. The final yield of DNA concentrations for each sample was 

measured using the QUBIT® 3.0 Fluorometre broad-range and high-sensitivity assays. 

Once the concentration of DNA was determined, DNA samples were normalised to 5 ng/μL 

in 10 mM Tris-buffer 8.5 pH. Normalised DNA solutions were stored at 4°C prior to 

Illumina amplicon sequencing. 
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2.2.6. Bacterial 16S rRNA and fungal ITS amplicon sequencing  

Soil bacterial and fungal communities were sequenced via 16S ribosomal RNA (rRNA) 

and Internal Transcribed Spacer (ITS) region metabarcoding on an Illumina MiSeq 

platform. All 60 DNA soil samples representing the tilled and burnt treatments were utilised 

in the procedure. 

 

Amplicon libraries were prepared following the Illumina metagenomic sequencing 

protocol with modifications to the PCR conditions due to the protocol targeting the bacterial 

16S rRNA V3 and V4 region [72]. Utilising the Nextera XT Index Kit, dual indices and 

Illumina sequencing adapters were attached following the Illumina protocol [72]. The 

bacterial metabarcoding primers 515F (5’-GTGYCAGCMGCCGCGGTAA -3’) and 806R 

(5’-GGACTACNVGGGTWTCTAAT -3’) which target the V4 hypervariable region of the 

16S rRNA gene using primers were used [73].  PCR conditions involving an initial 

denaturation step at 94°C for 3 min, followed by 30 cycles of denaturation at 95°C for 30 

s, annealing at 50°C for 30 s, and extension at 72°C for 30 s, with a final extension at 72°C 

for 5 min.  

 

The fungal ITS metabarcoding primers fITS7 (5’-AGGTGARTCATCGAATCTTTG -3’) 

and ITS4 (5’- TCCTCCGCTTATTGATATGC -3’) which target the ITS4 region, were 

used as per Egidi et al., [67] protocol. PCR conditions involved an initial denaturation step 

at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C 

for 30 s, and extension at 72°C for 45 s, with a final extension at 72°C for 10 min.  

 

The QUBIT® 3.0 Fluorometre broad-range assay was used to quantify indexed amplicons. 

Prior to being pooled into a single microcentrifuge tube, all indexed samples were 

normalised to 4 nM/μL using 10 mM Tris-buffer 8.5 pH. The indexed amplicon library was 

denatured using freshly prepared 0.2 M NaOH and diluted to 20 pM with HT1 buffer. A 

PhiX control was also denatured with 20 pM diluted with 0.2 M NaOH and spiked into the 

sequencing run to act as a positive control. The pooled PhiX and amplicon library was 

diluted to 7 pM and 600 μL of pooled library was loaded into the MiSeq Reagent Kit V3 

and run for 600 cycles. 
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2.2.7. Bioinformatic analysis of bacterial 16S rRNA and fungal ITS 

sequencing output  

Bacterial 16S rRNA and fungal ITS FASTQ sequences were downloaded from the Illumina 

Basespace Sequence Hub (https://basespace.illumina.com). QIIME2 (2020.8) software was 

utilised for all bioinformatic analysis [74]. Both the forward and reverse primers were 

trimmed from the paired sequences utilising the Cutadapt plugin [75]. Denoising occurred 

as the bacterial paired sequences were truncated from 200 bp in forward reads and 180 bp 

in reverse reads prior to joining. The fungal paired sequences were truncated from 220 bp 

in forward reads and 200 bp in reverse reads prior to joining. The DADA2 plugin was 

utilised to produce Amplicon Sequence Variants (ASVs), by implementing joining, quality 

filtering and chimera detection [76]. 

 

Following denoising, sequences were screened against a classifier to assign the Silva 

taxonomic classifier (version 138) trained against the V4 region for bacteria and the UNITE 

fungal classifier (version 8) trained against the ITS4 region [77, 78].  

 

Separate bacterial and fungal ASV tables were produced utilising Excel to be imported into 

R for statistical analysis [79]. A total of 3,284,105 sequence reads were identified from 

17,577 unique bacterial ASVs, with an average of 54,735 sequences per sample. A total of 

2,978,783 sequence reads were identified from 5,631 unique fungal ASVs, with an average 

of 49,646 per sample. 

 

One bacterial sample, soil sample DB7, was removed from downstream analysis due to an 

insufficient number of sequence reads (< 3000 sequences).  
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2.2.8. Statistical analysis of the bacterial 16S rRNA and fungal ITS 

sequencing data  

Community structure analysis of the bacterial 16S rRNA and fungal ITS sequencing data 

was completed using R (version 3.6.3) using the packages phyloseq, ggplot2, microbiome, 

vegan [79-83]. From the bacterial and fungal data, mitochondria and chloroplasts were 

removed using the package magrittr [84]. 

 

For all statistical procedures, a p-value of less than 0.05 was considered statistically 

significant. 

 

2.2.8.1. Redundancy Analysis (RDA) ordination  

Redundancy Analysis (RDA) ordinations were produced to investigate the effect of pH, 

Soil Moisture (SM) and location on the soil microbial communities. The Z-score 

standardisation method was used to compare between the pH, SM and location data.  

Variance Inflation Factors (VIFs) measured how much the variance of a variable correlated 

with another. The VIF for pH, SM and location measured how easily they are predicted 

from a linear regression using each other. An ANOVA-like permutational test for the RDAs 

was ran to determine whether there was a significant influence of the three constraints on 

the bacterial and fungal communities [85]. Supplementary analyses within Appendix IV.  

 

2.2.8.2. Taxonomic NMDS β-diversity ordinations  

Prior to β-diversity analyses, Total-Sum Scaling (TSS) normalisation of the data via the 

package metagMisc was performed [86]. β-diversity data was visualised using non-metric 

multidimensional scaling (NMDS) ordinations. The NMDS ordinations describe the 

similarity between the microbial communities: the ordinates that share the smallest distance 

between them are most alike in community structure. β-diversity is a measure of the 

similarity between pairs of communities. β-diversity was calculated using abundance-

weighted and unweighted (binary-transformed) Unifrac metrics which downweigh the 

importance of dominant ASVs [87].  

 

For tilled experiments, due to the effect of location on the data, only site two (where a direct 

comparison between a no-till and tilled paddock exists) was statistically analysed. Analysis 

of Similarity (ANOSIM) was used to examine the strength of grouping between tilled 

treatments [88]. For burn treatments, due to influence of site on the microbial communities, 
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only the burnt paddocks and the unburnt patches within the same paddock were statistically 

reported. Permutational multivariate analysis of variance (PERMANOVA) was used to 

determine if the soil management practices caused significant changes to total community 

structure. Ellipses with a 95 % confidence interval were used to show the smallest area 

where the samples overlap [89]. Supplementary PERMANOVA analyses are presented 

within Appendix V & VI.  

 

2.2.9. Bioinformatic analysis of predicted bacterial functional pathways using 

PICRUSt 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt) produced predicted bacterial functional pathways based on the previous 16S 

rRNA sequencing [90]. PICRUSt uses the manually curated Metacyc database to assign 

predicted pathways. Singletons, sequences that are observed < 2 times, were removed. A 

low depth sample (DB7) was removed after rarefying to 35,000. PICRUSt pathway tables 

were produced in Excel. A total of 425 different Metacyc functional pathways were 

identified.  

 

2.2.10. Statistical analysis of the PICRUSt predicted bacterial functional 

pathways  

 

2.2.10.1. Functional pathways NMDS β-diversity ordination  

β-diversity was calculated using abundance-weighted and unweighted Bray-Curtis metrics, 

where the unweighted data was binary-transformed which downweigh the importance of 

dominant ASVs [91]. β-diversity statistics followed the same methods as per the taxonomic 

data. Supplementary PERMANOVA analyses are presented within Appendix VII.  

 

2.2.10.2. Differential abundance tests for functional pathways  

Using the package DESeq2, a differential abundance analysis was performed on the 

PICRUSt predicted bacterial functional pathways to determine whether the tilled and burnt 

treatments were altering the functionality of the communities [92]. The differential 

abundance analysis detects differences in abundance of functional pathways using negative 

binomial distribution. The p-value was adjusted by the Benjamini-Hochberg (BH) method, 

to account for familywise error. Only pathways with a baseMean > 250 were reported, these 
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were pathways with a higher prevalence in the community (supplementary abundance 

testing information are presented within Appendix VIII).  

 

2.2.11. Cumulative ASV curves  

Cumulative ASV curve graphs were produced in Excel (v16.54) using the bacteria and 

fungi ASV tables. The curves were produced by treatment (i.e., tilled paddock and no-till 

paddock), where each new sample added the number of species not present in the previous 

samples.  

 

2.2.12. Sampling pH and soil moisture content  

Soil pH affects the chemical, physical and, most importantly, the biological properties. The 

pH was sampled as per Rayment [93] protocol where 5 g of soil from each treatment and 

25 ml of 0.01 M CaCl2 was added to 50 ml falcon tubes. This suspension was mechanically 

shaken for 1 hr and then centrifuged at 2000 rpm for 5 mins. For the most accurate pH 

measurements, the pH electrode was held vertically and gently agitated in the suspension. 

After calibration, pH measurements were read using a HANNA Instruments Ltd H1 2211 

pH meter and recorded to two decimal places (see Table 6.2 Appendix II).  

 

Soil moisture was measured from 10 g of soil in metal soil moisture content tins and the 

weight of the wet soil in the tin was recorded prior to being placed in a 105°C oven for 24 

hrs. The weight of the dry soil in the tin was then recorded and used to calculate the percent 

(%) of soil moisture in each sample (see Table 6.2, Appendix II). 
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3.0 RESULTS  

3.1. Meta-analysis: Microbial indicator techniques  

In the literature, there are four soil community parameters commonly studied and used for 

interpreting soil health through microbes in agricultural systems. These parameters are 

microbial biomass carbon (MBC), microbial activity (as measured through the activity of 

certain enzymes or Biolog Ecoplates), taxonomic diversity, and functional diversity. Each 

of these microbial community properties uses different analytical techniques for 

measurement. 

 

3.1.1. Usage of microbial techniques in literature  

A meta-analysis was performed with a focus on the strategies for assessing soil health, in 

which analytical techniques were grouped into four categories based on which aspect of the 

microbial community they use to interpret soil health in agricultural-based studies. Figure 

3.1A represents the frequency of the analytical techniques used in microbial soil health 

studies. Upon grouping the analytical techniques into four different categories of microbial 

community properties of soil health it was observed that MBC, microbial activity, 

taxonomic diversity, and functional diversity were all used in almost equal proportions 

(Figure 3.1B). The data also revealed that only 9.09 % of studies used all four of the 

microbial community parameters whereas, 38.63 % of studies used only one (Figure 3.1C). 

 

Figure 3.1. The usage of microbial techniques in literature.A) Frequency of different 

analytical techniques used to measure microbial community parameters of soil health in 44 

studies. B) Relative percentage of soil community parameters used to investigate soil 

health. C) Representation of the number of techniques (from B) used in each study for the 

characterisation of soil health.   
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3.1.2. Examining the prevalence of the four microbial community parameters 

over time 

This graph shows the relative prevalence of each of soil community parameters in the field 

over time. This figure represents 44 individual studies, where some may have used more 

than one microbial community property to assess soil health. The four different microbial 

community parameters used as bioindicators of soil health have varied over time (Figure 

3.2). Microbial biomass carbon (MBC) was prominently used between 2006 to 2010 

however, there is a notable increase in the use of taxonomic diversity and functional 

diversity of the microbial communities from 2015. The rise in these techniques corresponds 

to a decline in the use of MBC.  

 

 

Figure 3.2. The number of studies using the four different microbial community parameters 

from 1980 to 2020. Time intervals in groups of five years. Data collated from total of 44 

research articles.  

 

  



26 

 

3.1.3. Outcome of studies for the four microbial community parameters and 

management practices 

To determine if the microbial community properties (MBC, microbial activity, taxonomic 

diversity and functional diversity) had the ability to behave as bioindicators of soil health, 

the results of the literature were assessed for repeatability. The percentage of studies that 

recorded either an increase, decrease or no significant change in soil microbial community 

parameters due to four different management practices was collated and a Chi-squared (2) 

test was run to test how likely the distribution of the outcomes was due to chance (Figure 

3.3). Chosen management practices included no-tilling, stubble retained, application of 

fertiliser and crop rotation.  

 

In general, the four soil community parameters tended to increase under each of the four 

management practices. The main exception being that the response of MBC to fertiliser 

application and tilling was highly variable despite >8 studies for each comparison. 

Significantly repeatable outcomes were detected for each community parameter for 2 out 

of 4 management practices.  

 

For MBC, there were significantly more studies reporting that stubble retention (2 
(2, N = 7) 

= 8.857, p < 0.05) and crop rotation (2 
(2, N = 5) = 5.2, p < 0.05) increased due to management 

(Fig 3.3A). For both microbial activity and taxonomic diversity, there were significantly 

more studies reporting that no-till (2 
(2, N = 16) = 12.5, p < 0.05; 2 

(2, N = 8) = 10.75, p < 0.05) 

and crop rotation (2 
(2, N = 5) = 10, p < 0.05; 2 

(2, N = 3) = 6, p < 0.05) increased community 

parameters (Fig 3.3B & 3.3D). For taxonomic diversity, significantly more studies reported 

that no-till (2 
(2, N = 9) = 12.666, p < 0.05) and fertiliser application (2 

(2, N = 7) = 14, p < 

0.05) increased diversity (Fig 3.3C). See Appendix III for full chi-square results. 
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Figure 3.3. The percentage of studies that reported an increase, decrease, or no significant 

change in A) Microbial biomass carbon (MBC) B) Microbial activity (measured through 

Biolog or activity of certain enzymes), C) taxonomic diversity and D) functional diversity 

with the application of different agricultural management practices. The number of studies 

for each comparison are denoted in parenthesis below each bar. Where ‘*’ denotes 

significance (p < 0.05).   
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3.2. Effect of agricultural management practices on the soil microbial 

communities  

To further investigate how agricultural management practices affect soil health and whether 

the microbial parameter of functional diversity is an appropriate bioindicator of soil health 

due to the lack of studies investigating it, analysis of the two management practices (tilling 

the soil and burning of crop residues) on the bacterial and fungal communities was 

investigated.  

 

3.2.1. RDA showing the effect of pH, soil moisture content and location on the 

soil microbial communities  

A Redundancy Analysis (RDA) was used to elucidate the role played by two different 

environmental variables (pH and soil moisture) and location effects in modulating the 

structure of microbial communities. No factors were removed from analysis from either 

ordination due to all Variation Inflation Factors (VIFs) being < 10 (Appendix IV, Table 

6.8). An ANOVA-like permutation test was used to assess the significance of the three 

constraints: SM, pH and site. There was a significant influence of the three constraints for 

bacterial data (F5,54 = 1.691, p < 0.05, Appendix IV, Table 6.9, Figure 3.4A). There was 

also a significant influence of the three constraints for fungal data (F5,54 = 1.610, p < 0.05, 

Appendix IV, Table 6.10, Figure 3.4B). Both the bacterial and fungal RDA ordination had 

a significant influence of pH and site (Table 6.11 & Table 6.12). 
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Figure 3.4. Redundancy analysis (RDA) using the Z-score transformed proportions of pH 

and soil moisture (SM) for A) bacteria and B) fungi. Symbols represent the individual sites, 

and their proximity to each other indicates compositional similarity. The colour of symbols 

represent the treatment of samples.  
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3.2.2. Cumulative ASV curves  

Cumulative Amplicon Sequence Variant (ASV) curves were produced to determine 

whether sampling was sufficient to capture the diversity of the bacterial and fungal 

communities in each treatment (Figure 3.5 & Figure 3.6). ASVs are the unique DNA 

sequences that can be used to identify specific species, and a read is any given individual 

sequence. In the case of the data analysed, ASV’s refer to different fungi or bacteria present.  

 

3.2.2.1. Tilled treatments had continuous ASV accumulation  

All treatments, including both tilled and no-till paddocks, did not plateau with further 

sampling indicating that the treatments were not sampled broadly enough, and that more 

replicates are needed (Figure 3.5).  
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Figure 3.5. ASV accumulation curves for tilled treatments showing ASVs accumulating 

per sample for A) bacteria and B) fungi. Colour indicative of sampling location: tilled and 

no-till.  
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3.2.2.2. All burn treatments continuously accumulated ASVs  

All treatments, including the burnt and unburnt patches in a paddock and no-burn paddocks, 

did not plateau with further sampling indicating that the treatments were not sampled 

broadly enough, and that more replicates are needed (Figure 3.6). Interestingly, unburnt 

patches tended to accumulate more ASVs than unburnt and no-burn treatments.  

 

 

 

 

Figure 3.6. ASV accumulation curves for burn treatments showing ASVs accumulating per 

sample for A) bacteria and B) fungi. Colour indicative of sampling location: unburnt patch, 

burnt patch and no-burn paddock.  
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3.2.3. COMMUNITY ANALYSIS: Tilled treatments β-diversity ordination 

To examine the effect of tillage on the bacterial and fungal communities, NMDS 

ordinations were produced. Due to influence of site on the microbial communities, only site 

two (where a direct comparison between a no-till and tilled paddock exists) was statistically 

analysed (see Appendix V, Figure 6.1 & Figure 6.2 for ordinations with all sites). 

 

3.2.3.1. Tilling altered the bacterial communities 

To investigate the similarities in bacterial community structure between tilled and no-tilled 

treatments, community −diversity was analysed using Permutational Multivariate 

Analysis of Variance (PERMANOVA) on Unifrac distance matrices. Non-metric 

multidimensional scaling (NMDS) ordinations were used to visualise community 

relationships. The tilled treatments NMDS ordinations had stress values of 0.029 (Figure 

3.7A) and 0.055 (Figure 3.7B) and thus, can be considered an accurate representation of 

community relationships. Analysis of Similarity (ANOSIM) was used to examine the 

strength of grouping between treatments and there was significant low-level grouping 

between treatments for weighted bacterial community data (R = 0.03, p < 0.05). Grouping 

due to treatment increased (R = 0.7, p < 0.05) when data was binary transformed, suggesting 

treatment differences are due to a turnover in the suites of ASVs as well as changes in the 

dominant species present.  

 

PERMANOVAs on abundance-weighted data (Figure 3.7A) compares community 

similarity in the context of shared ASVs and the similarity of their respective abundances. 

PERMANOVAs on unweighted data (Figure 3.7B), in which ASV abundances were binary 

transformed (i.e., were recorded as either present or absent) compares community similarity 

in the context of shared ASVs only. There were significant differences between tilled and 

no-tilled communities for abundance weighted data (pseudo-F (1, 9) = 2.258, p < 0.05), where 

the R2 value explained 22 % of the variation. The strength of this grouping increased when 

data was presence-absence transformed (pseudo-F (1, 9) = 1.773, p < 0.05), where the R2 

value explained 18 % of this variation. The abundance-weighted data (Figure 3.7A) and 

presence-absence transformed data (Figure 3.7B) both indicated that the tilled soil was 

distinct from the no-till soil (see Appendix V, Table 6.13 & Table 6.14).  
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Figure 3.7. Non-metric multidimensional scaling (NMDS) ordinations of bacterial 

communities using the Unifrac dissimilarity metric under tilled treatments.Ordinations are 

of A) abundance-weighted community data and B) presence-absence transformed 

community data. 2-dimensional stress 0.029 (A) and 0.055 (B) (< 0.2). Ellipses with a 95% 

confidence interval.  

  

A B 
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3.2.3.2. Tilling altered the fungal communities   

To investigate the similarities in fungal community structure between the tilled and no-

tilled treatments, community −diversity was analysed using PERMANOVA on Unifrac 

distance matrices. The tilled treatments NMDS ordinations had stress values of 0.105 

(Figure 3.8A) and 0.042 (Figure 3.8B) and thus, can be considered an accurate 

representation of community relationships. Using ANOSIM showed a significant level of 

grouping between the treatments for weighted fungal community data (R = 0.64, p < 0.05). 

When the data was binary transformed, the grouping due to treatment increased (R = 0.72, 

p < 0.05), indicating dissimilarity of fungal ASVs between the treatments.  

 

The differences of community structure between the two treatments were statistically tested 

via PERMANOVA. There was significant grouping between the habitats for abundance 

weighted data (pseudo-F (1, 9) = 2.861, p < 0.05), where the R2 value (0.263) explained 26 

% of the variation. The strength of this grouping decreased when data was presence-

absence transformed (pseudo-F (1,9) = 2.006, p < 0.01), where the R2 value (0.20) explained 

20 % of this variation. The abundance-weighted data (Figure 3.8A) and presence-absence 

transformed data (Figure 3.8B) both indicated that the tilled soil was distinct from the no-

till soil (see Appendix V, Table 6.15 & Table 6.16). 

 

 

Figure 3.8. Non-metric multidimensional scaling (NMDS) ordinations of fungal 

communities using the Unifrac dissimilarity metric under tilled treatments.Ordinations are 

of A) abundance-weighted community data and B) presence-absence transformed 

community data. 2-dimensional stress 0.105 (A) and 0.042 (B) (< 0.2). Ellipses with a 95% 

confidence interval.  

A B 
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3.2.4. COMMUNITY ANALYSIS: Burning treatments β-diversity 

ordination 

To examine the effect of burning of crop residues on the bacterial and fungal communities, 

−diversity ordinations were produced. Due to influence of site on the microbial 

communities, only the burnt paddocks and the unburnt patches within the same paddock 

were statistically reported. This means the completely no-burn paddocks were excluded 

from analysis (see Appendix VII, Figure 6.3 & Figure 6.4 for ordinations with all sites). 

 

3.2.4.1. Burning altered the bacterial communities   

The similarity in bacterial community structure between the burn treatments was 

investigated through −diversity using PERMANOVA tests on NMDS ordinations. Stress 

values of 0.1 (Figure 3.9A) and 0.14 (Figure 3.9B) are considered a fair representation.  

 

The differences of community structure between the two treatments were statistically tested 

via PERMANOVA. There was a significant effect of site and treatment on the community 

composition between the treatments for abundance weighted data (pseudo-F (1, 29) = 3.1, p 

< 0.05). Location remained a strong significant factor influence on community structure 

when data was binary transformed. However, the amount a variance explained, and the 

significance of burning effect on bacterial communities, was reduced when data was 

presence-absence transformed (pseudo-F (1,29) = 1.35, p < 0.05). This data highlights the 

major impact of location on bacterial community composition and indicates that burning 

had an impact on both the abundances of ASVs and the suites of ASVs present (see 

Appendix VI, Table 6.17 & Table 6.18). 
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Figure 3.9. Non-metric multidimensional scaling (NMDS) ordinations of bacterial 

communities using the Unifrac dissimilarity metric under burn treatments.Ordinations are 

of A) abundance-weighted community data and B) presence-absence transformed 

community data. 2-dimensional stress 0.1(A) and 0.14(B) (< 0.2). Ellipses with a 95% 

confidence interval. 

  

A B 
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3.2.4.2. Burning did not alter the fungal communities   

The similarity in fungal community structure between the burn treatments was investigated 

through -diversity using PERMANOVA tests on non-metric multidimensional scaling 

(NMDS) ordinations. Stress values of 0.167 (Figure 3.10A) and 0.155 (Figure 3.10B) are 

considered a fair representation. The differences of community structure between the two 

treatments were statistically tested via PERMANOVA. In contrast to bacterial 

communities, PERMANOVA reveal no significant impact of burning on fungal community 

structure. However, as with bacterial communities’, location was a significant main effect 

for both weighted and unweighted community data (see Appendix VI, Table 6.19 & Table 

6.20).   

 

 

Figure 3.10. Non-metric multidimensional scaling (NMDS) ordinations of fungal 

communities using the Unifrac dissimilarity metric under burn treatments.Ordinations are 

of A) abundance-weighted community data and B) presence-absence transformed 

community data. 2-dimensional stress 0.167 (A) and 0.155 (B) (< 0.2). Ellipses with a 95% 

confidence interval. 

 

  

A B 
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3.2.5. BACTERIAL FUNCTIONAL ANALYSES: Predicted bacterial 

functional pathways β-diversity ordination  

To investigate the similarities in predicted bacterial functional pathways between the 

treatments, -diversity analysis was carried out using PERMANOVA tests on Bray Curtis 

distance matrices. PERMANOVA on abundance-weighted data compares community 

similarity in the context of shared pathways and the similarity of their respective 

abundances. PERMANOVA on unweighted data, in which pathway abundances were 

binary transformed (i.e., were either recorded present or absent) compares community 

similarity in the context of shared pathways only. 

 

3.2.5.1.  Tilling altered the functional profiles of bacterial communities 

The tilled treatments NMDS ordinations had stress values of 0.021 (Figure 3.11A) and 

0.063 (Figure 3.11B) and thus, can be considered an accurate representation of functional 

relationships between bacterial communities. The ordination indicated that there was a 

clear separation due to treatment and this was supported by the ANOSIM, where there was 

a significant level of grouping between the treatments for weighted pathways data (R = 

0.684, p < 0.05). When the data was binary transformed, the grouping due to treatment 

increased (R = 0.742, p < 0.05), indicating dissimilarity of bacterial functional pathways 

between the treatments.  

 

The differences of functional relationships between the two treatments were statistically 

tested via PERMANOVA. There was significant grouping between the habitats for 

abundance weighted data (pseudo-F (1, 9) = 6.147, p < 0.05), where the R2 value (0.435) 

explained 44 % of the variation. The strength of this grouping increased when data was 

presence-absence transformed (pseudo-F (1,9) = 8.107, p < 0.05), where the R2 value (0.503) 

explained 50 % of this variation. The abundance-weighted data (Figure 3.11A) and 

presence-absence transformed data (Figure 3.11B) both indicated that the tilled soil had 

distinct predicted functional pathways from the no-till soil (see Appendix VII, Table 6.21 

& Table 6.22).  
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Figure 3.11. Non-metric multidimensional scaling (NMDS) ordinations of predicted 

functional potential of bacterial communities under tilled treatments using the Bray Curtis 

metric. Ordinations are of A) abundance-weighted pathways and B) presence-absence 

transformed pathways data. 2-dimensional stress 0.021 (A) and 0.063 (B) (< 0.2).    

A B 
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3.2.5.2. Burning did not alter the functional profiles of bacterial 

communities  

Only Figure 3.12A can be considered an accurate representation of functional relationships 

between bacterial communities for burn treatments as the NMDS ordination had a stress 

value of 0.128. Whereas Figure 3.12B had a stress value of 0.2 and therefore, cannot be 

considered an accurate representation. The differences of community structure between the 

two treatments were statistically tested via PERMANOVA. The PERMANOVA revealed 

no significant impact of burning on the bacterial functional pathways however, location 

was a significant main effect for both weighted and unweighted data (see Appendix VII, 

Table 6.23 & Table 6.24). There is a separation due to site on the x-axis, and there is 

separation due to treatment on the y-axis however, as the PERMANOVA indicated, while 

the site effect was significant the impact of burning was not. 

 

 

Figure 3.12. Non-metric multidimensional scaling (NMDS) ordinations of predicted 

functional potential of bacterial communities under burn treatments using the Bray Curtis 

metric. Ordinations are of A) abundance-weighted community pathways and B) presence-

absence transformed pathways data. 2-dimensional stress 0.128 (A) and 0.2 (B) (< 0.2). 

 

  

  

A B 
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3.2.6. DIFFERENTIAL ABUNDANCE TEST: Bacterial functional pathways  

A differential abundance test was performed on bacterial functional pathways data to 

compare two different treatments. Where one treatment is the control, then the other is 

being compared to this control. As per previous analysis, only site two (where a direct 

comparison between a no-till and tilled paddock exists) was statistically analysed for tilled 

data. Additionally, only the burnt paddocks and the unburnt patches within the same 

paddock were statistically reported. This means the completely no-burn paddocks were 

excluded from analysis. 

 

3.2.6.1. Bacterial functional pathways significantly changed from tillage 

The bacterial functional pathways with a significant level of change between the no-tilled 

and tilled paddocks were graphically represented in Figure 3.13. There were 25 different 

pathways that have a significantly (adj p < 0.05) increased (blue) or decreased (red) 

abundance when comparing the completely untilled paddock to a tilled paddock (see 

Appendix VIII, Table 6.25).  

 

 

Figure 3.13. Log2foldchange for site two: no-till and tilled paddock for bacterial functional 

pathways data.Only pathways with a significant (p < 0.05) change shown. Blue= increased 

with tillage. Red= decreased in tillage. Pathways with a baseMean < 250 removed.  
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3.2.6.2. No bacterial functional pathways were significantly changed 

from burning  

There were no bacterial functional pathways that significantly changed in abundance from 

the unburnt patches to the burnt patches.  
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4.0 DISCUSSION  

Fungi and bacteria play many important roles for soil health, including organic matter 

deposition and enhancing soil structure [13, 94]. Due to an increasing number of microbial 

focused studies in the last decade, it is understood that an imbalance in the microbial soil 

community results in detrimental effects on plant growth, especially for growers using the 

land for agricultural purposes. 

 

Whilst the use of soil microbiota as bioindicators of soil health has been widely discussed, 

there is no consensus in the literature as to which microbial parameter is best, or how 

management practices affect soil health as measured by microbial parameters. In this study, 

the ability of four parameters of the microbial community (microbial biomass carbon 

(MBC), microbial activity, taxonomic and functional diversity) to behave as bioindicators 

were assessed. A successful bioindicator was considered one that exhibited a repeatable 

and predictable response to agricultural management practices. As will be discussed, the 

findings of the present meta-analysis partially support the hypothesis that the four microbial 

community parameters would respond in a repeatable way to four agricultural management 

practices (tilling of soil, burning of crop residues, application of fertiliser and crop rotation). 

It is suggested that more research needs to be conducted on agricultural management 

practices and how they affect the four soil community parameters used as potential 

bioindicators of soil health. 

 

Tilling the soil and burning of crop residues both have conflicting views in the literature as 

to whether they are beneficial for soil health. Moreover, there is a fundamental lack of 

research regarding the effect of these two management practices on the functional diversity 

of the soil microbial community. To investigate this, we examined whether tilling of pasture 

paddocks and burning of wheat stubble had an effect on soil community function using a 

predictive functional profiling approach. It was hypothesised that both tilling the soil and 

burning of crop residues would influence the bacterial and fungal taxonomic diversity, and 

bacterial functional diversity (an assessment of fungal diversity was beyond the scope of 

this study). This revealed changes in the microbial communities between the tilling and 

burning treatments.  

 

Studying the functional and taxonomic diversity allowed the assessment of what functions 

the microbial communities are providing. For example, microbes with the ability to fix 
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nitrogen are important for plant life, it can be assumed that changes in the abundances of 

these microbes would affect the environment in which they are located. As highlighted in 

Table 1.1, the microbial communities, and specific microbes, play very important roles in 

the processes that underlie soil health. Due to functional redundancy, i.e., many taxa being 

able to carry out similar functions, a change in the microbial communities’ taxonomic 

structure may or may not result in changes to the community functions performed [33, 95]. 
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4.1. The implementation of bioindicators in assessing soil health (a meta-analysis) 

A meta-analysis was performed to determine whether different soil microbial community 

parameters were accurate bioindicators of soil health. This meta-analysis examined the 

results of 44 individual studies and aimed to determine whether the four microbial 

community parameters had the ability to be an accurate bioindicator, by responding in a 

repeatable way to different agricultural management practices. A variety of analytical tools 

were used across the studies (Figure 3.1A), which were categorised into one of the four soil 

microbial community parameters: MBC, microbial activity, taxonomic diversity or 

functional diversity (Figure 3.1B). It is important to note that many of these studies used 

only one of these parameters (Figure 3.1C). For future studies, it would be recommended 

to use more than one parameter, to be able to accurately determine which of the four soil 

microbial parameters is best under the same experimental conditions, which is a limitation 

of this meta-analysis. 

 

4.1.1. The potential bioindicators of soil health generally respond in a 

repeatable way to management 

The results of whether a soil microbial parameter responded in a repeatable way to the four 

management practices (no-tillage, stubble retainment, application of fertiliser, and crop 

rotation) was assessed. These four management practices are typically known to increase 

soil health. In general, where a significant trend could be detected, bioindicators of soil 

health were increasing in response to management practices (Figure 3.3). It is possible that 

the four microbial parameters investigated do not make a suitable bioindicator however, in 

many cases there was not enough studies (statistical power) to determine significance.  

 

Despite most indicators responding in a repeatable way, the study of MBC highlighted 

instances where statistical power was present but no trend in response to management could 

be detected (Figure 3.3). This was unexpected, as the general conclusion in the literature is 

that tillage causes a reduction in MBC. Interestingly, the response of MBC to tilling and 

fertiliser application was highly variable [46, 65, 96-99]. However, significantly (p < 0.05) 

more studies reported that no-tillage increased microbial activity, taxonomic diversity and 

functional diversity (Figure 3.3). These findings support the theory that tilling will 

negatively impact the soil community. The variable response of MBC to tilling may reflect 

differences in the soil type, or the microbial community’s response to tilling. For example, 

in a community adapted to a temperate environment, such as a pasture paddock, the change 
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in nutrients from tilling could stimulate the community. It is also known that the turnover 

of soil from tilling breaks up aggregates and changes the microenvironments from 

anaerobic to aerobic. Strict anaerobic organisms consequently die, which is likely why 

MBC decreases. Due to tillage being the most disruptive management practice, 

incorporating no-till is important to enhance the soil health, as investigated through the four 

potential bioindicators.  

 

Burning of crop residues does have opposing results in the literature where many studies 

reported it increased MBC, while another reported that it has no significant effect on MBC 

(Figure 3.3A). The meta-analysis found that, with the respect to the retention of crop 

residues (i.e., no burning), three of the microbial community parameters, microbial activity, 

taxonomic diversity or functional diversity, had no repeatable trends across the literature. 

Interestingly, studies either reported that stubble retention increased, or had no significance 

for each of the microbial community parameters, suggesting that this management practice 

does not have a negative effect on the soil health. Although these results highlight that there 

is no consensus in the literature on whether burning of crop residues affects the microbial 

communities, this result may be due to a low replication of studies, where three of the 

parameters did not have enough power for significance. This signifies stubble retention 

may increase the bioindicators, but more studies were needed. Retaining crop residues 

enhances the chemical and physical properties of the soil, such as soil basal respiration and 

water stability [11, 100]. Furthermore, a forest fire can cause a significant decrease and 

changes to the composition of microbial communities [101]. Hence, it is noteworthy, that 

no study investigated reported a decrease in any of the microbial parameters. However, 

forest fires have greater heat transfer to the soil than controlled grassland fires and thus, the 

heat from the fire may not contribute as much to altering the communities [101].  

 

The application of fertiliser has been described as critical for plant growth and reproduction 

in agricultural landscapes [102]. However, previous studies have reported that fertiliser can 

temporarily inhibit microbial growth, subsequently altering the microbial community 

composition [66]. This can be seen in the results illustrated in Figure 3.3A, which shows 

80 % of the studies reported either a decrease or no significant effect, indicating an 

inhibition of microbial growth. Figure 3.3C shows that all seven studies reported that 

fertiliser increased the taxonomic diversity, which mean the microbial community 

composition was altered. Allison et al., [103] found that the composition of a microbial 
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community is directly influenced by chemical fertilisers (e.g. NPKS) and hence, the 

application of fertiliser is possibly altering the taxonomy of the microbes and their 

associated C sequestering functions [104]. Implementing management practices that 

improve MBC has been suggested previously because an increase in this microbial 

community parameter implies an increase in microorganisms and hence, an increase in soil 

health [105]. The different microbes within an existing microbial community will be 

affected differently by fertiliser application. It is clear that fertiliser enhances the taxonomic 

diversity of microbes (Figure 3.3C) however, many taxa perform the same functions, and 

this could explain the lack of significant increases in functional diversity (Figure 3.3D). 

More research needs to be conducted as to whether fertiliser is a sustainable management 

practice. 

 

The scientific literature describes crop rotation as one of the best management practices as 

it consistently increases the different soil community parameters by suppling a diversity of 

nutrient and carbon sources to the soil [21, 43, 49, 57]. This was supported in this meta-

analysis where significantly more studies reported that MBC, microbial activity and 

functional diversity increased due to crop rotation (Figure 3.3). In contrast to the 

hypothesised beneficial effect of crop rotation documented in the literature (Table 1.3), this 

meta-analysis found that 20 % of studies reporting that there was a decreased or no 

significant effect of crop rotation on taxonomic diversity. It is likely that the choice of crop 

species being rotated influences the effect that crop rotation has on taxonomic diversity 

[106]. Crucially, whether this change in the abundance of microbes’ present is good or bad 

for soil health is yet to be determined and is a key area for future work.  

 

An oversight to this study was that it was only considered that an increase in the soil 

microbial parameters improved soil health. Reese et al., [107] reported that diversity of 

communities is not an inherit feature of microbial communities, implying that an increase 

in diversity is not always better. It needs to be considered that an increase in taxonomic and 

functional diversity cannot be inferred as an increase in soil health. 
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4.1.2. The lack of a healthy soil benchmark impedes the use of bioindicators 

soil of health 

The discussion surrounding how soil health should be measured is complex. An identified 

gap in the literature is that although the soil microbial community parameters have been 

investigated, it is difficult to obtain a benchmark result of ‘what is healthy?’ from the four 

microbial community parameters used as bioindicators of soil health. Furthermore, there 

are many advantages and disadvantages of the four categorised microbial community 

properties utilised in bioindicator analyses, as illustrated in Table 1.2. As interpreted from 

Figure 3.2, the use of functional diversity as a parameter of soil health has increased in 

recent years. Functional diversity has been previously described to be a great potential 

bioindicator however, there are no benchmarks identified for a study to compare their 

results [108-110]. Due to the lack of a benchmark for ‘healthy soils’ many studies stated 

what their results were but could provide little explanation as to the outcomes for soil health 

and very few studies were confident enough to state whether the soil assessed was “healthy” 

[43, 47].  

 

As functional diversity has increased in use, MBC is decreasing (Figure 3.2). This decline 

may be because the technique of MBC does not answer the question of the identity of the 

individual microbes (Table 1.2). The lack of detailed information and sensitivity that is 

offered by MBC and microbial activity could be contributing to this decline. Further studies 

are required as different soil types and the time of year sampling occurred are known 

variables to affect results [44, 111, 112]. In addition, these published studies were 

conducted at varying times after a management practice was performed, which would have 

affected the outcome. For instance, the management practice of tilling the soil, where the 

soil surface is initially completely disturbed, has different effects at different weeks post-

tillage [113].  

 

The results of the present meta-analysis led to the conclusion that further studies are 

required to confirm these findings, due to the limited number of studies available for 

taxonomic and functional diversity. Further studies need to be conducted to determine 

whether these four microbial community parameters are accurate bioindicators of soil 

health. More studies have used MBC as a potential bioindicator for soil health compared to 

taxonomic or functional diversity. Although many studies use MBC, both no-tillage and 
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application of fertiliser did not have repeatability in the literature, hence, may imply that 

MBC cannot be used as an accurate bioindicator.   
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4.2. The influence of agricultural management practices on soil microbial 

communities (a field study)  

Analysis of bacterial and fungal community structure through 16S rRNA and ITS amplicon 

sequencing was performed to determine whether the two agricultural management 

practices, tilling the soil and burning of crop residues, had an effect on the soil microbial 

community. As well as this, PICRUSt was incorporated to analyse the predicted bacterial 

functional pathways. The overall question of the study was whether there was a functional 

diversity effect of the management practices, as well as a taxonomic influence.  

 

4.2.1. Environment and location affect the soil microbial community 

structure  

There are many ways to assess soil chemistry, such as using pH or oxygen availability [114, 

115]. There was a significant influence of pH on the soil microbial communities and 

therefore, it is likely that the soil chemistry also had an effect on the results of the meta-

analysis. Soil chemistry and substrate availability are known to affect the spatial variation 

of microbial communities [116, 117]. Microbial activity can be significantly affected by 

the availability of some substrates, particularly C [117].  

 

The RDAs produced show the effect of pH, soil moisture (SM) content and location on the 

soil microbial communities. Both the bacterial (Figure 3.4A) and fungal (Figure 3.4B) 

communities were significantly influenced by the pH and site. The effect of location on 

microbial communities has been reported substantially in the literature. The reason being 

is that there are multiple environmental variables, including pH and SM, that change 

between different locations. pH has been reported to be the primary driver in modulating 

bacterial communities however, exhibiting little effects on fungal communities and hence, 

pH was expected to have a significant effect [118, 119]. Furthermore, the Goulburn region 

sampled from for this field study is classified as a medium rainfall area (400 to 600 mm per 

year), where dry and wet seasons occur. Because differences in SM can impact the 

microbial community, it is suggested that future studies consider this and samples are taken 

at more than one time point and various times of year [71]. For future research into the 

impact of stubble burning, samples should be taken from the same paddocks prior to and 

post burning to minimise the impact of location on microbial analyses. This would have 

allowed a direct comparison between the burn treatments. In this study, due to the observed 
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impact of different environmental conditions at locations, statistical analysis that only 

including treatments from the same site was justified. 

 

4.2.2. The effect of tilling the soil on the soil microbial communities  

Tillage has been reported to change the microbial community structure, but their associated 

functions have not been examined. More importantly, if certain species are changing, it is 

possible they are being replaced by microbes with similar functions [33, 95]. The 

differences in the composition of the soil microbial communities due to the effect of tillage 

was investigated through -diversity. This revealed that the tilled paddock had different 

bacterial and fungal communities to the no-till pasture paddock. The significant differences 

observed for abundance weighted data highlights that the bacterial communities did not 

have shared dominant ASVs between the tilled treatments, and this trend can also be seen 

for the fungal data (Figure 3.7A & Figure 3.8A). This is likely a result of the physical 

destruction of soil from tilling by altering the microenvironments and subsequently the 

dominate ASVs within a community. The significant grouping for both treatments for the 

bacterial and fungal communities (Figure 3.7B & Figure 3.8B respectively) indicates that 

the genetic pool and taxonomies of microbes was different, possibly implying differences 

in functional potentials between the treatments. To elaborate on this, the PICRUSt data, 

which uses the 16S rRNA bacterial data, did in fact show the same significance, where the 

no-till and tilled paddock had distinct pathways (Figure 3.11). This implies that the 

functional potentials of the microbes between the tilled and no-till paddock was different. 

To understand the implications for soil health, we further investigated which functions were 

altered.   

To further investigate the functional differences between the tilled treatments, differential 

abundance tests were performed. The effect of tillage resulted in an increased abundance 

of 11 different pathways (Figure 3.13). The top three pathways that increased due to tillage 

were related to the production of methane. This form of microbial metabolism was possibly 

increased due to the incorporation of manure into the soil [120]. Methanogens live within 

the gut of livestock and therefore, it is possible that the fecal matter deposited contained 

DNA from methanogens that was consequently detected [120]. Interestingly, many of the 

pathways that decreased due to tillage were in relation to the production of energy. The 

disruptive management practice of tilling, where the physical turnover of soil occurs, has 

potentially impeded the ability of the bacterial community to carry out essential functions 
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[6]. Smith et al., [6] found that no-till soils had a higher microbial activity with distinct 

microbial communities. This study however, did not analyse the specific pathways 

associated with functional diversity, highlighting that a deeper understanding of the 

functions changing between microbial communities is needed.  

Microbial communities not only have altered taxa between environments, but their 

functions also change. This suggests that specific functions are selected by the 

environment, and in relation to this study by management practice [121]. These analyses 

indicate that the microbial communities and their associated functions are changing with 

tillage.  

4.2.3. The effect of burning of crop residues on the soil microbial communities  

Burning of crop residues only had significance in the previous meta-analysis with 

decreasing MBC, outlining that there is no determined effect on microbial communities. In 

relation to functional diversity, only two studies had been reported (Figure 3.3D). The 

differences in the composition of the soil microbial communities due to the effect of 

burning crop residues was firstly investigated through β-diversity. The significance for 

Figure 3.9A highlights that the bacterial communities do not have shared dominant ASVs 

between the burnt paddock and unburnt patches within. Similar to the tilled data, the burn 

treatments bacterial communities (Figure 3.9B) indicate differences in the functional 

potentials. Neither of these trends are continued for the fungal data, where there was no 

significance due to treatment (Figure 3.10). Interestingly, there was no significance in the 

bacterial functional pathways changing between the burn treatments (Figure 3.12). To 

further investigate the functional differences between the burn treatments, differential 

abundance tests were performed. The effect of burning resulted in no bacterial functional 

pathways significantly changing in abundance. This is an important finding, known as 

functional redundancy, where the bacterial community has a taxonomic change but no 

functional change.  

The significance for location as a main effect on burning data for both bacteria and fungi 

was expected, as suggested by the RDA ordination (Figure 3.4). The lack of a treatment 

effect could also be caused by the field design, where unburnt patches were taken from a 

burnt paddock. The dripping torch used to deposit the flaming fuel for burning would have 

been applied to the whole paddock evenly and hence, could have affected both the burnt 
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and unburnt patches. As well as this, the heat from the surrounding fire, despite being “low-

burn”, could have affected the unburnt patches.  

4.3. Implications for agricultural management and research  

The results of this meta-analysis highlighted the lack of studies investigating the impact of 

agricultural management practices on the microbial community. Majority of the studies that 

investigated no-tillage, reported that it significantly increased taxonomic and functional 

diversity (Figure 3.3). However, the studies that investigated the retention of stubble (i.e., 

no burning), reported non-significant results for both taxonomic and functional diversity. 

Further study on the effect of stubble retention would be suggested, as there were only three 

studies investigating taxonomic diversity and two studies investigating functional diversity 

to date. The lack of clarity surrounding the assessment of soil health in agricultural 

landscapes could lead to poorly interpreted data, with the limited studies available for 

reference.  

 

Both taxonomic and functional diversity had a significant number of studies reporting 

increases in the measurements, as reported by the meta-analysis. The field-study concluded 

that both measurements responded to tilling however, this change in functional diversity 

resulted in a possible loss of some key soil functions. This further demonstrates that these 

measurements cannot be used and reported as “increases” or “decreases” of soil health. Due 

to the diversity of microbes, key functions within a microbial community, and not the 

overall community themselves, should be used as future measurements.   
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4.4. Conclusions and future perspectives  

The cumulative ASV curves showed that for both the tilled and burn treatments (Figure 3.5 

&  Figure 3.6 respectively) sampling was not sufficient in capturing the diversity, and each 

treatment was a continuous community; meaning there was a gradual increase in diversity. 

These curves, if paddocks were sampled adequately, would have plateaued between each 

new paddock added (known as a discrete community). To improve the current field study, 

a larger sample size is suggested. The original sample design, as described by Biomes of 

Australian Soil Environments (BASE), included 25 samples per paddock [122]. This 

sample design would have allowed a larger replication and would have captured the 

diversity of the paddocks better. Furthermore, soil type, plant species and livestock were 

all fluctuating between the paddocks, and these would have been confounding variables. It 

can be suggested, that combining future field studies, with potted glasshouse trials could 

aid in fixing this issue.   

 

Other aspects of soil chemistry, on top of pH and soil moisture, should have also been 

considered in the field study. Soil chemistry is suggested to be incorporated into all future 

research of the potential bioindicators to know whether it is affecting the results, as some 

studies were investigating it, and others were not.   

 

Further investigation into whether an increase in taxonomic or functional diversity a sign 

for good soil health is suggested. Functional diversity needs to be considered with 

taxonomic diversity, as simply looking at what is in the soil is not adequate to say a microbe 

is important for soil health. A benchmark for soil health is difficult to achieve. The 

chemical, physical and biological aspects of soil health all need to be considered. Microbes 

occupy specific niches and therefore, are able to provide a sensitive measure of soil health. 

The emerging technique of functional diversity through techniques such as shotgun 

sequencing often comes with a high cost that makes it inaccessible for some studies.  

 

More robust testing needs to be implemented. Instead of using amplicon sequencing and 

PICRUSt, a database that relies on predicting functional pathways from the 16S rRNA 

gene, a technique such as whole genome shotgun sequencing is recommended [90]. Whole 

genome shotgun sequencing allows all genes from all organisms to be comprehensively 

sampled however, it is more expensive [123]. Fungi have a prominent role in 

decomposition, as well as large roles in nitrogen fixation, see Table 1.1 for more 
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information. In this study, the functional diversity of fungi was not studied. Using shotgun 

sequencing to identify fungal functions has rarely been done and is a suggested area for 

future research [124]. For the current field study, it is suggested to incorporate FUNGuild, 

a tool that takes the taxonomic data and places them into functional guilds [125]. This 

database does not use metabolic pathways like PICRUSt, instead it is manually curated into 

trophic guilds. However, FUNGuild allows the assessment of fungi functions, with 

accuracy unattainable with the current bioinformatics pipeline [125]. Despite both 

resources being available, they do not allow the functional evaluation of the whole 

microbial community. It is possible for enzyme assays to assess the functional aspects of 

both bacterial and fungal communities at the same time and hence, is an area suggested for 

research. German et al., [126] concluded that despite enzymes being used for many years, 

most researchers were not properly assessing the potential enzyme activity due to failing to 

optimise the protocol for their study site.  

 

The findings of the meta-analysis led to the suggestion that more research needs to be 

conducted on the four soil community parameters (MBC, microbial activity, taxonomic 

diversity, and functional diversity). This will allow the knowledge of whether they have the 

ability to behave as bioindicators of soil health in agricultural landscapes. The data obtained 

from this research will provide a greater understanding of the bacterial and fungal 

communities within an agricultural landscape. This research will assist the Australian 

agricultural sector in identifying microbes associated with soil health. 

 

 

 

  



57 

 

5.0 REFERENCES 

1. Bissett A, Fitzgerald A, Meintjes T, Mele PM, Reith F et al. Introducing BASE: 

the Biomes of Australian Soil Environments soil microbial diversity database.(Report). 

GigaScience 2016;5(1). 

2. Harkes P, Suleiman AKA, van den Elsen SJJ, de Haan JJ, Holterman M et al. 

Conventional and organic soil management as divergent drivers of resident and active 

fractions of major soil food web constituents. Scientific Reports 2019;9(1):13521. 

3. Fabiani A, Gamalero E, Castaldini M, Cossa GP, Musso C et al. 

Microbiological polyphasic approach for soil health evaluation in an Italian polluted site. 

Science of the Total Environment 2009;407(17):4954-4964. 

4. Tang J, Zhang J, Ren L, Zhou Y, Gao J et al. Diagnosis of soil contamination 

using microbiological indices: A review on heavy metal pollution. Journal of 

Environmental Management 2019;242:121-130. 

5. Köberl M, Dita M, Martinuz A, Staver C, Berg G. Members of 

Gammaproteobacteria as indicator species of healthy banana plants on Fusarium wilt-

infested fields in Central America. Scientific reports 2017;7:45318-45318. 

6. Smith CR, Blair PL, Boyd C, Cody B, Hazel A et al. Microbial community 

responses to soil tillage and crop rotation in a corn/soybean agroecosystem. Ecology and 

Evolution 2016;6(22):8075-8084. 

7. Xiao D, Xiao S, Ye Y, Zhang W, He X et al. Microbial biomass, metabolic 

functional diversity, and activity are affected differently by tillage disturbance and maize 

planting in a typical karst calcareous soil. Journal of Soils and Sediments 2019;19(2):809-

821. 

8. Aguiar-Pulido V, Huang W, Suarez-Ulloa V, Cickovski T, Mathee K et al. 

Metagenomics, Metatranscriptomics, and Metabolomics Approaches for Microbiome 

Analysis. Evol Bioinform Online 2016;12(Suppl 1):5-16. 

9. Langille M ZJ, Caporaso JG, McDonald D, Knights D, Reyes J, Clemente JC, 

Burkepile DE, Vega-Thurber RL, Knight R, Beiko RG, Huttenhower C. Predictive 

functional profiling of microbial communities using 16S rRNA marker gene sequences. 

Nature Biotechnology 2013;1-10(8). 

10. Zhong W, Gu T, Wang W, Zhang B, Lin X et al. The effects of mineral fertilizer 

and organic manure on soil microbial community and diversity. Plant and Soil 

2010;326(1):511-522. 

11. Cookson WR, Beare MH, Wilson PE. Effects of prior crop residue management 

on microbial properties and crop residue decomposition. Applied Soil Ecology 

1998;7(2):179-188. 

12. Shen J, Chen, C., Lewis, T. Long term repeated fire disturbance alters soil bacterial 

diversity but not the abundance in an Australian wet sclerophyll forest. Scientific Reports 

2016;6. 

13. Kennedy A, Papendick R. Microbial characteristics of soil quality. Journal of Soil 

and Water Conservation 1995;50(3):243. 

14. Hobbs P, Sayre K, Gupta R. The role of conservation agriculture in sustainable 

agriculture. Philos Trans R Soc B-Biol Sci 2008;363(1491):543-555. 

15. Mathew R, Feng Y, Githinji L, Ankumah R, Balkcom K. Impact of No-Tillage 

and Conventional Tillage Systems on Soil Microbial Communities. Applied and 

Environmental Soil Science 2012;2012(2012). 

16. Altieri MA. The ecological role of biodiversity in agroecosystems. Agriculture, 

Ecosystems and Environment 1999;74(1-3):19-31. 

17. Australian Bureau of Statistics. 2018. Land Management and Farming in 

Australia. https://www.abs.gov.au/ausstats [accessed 26th Aug 2020]. 



58 

 

18. Bureau of Meterology. 2015. Recent rainfall, drought and southern Australia's 

long-term rainfall decline. http://www.bom.gov.au/climate/updates/articles/a010-southern-

rainfall-decline.shtml [accessed 28th July 2020]. 

19. Banu NA, Singh B, Copeland L. Soil microbial biomass and microbial 

biodiversity in some soils from New South Wales, Australia. Australian Journal of Soil 

Research 2004;42(7):777. 

20. Doran JWP, T. B. Defining and Assessing Soil Quality. In: J. Doran DC, D. 

Bezdicek and B. Stewart (editor). Defining Soil Quality for a Sustainable Environment  

1994. pp. 1-21. 

21. Lupwayi NZ, Rice WA, Clayton GW. Soil microbial diversity and community 

structure under wheat as influenced by tillage and crop rotation. Soil Biology and 

Biochemistry 1998;30(13):1733-1741. 

22. Vacheron J, Desbrosses G, Bouffaud M, Touraine B, Moenne-Loccoz Y et al. 

Plant growth-promoting rhizobacteria and root system functioning. Front Plant Sci 2013;4. 

23. Bhattacharyya P, Jha D. Plant growth-promoting rhizobacteria (PGPR): 

emergence in agriculture. World Journal of Microbiology and Biotechnology 

2012;28(4):1327-1350. 

24. Leifheit EF, Verbruggen E, Rillig MC. Arbuscular mycorrhizal fungi reduce 

decomposition of woody plant litter while increasing soil aggregation. Soil Biology and 

Biochemistry 2015;81:323-328. 

25. Wu Q, Cao M, Zou Y, He X. Direct and indirect effects of glomalin, mycorrhizal 

hyphae, and roots on aggregate stability in rhizosphere of trifoliate orange. Sci Rep 

2014;4(1). 

26. Bhatti AA, Haq S, Bhat RA. Actinomycetes benefaction role in soil and plant 

health. Microbial Pathogenesis 2017;111:458-467. 

27. Biswas J, Ladha J, Dazzo F, Yanni Y, Rolfe B. Rhizobial inoculation influences 

seedling vigor and yield of rice. Agron J 2000;92(5):880-886. 

28. Madigan M, Cox SS, Stegeman RA. Nitrogen fixation and nitrogenase activities 

in members of the family Rhodospirillaceae. The Journal of Bacteriology 1984;157(1):73. 

29. Fan H, Bolhuis H, Stal L. Nitrification and Nitrifying Bacteria in a Coastal 

Microbial Mat. Front Microbiol 2015;6. 

30. Dastager SG, Deepa CK, Pandey A. Isolation and characterization of novel plant 

growth promoting Micrococcus sp NII-0909 and its interaction with cowpea. Plant 

Physiology and Biochemistry 2010;48(12):987-992. 

31. Torrentó C, Cama J, Urmeneta J, Otero N, Soler A. Denitrification of 

groundwater with pyrite and Thiobacillus denitrificans. Chemical Geology 

2010;278(1):80-91. 

32. Goswami D, Patel K, Parmar S, Vaghela H, Muley N et al. Elucidating 

multifaceted urease producing marine Pseudomonas aeruginosa BG as a cogent PGPR and 

bio-control agent. Plant Growth Regulation 2015;75(1):253-263. 

33. Zhang L, Fan J, Ding X, He X, Zhang F et al. Hyphosphere interactions between 

an arbuscular mycorrhizal fungus and a phosphate solubilizing bacterium promote phytate 

mineralization in soil. Soil Biology and Biochemistry 2014;74:177-183. 

34. Xu P, Liang LZ, Dong XY, Shen RF. Effect of arbuscular mycorrhizal fungi on 

aggregate stability of a clay soil inoculating with two different host plants. Acta 

Agriculturae Scandinavica, Section B - Soil & Plant Science 2015;65(1):23-29. 

35. Denef K, Six J, Merckx R, Paustian K. Carbon Sequestration in Microaggregates 

of No‐Tillage Soils with Different Clay Mineralogy. Soil Science Society of America 

Journal 2004;68(6):1935-1944. 

36. Britto DT, Kronzucker HJ. NH 4 + toxicity in higher plants: a critical review. 

Journal of Plant Physiology 2002;159(6):567-584. 



59 

 

37. WWF. 2017. Tree-Clearing in Australia. https://www.wwf.org.au/what-we-

do/species/tree-clearing/tree-clearing# [accessed 9th Aug 2020]. 

38. Adewole MB, Anyahara U. Adoption rate of land clearing techniques and their 

effects on some soil fertility parameters of an Alfisol in southwestern Nigeria. Afr J Agric 

Res 2010;5(23):3310-3315. 

39. Volante JN, Alcaraz-Segura D, Mosciaro MJ, Viglizzo EF, Paruelo JM. 

Ecosystem functional changes associated with land clearing in NW Argentina. Agriculture, 

ecosystems & environment 2012;154(C):12-22. 

40. Martin TG, McIntyre S. Impacts of Livestock Grazing and Tree Clearing on Birds 

of Woodland and Riparian Habitats. Conservation Biology 2007;21(2):504. 

41. Frac M, Hannula SE, BeAka M, Jadryczka M. Fungal Biodiversity and Their 

Role in Soil Health. Front Microbiol 2018;9. 

42. Egidi E, McMullan-Fisher S, Morgan JW, May T, Zeeman B et al. Fire regime, 

not time-since-fire, affects soil fungal community diversity and composition in temperate 

grasslands. FEMS Microbiology Letters 2016;363(17). 

43. Pankhurst C, Hawke B, McDonald H, Kirkby C, Buckerfield J et al. Evaluation 

of soil biological properties as potential bioindicators of soil health. Australian Journal of 

Experimental Agriculture 1995;35(7):1015. 

44. Muñoz-Rojas M, Erickson TE, Martini D, Dixon KW, Merritt DJ. Soil 

physicochemical and microbiological indicators of short, medium and long term post-fire 

recovery in semi-arid ecosystems. Ecological Indicators 2016;63:14-22. 

45. Rames E, Smith M, Hamill S, Faveri J. Microbial indicators related to yield and 

disease and changes in soil microbial community structure with ginger farm management 

practices. Journal of the Australasian Plant Pathology Society 2013;42(6):685-692. 

46. Liu H, Carvalhais L, Crawford M, Dang Y, Dennis P et al. Strategic tillage 

increased the relative abundance of Acidobacteria but did not impact on overall soil 

microbial properties of a 19-year no-till Solonetz. Cooperating Journal of International 

Society of Soil Science 2016;52(7):1021-1035. 

47. Monreal C, Bergstrom D. Soil Enzymatic Factors Expressing the Influence of 

Land Use, Tillage System and Texture on Soil Biochemical Quality. Canadian Journal of 

Soil Science 2000;80(3):419-419. 

48. Gryta A, Frąc M, Oszust K. The application of the Biolog EcoPlate approach in 

ecotoxicological evaluation of dairy sewage sludge. Appl Biochem Biotechnol 

2014;174(4):1434-1443. 

49. Acosta-Martínez V, Mikha MM, Vigil MF. Microbial communities and enzyme 

activities in soils under alternative crop rotations compared to wheat–fallow for the Central 

Great Plains. Applied Soil Ecology 2007;37(1):41-52. 

50. Sechi V, De Goede RGM, Rutgers M, Brussaard L, Mulder C. A community 

trait-based approach to ecosystem functioning in soil. Agriculture, Ecosystems and 

Environment 2017;239:265-273. 

51. Wakelin SA, Colloff MJ, Harvey PR, Marschner P, Gregg AL et al. The effects 

of stubble retention and nitrogen application on soil microbial community structure and 

functional gene abundance under irrigated maize. FEMS Microbiology Ecology 

2007;59(3):661-670. 

52. Ge Z, Du H, Gao Y, Qiu W. Analysis on Metabolic Functions of Stored Rice 

Microbial Communities by Biolog Eco Microplates. Front Microbiol, Original Research 

2018;9(1375). 

53. Zhou X, Wang J, Hao Y, Wang Y. Intermediate grazing intensities by sheep 

increase soil bacterial diversities in an Inner Mongolian steppe. Cooperating Journal of 

International Society of Soil Science 2010;46(8):817-824. 



60 

 

54. Govaerts B, Mezzalama M, Unno Y, Sayre KD, Luna-Guido M et al. Influence 

of tillage, residue management, and crop rotation on soil microbial biomass and catabolic 

diversity. Applied Soil Ecology 2007;37(1):18-30. 

55. Kandeler E, Tscherko D, Spiegel H. Long-term monitoring of microbial biomass, 

N mineralisation and enzyme activities of a Chernozem under different tillage 

management. Biology and Fertility of Soils 1999;28(4):343-351. 

56. Stefanini I, Cavalieri D. Metagenomic Approaches to Investigate the Contribution 

of the Vineyard Environment to the Quality of Wine Fermentation: Potentials and 

Difficulties. Front Microbiol 2018;9:991-991. 

57. Bobul'Ská L, Fazekašová D, Angelovičová L, Kotorová D. Impact of ecological 

and conventional farming systems on chemical and biological soil quality indices in a cold 

mountain climate in Slovakia. Biological Agriculture & Horticulture 2015;31(3):205-218. 

58. Doran JW. Defining Soil Quality for a Sustainable Environment: SSSA ASA; 

1994. 

59. Balota E, Colozzi-Filho A, Andrade D, Dick R. Microbial biomass in soils under 

different tillage and crop rotation systems. Biology and Fertility of Soils 2003;38(1):15-20. 

60. Mathew R, Feng Y, Githinji L, Ankumah R, Balkcom K. Impact of No-Tillage 

and Conventional Tillage Systems on Soil Microbial Communities. Applied and 

Environmental Soil Science 2012;2012:1-10. 

61. Wang Y, Xu J, Shen J, Luo Y, Scheu S et al. Tillage, residue burning and crop 

rotation alter soil fungal community and water-stable aggregation in arable fields. Soil & 

Tillage Research 2010;107(2):71-79. 

62. Angers DA, Bissonnette N, Legere A, Samson N. Microbial and biochemical 

changes induced by rotation and tillage in a soil under barley production. Canadian Journal 

of Soil Science 1993;73(1):39-50. 

63. Feng Y, Motta AC, Reeves DW, Burmester CH, van Santen E et al. Soil 

microbial communities under conventional-till and no-till continuous cotton systems. Soil 

Biology and Biochemistry 2003;35(12):1693-1703. 

64. Collins HP, Rasmussen PE, Douglas CL. Crop Rotation and Residue 

Management Effects on Soil Carbon and Microbial Dynamics. Soil Science Society of 

America Journal 1992;56(3):783-788. 

65. Sainju U, Lenssen A, Caesar-Thonthat T. Dryland plant biomass and soil carbon 

and nitrogen fractions on transient land as influenced by tillage and crop rotation. Soil and 

Tillage Research 2007;93:452-461. 

66. Geisseler D, Scow KM. Long-term effects of mineral fertilizers on soil 

microorganisms – A review. Soil Biology and Biochemistry 2014;75:54-63. 

67. Egidi E, Delgado-Baquerizo M, Plett JM, Wang J, Eldridge DJ et al. A few 

Ascomycota taxa dominate soil fungal communities worldwide. Nature communications 

2019;10(1):1-9. 

68. Robertson GP, Vitousek PM. Nitrogen in Agriculture: Balancing the Cost of an 

Essential Resource. Annual Review of Environment and Resources 2009;34(1):97-125. 

69. Jenkinson DS, Powlson DS. The effects of biocidal treatments on metabolism in 

soil—V: A method for measuring soil biomass. Soil biology & biochemistry 1976;8(3):209-

213. 

70. Garland JL. Analysis and interpretation of community‐level physiological profiles 

in microbial ecology. Oxford, UK1997. p. 289-300. 

71. Bureau of Meterology. 2015. Recent rainfall, drought and southern Australia's 

long-term rainfall decline. http://www.bom.gov.au/climate/updates/articles/a010-southern-

rainfall-decline.shtml [accessed 2 March 2020]. 



61 

 

72. Illumina. 2013. 16S Metagenomic Sequencing Library Preparation. 

https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16

s-metagenomic-library-prep-guide-15044223-b.pdf [accessed 27th July 2020]. 

73. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA et al. 

Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. 

Proceedings of the National Academy of Sciences of the United States of America 

2011;108(1):4516-4522. 

74. Bolyen E, Dillon M, Bokulich N, Abnet C, Al-Ghalith G et al. QIIME 2: 

Reproducible, interactive, scalable, and extensible microbiome data science. PeerJ 

PrePrints 2018. 

75. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing 

reads. 2011, next generation sequencing; small RNA; microRNA; adapter removal 

2011;17(1):3. 

76. Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJ et al. DADA2: 

High-resolution sample inference from Illumina amplicon data. Nature Methods 

2016;13(7). 

77. Kõljalg U, Nilsson R, Larsson K-H, Taylor A. The UNITE Database for 

Molecular Identification and for Communicating Fungal Species. Biodiversity Information 

Science and Standards 2019;3. 

78. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T et al. The SILVA ribosomal 

RNA gene database project: improved data processing and web-based tools. Nucleic acids 

research 2013;41:D590-D596. 

79. R Core Team. 2020. R: A language and environment for statistical computing. 

http://www.R-project.org/ [accessed 29th May 2020]. 

80. McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive 

Analysis and Graphics of Microbiome Census Data.(Research Article). PLoS ONE 

2013;8(4):e61217. 

81. Valero-Mora PM. ggplot2: Elegant Graphics for Data Analysis. Journal of 

Statistical Software 2010;35(Book Review 1). 

82. Leo Lahti, Shetty S. Microbiome R package.  2019. 

83. Dixon P. VEGAN, a package of R functions for community ecology. Journal of 

Vegetation Science 2003;14(6):927-930. 

84. Wickham SMBaH. magrittr: A Forward-Pipe Operator for R.  2014. 

85. Bellier E. D. Borcard, F. Gillet, P. Legendre: Numerical Ecology with R: Springer, 

New York, 2011. Journal of agricultural, biological, and environmental statistics 

2012;17(2):308-309. 

86. Mikryukov V. metagMisc: Miscellaneous functions for metagenomic analysis. R 

package version 004 2020. 

87. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing 

microbial communities. Applied and environmental microbiology 2005;71(12):8228-8235. 

88. Clarke KR. Non‐parametric multivariate analyses of changes in community 

structure. Australian Journal of Ecology 1993;18(1):117-143. 

89. Weisberg JFaS. An R Companion to Applied Regression, 2nd ed. CA: Sage.: 

Thousand Oaks 2011. 

90. Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D et al. 

Predictive functional profiling of microbial communities using 16S rRNA marker gene 

sequences. Nat Biotechnol 2013;31(9):814-821. 

91. Bray JR, Curtis JT. An Ordination of the Upland Forest Communities of Southern 

Wisconsin. Ecological monographs 1957;27(4):326-349. 

92. Love MI, Huber W, Anders S. Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome biology 2014;15(12):550-550. 



62 

 

93. Rayment G, Lyons J, David., Shelley, Bruce. . Soil Chemical Methods - 

Australasia. Melbourne: CSIRO Publishing; 2010. 

94. Rapport DJ. Ecosystem health: more than a metaphor? Environmental Values 

1995;4(4):287-309. 

95. Gałązka A, Grządziel J. Fungal Genetics and Functional Diversity of Microbial 

Communities in the Soil under Long-Term Monoculture of Maize Using Different 

Cultivation Techniques. Frontiers in microbiology 2018;9. 

96. Kheyrodin H, Ghazvinian K, Taherian M. Tillage and manure effect on soil 

microbial biomass and respiration, and on enzyme activities. African Journal of 

Biotechnology 2012;11(81):14652-14659. 

97. Mbuthia LW, Acosta-Martínez V, Debruyn J, Schaeffer S, Tyler D et al. Long 

term tillage, cover crop, and fertilization effects on microbial community structure, activity: 

Implications for soil quality. Soil Biology and Biochemistry 2015;89:24-34. 

98. Bell M, Seymour N, Stirling GR, Stirling AM, Van Zwieten L et al. Impacts of 

management on soil biota in Vertosols supporting the broadacre grains industry in northern 

Australia. Australian Journal of Soil Research 2006;44(7):433. 

99. Lupwayi NZ, Hanson KG, Harker KN, Clayton GW, Blackshaw RE et al. Soil 

microbial biomass, functional diversity and enzyme activity in glyphosate-resistant wheat–

canola rotations under low-disturbance direct seeding and conventional tillage. Soil Biology 

and Biochemistry 2007;39(7):1418-1427. 

100. Wuest SB, Caesar-Tonthat TC, Wright SF, Williams JD. Organic matter 

addition, N, and residue burning effects on infiltration, biological, and physical properties 

of an intensively tilled silt-loam soil. Soil & Tillage Research 2005;84(2):154-167. 

101. Certini G. Effects of fire on properties of forest soils: a review. Oecologia 

2005;143(1):1-10. 

102. Agriculture Victoria. 2020. Nitrogen fertilisers — improving efficiency and 

saving money. https://agriculture.vic.gov.au/climate-and-weather/understanding-carbon-

and-emissions/nitrogen-fertilisers-improving-efficiency-and-saving-money [accessed 25th 

Sept 2020]. 

103. Allison SD, Martiny JBH. Resistance, resilience, and redundancy in microbial 

communities. Proceedings of the National Academy of Sciences 2008;105(Supplement 

1):11512-11519. 

104. Bell CW, Asao S, Calderon F, Wolk B, Wallenstein MD. Plant nitrogen uptake 

drives rhizosphere bacterial community assembly during plant growth. Soil Biology and 

Biochemistry 2015;85:170-182. 

105. Prommer J, Walker TWN, Wanek W, Braun J, Zezula D et al. Increased 

microbial growth, biomass, and turnover drive soil organic carbon accumulation at higher 

plant diversity. Glob Chang Biol 2020;26(2):669-681. 

106. Turner TR, Ramakrishnan K, Walshaw J, Heavens D, Alston M et al. 

Comparative metatranscriptomics reveals kingdom level changes in the rhizosphere 

microbiome of plants. The ISME Journal 2013;7(12):2248-2258. 

107. Reese AT, Dunn RR. Drivers of Microbiome Biodiversity: A Review of General 

Rules, Feces, and Ignorance. mBio 2018;9(4):e01294-01218. 

108. Sharma S, Radl V, Hai B, Kloos K, Mrkonjic Fuka M et al. Quantification of 

functional genes from procaryotes in soil by PCR. Journal of microbiological methods 

2007;68(3):445-452. 

109. Kennedy N, Brodie E, Connolly J, Clipson N. Impact of lime, nitrogen and plant 

species on bacterial community structure in grassland microcosms. Environmental 

Microbiology 2004;6(10):1070-1080. 

110. Sessitsch A, Hackl E, Wenzl P, Kilian A, Kostic T et al. Diagnostic microbial 

microarrays in soil ecology. Oxford, UK2006. p. 719-736. 



63 

 

111. Ashworth AJ, Debruyn JM, Allen FL, Radosevich M, Owens PR. Microbial 

community structure is affected by cropping sequences and poultry litter under long-term 

no-tillage. Soil Biology and Biochemistry 2017;114:210-219. 

112. Ajwa HA, Dell CJ, Rice CW. Changes in enzyme activities and microbial biomass 

of tallgrass prairie soil as related to burning and nitrogen fertilization. Soil Biology and 

Biochemistry 1999;31(5):769-777. 

113. Karuma A, Mtakwa P, Amuri N, Gachene CK, Gicheru P. Tillage Effects on 

Selected Soil Physical Properties in a Maize-Bean Intercropping System in Mwala District, 

Kenya. International Scholarly Research Notices 2014;2014:497205. 

114. Fierer N, Jackson RB. The diversity and biogeography of soil bacterial 

communities. Proceedings of the National Academy of Sciences of the United States of 

America 2006;103(3):626. 

115. Pett-Ridge J, Firestone MK. Redox Fluctuation Structures Microbial 

Communities in a Wet Tropical Soil. Applied and Environmental Microbiology 

2005;71(11):6998. 

116. König S, Vogel H-J, Harms H, Worrich A. Physical, Chemical and Biological 

Effects on Soil Bacterial Dynamics in Microscale Models. Frontiers in Ecology and 

Evolution, Mini Review 2020;8(53). 

117. Griffiths BS, Ritz K, Ebblewhite N, Dobson G. Soil microbial community 

structure: Effects of substrate loading rates. Soil Biology and Biochemistry 1998;31(1):145-

153. 

118. Fierer N, Jackson RB. The diversity and biogeography of soil bacterial 

communities. Proceedings of the National Academy of Sciences of the United States of 

America 2006;103(3):626-631. 

119. Rousk J, Brookes PC, Bååth E. Contrasting soil pH effects on fungal and bacterial 

growth suggest functional redundancy in carbon mineralization. Appl Environ Microbiol 

2009;75(6):1589-1596. 

120. Kim SY, Pramanik P, Bodelier PLE, Kim PJ. Cattle Manure Enhances 

Methanogens Diversity and Methane Emissions Compared to Swine Manure under Rice 

Paddy. PloS one 2014;9(12):e113593-e113593. 

121. Tringe SG, Mering Cv, Kobayashi A, Salamov AA, Chen K et al. Comparative 

Metagenomics of Microbial Communities. Science 2005;308(5721):554-557. 

122. Bissett A, Fitzgerald A, Court L, Meintjes T, Mele PM et al. Introducing BASE: 

the Biomes of Australian Soil Environments soil microbial diversity database. GigaScience 

2016;5(1):21. 

123. Ranjan R, Rani A, Metwally A, McGee HS, Perkins DL. Analysis of the 

microbiome: Advantages of whole genome shotgun versus 16S amplicon sequencing. 

Biochem Biophys Res Commun 2016;469(4):967-977. 

124. Donovan PD, Gonzalez G, Higgins DG, Butler G, Ito K. Identification of fungi 

in shotgun metagenomics datasets. PLoS One 2018;13(2):e0192898. 

125. Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L et al. FUNGuild: An open 

annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecology 

2016;20:241-248. 

126. German DP, Weintraub MN, Grandy AS, Lauber CL, Rinkes ZL et al. 

Optimization of hydrolytic and oxidative enzyme methods for ecosystem studies. Soil 

biology & biochemistry 2011;43(7):1387-1397. 

127. Doran JW. Soil Microbial and Biochemical Changes Associated with Reduced 

Tillage. Soil Science Society of America Journal 1980;44(4):765-771. 

128. Ahl C, Joergensen RG, Kandeler E, Meyer B, Woehler V. Microbial biomass 

and activity in silt and sand loams after long-term shallow tillage in central Germany. Soil 

& tillage research 1998;49(1):93-104. 



64 

 

129. Schloter M, Zelles L, Hartmann A, Munch JC. New quality of assessment of 

microbial diversity in arable soils using molecular and biochemical methods. Z 

Pflanzenernaehr Bodenk 1998;161(4):425-431. 

130. Schipper LA, Sparling GP. Performance of soil condition indicators across 

taxonomic groups and land uses. Soil Science Society of America journal 2000;64(1):300-

311. 

131. Buckley DH, Schmidt TM. The Structure of Microbial Communities in Soil and 

the Lasting Impact of Cultivation. Microb Ecol 2001;42(1):11-21. 

132. Wieland G, Neumann R, Backhaus H. Variation of Microbial Communities in 

Soil, Rhizosphere, and Rhizoplane in Response to Crop Species, Soil Type, and Crop 

Development. Appl Environ Microbiol 2001;67(12):5849-5854. 

133. Pankhurst CE, McDonald HJ, Hawke BG, Kirkby CA. Effect of tillage and 

stubble management on chemical and microbiological properties and the development of 

suppression towards cereal root disease in soils from two sites in NSW, Australia. Soil 

biology & biochemistry 2002;34(6):833-840. 

134. Girvan MS, Bullimore J, Pretty JN, Osborn AM, Ball AS. Soil Type Is the 

Primary Determinant of the Composition of the Total and Active Bacterial Communities 

in Arable Soils. Appl Environ Microbiol 2003;69(3):1800-1809. 

135. Kuffner M, Piñar G, Hace K, Handschur M, Haslberger AG. DGGE-

fingerprinting of arable soils shows differences in microbial community-structure of 

conventional and organic farming systems. Journal of Food Agriculture and Environment 

2004;2(3):260-268. 

136. Bossio DA, Girvan MS, Verchot L, Bullimore J, Borelli T et al. Soil Microbial 

Community Response to Land Use Change in an Agricultural Landscape of Western 

Kenya. Microb Ecol 2005;49(1):50-62. 

137. Kushwaha CP, Singh KP. CROP PRODUCTIVITY AND SOIL FERTILITY IN 

A TROPICAL DRYLAND AGRO-ECOSYSTEM: IMPACT OF RESIDUE AND 

TILLAGE MANAGEMENT. Ex Agric 2005;41(1):39-50. 

138. Zhang P, Li L, Pan G, Ren J. Soil quality changes in land degradation as indicated 

by soil chemical, biochemical and microbiological properties in a karst area of southwest 

Guizhou, China. Environmental geology (Berlin) 2006;51(4):609-619. 

139. Hoyle FC, Murphy DV. Seasonal changes in microbial function and diversity 

associated with stubble retention versus burning. Australian journal of soil research 

2006;44(4):407-423. 

140. Nahidan S, Nourbakhsh F. Microbial Indices Related to Soil Carbon as Affected 

by Management Practices in Arid Forest and Agricultural Ecosystems. Communications in 

soil science and plant analysis 2010;41(15):1863-1872. 

141. Yin C, Jones KL, Peterson DE, Garrett KA, Hulbert SH et al. Members of soil 

bacterial communities sensitive to tillage and crop rotation. Soil biology & biochemistry 

2010;42(12):2111-2118. 

142. Toberman H, Chen C, Xu Z. Rhizosphere effects on soil nutrient dynamics and 

microbial activity in an Australian tropical lowland rainforest. Soil research (Collingwood, 

Vic) 2011;49(7):652. 

143. Emami S, Pourbabaei AA, Alikhani HA. Interactive effect of nitrogen fertilizer 

and hydrocarbon pollution on soil biological indicators. Environmental earth sciences 

2014;72(9):3513-3519. 

144. Shrestha K, Stevens S, Shrestha P, Adetutu EM, Walsh KB et al. 

Characterisation of the soil microbial community of cultivated and uncultivated vertisol in 

Australia under several management regimes. Agriculture, ecosystems & environment 

2015;199:418-427. 



65 

 

145. Gajda AM, Czyż EA, Stanek-Tarkowska J, Dexter AR, Furtak KM et al. 

Effects of long-term tillage practices on the quality of soil under winter wheat. Plant, soil 

and environment 2017;63(5):236-242. 

146. Wolińska A, Górniak D, Zielenkiewicz U, Goryluk-Salmonowicz A, Kuźniar 

A et al. Microbial biodiversity in arable soils is affected by agricultural practices. 

International Agrophysics 2017;31(2):259-271. 

147. Galazka A, Gawryjolek K, Grzadziel J, Frac M, Ksiezak J. Microbial 

community diversity and the interaction of soil under maize growth in different cultivation 

techniques. Plant, soil and environment 2017;63(6):264-270. 

148. Deng J, Yin Y, Zhu W, Zhou Y. Variations in soil bacterial community diversity 

and structures among different revegetation types in the Baishilazi nature reserve. Front 

Microbiol 2018;9:2874-2874. 

149. Gajda AM, Czyż EA, Dexter AR, Furtak KM, Grządziel J et al. Effects of 

different soil management practices on soil properties and microbial diversity. 

International Agrophysics 2018;32(1):81-91. 

 

  



66 

 

6.0 APPENDIX 

APPENDIX I – Coordinates of locations  

Table 6.1. Coordinates of the four different locations  

Site  Coordinate  

1 -36.61795498601183 S, 145.28756430307274 E 

2 -36.64167901596458 S, 145.44937921070922 E 

3 -36.612294223836834 S, 145.30373222312392 E 

4 -36.707872188054935 S, 145.23377242639054 E 

 

APPENDIX II – pH & Soil Moisture (SM) raw data  

The raw measurements of the pH and soil moisture (SM) are as shown in Table 6.2.  

 

Table 6.2. Raw pH & SM (%) measurements. W= wheat, P= pasture, BB= burnt patch, 

BU= unburnt patch, NB= non-burn, T= till and NT= no-till.  

Sample ID Sample code pH SM (%) Sample ID Sample code pH SM (%) 

DB1 W-NB 5.92 9.573 MR11 W-BU-1B 4.40 5.963 

DB2 W-NB 4.60 6.932 MR12 W-BU-2B 5.38 7.763 

DB3 W-NB 4.42 5.840 MR13 W-BU-3B 6.50 4.541 

DB4 W-NB 4.63 6.588 MR14 W-BU-4B 5.20 7.162 

DB5 W-NB 4.15 4.104 MR15 W-BU-5B 5.06 6.167 

DB6 P-NT 5.32 5.673 MR16 W-BB-1B 4.40 7.087 

DB7 P-NT 4.90 5.832 MR17 W-BB-2B 5.22 5.655 

DB8 P-NT 4.35 3.946 MR18 W-BB-3B 4.99 6.849 

DB9 P-NT 4.68 7.756 MR19 W-BB-4B 4.92 3.922 

DB10 P-NT 5.91 6.175 MR20 W-BB-5B 5.29 6.193 

PB1 P-T 6.28 3.276 MR21 P-NT 4.60 6.095 

PB2 P-T 7.01 4.509 MR22 P-NT 4.21 7.209 

PB3 P-T 5.94 4.555 MR23 P-NT 4.79 6.697 

PB4 P-T 6.09 3.212 MR24 P-NT 4.73 7.326 

PB5 P-T 6.28 3.664 MR25 P-NT 4.47 6.089 

PB6 P-NT 4.80 3.446 RB1 W-BU 4.71 6.041 

PB7 P-NT 4.85 5.077 RB2 W-BU 4.69 3.249 

PB8 P-NT 4.69 2.738 RB3 W-BU 4.83 5.842 

PB9 P-NT 5.15 3.200 RB4 W-BU 4.26 3.543 

PB10 P-NT 4.72 3.841 RB5 W-BU 5.00 5.636 

MR1 W-BU-1A 5.98 4.872 RB6 W-BB 4.07 3.700 

MR2 W-BU-2A 4.86 7.369 RB7 W-BB 4.30 4.600 

MR3 W-BU-3A 4.88 7.477 RB8 W-BB 4.21 5.148 

MR4 W-BU-4A 5.55 7.850 RB9 W-BB 4.66 3.721 

MR5 W-BU-5A 4.61 5.937 RB10 W-BB 4.34 7.346 
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MR6 W-BB-1A 5.23 7.776 RB11 W-NB 4.47 5.748 

MR7 W-BB-2A 5.18 5.498 RB12 W-NB 4.47 4.793 

MR8 W-BB-3A 4.46 7.188 RB13 W-NB 4.40 4.258 

MR9 W-BB-4A 5.76 7.081 RB14 W-NB 4.57 6.673 

MR10 W-BB-5A 5.03 7.756 RB15 W-NB 5.04 7.156 
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APPENDIX III – Meta-analysis  

Statement of null hypothesis and alternative hypothesis  

Null hypothesis (Ho)  

There will be no significance difference between the management practice increasing, 

decreasing or no significant effect for the microbial bioindicator technique.  

Alternative hypothesis (H1)  

There will be a significance difference between the management practice increasing, 

decreasing or no significant effect for the microbial bioindicator technique.  

 

Raw data and calculation of chi-squared to compare the effect of the management practices 

on the four different microbial indicator techniques.  

 

Table 6.3. Raw data. Observed and expected for microbial biomass carbon and chi 

squared.   

No-till Stubble retained 

 Observed Expected   Observed Expected 

Increased 7 4.333 Increased 6 2.333 

Decreased 1 4.333 Decreased 0 2.333 

No 

significant 

effect  

5 4.333 No 

significant 

effect 

1 2.333 

N= 13 N= 7 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(7 − 4.333)2

4.333
+

(1 − 4.333)2

4.333

+
(5 − 4.333)2

4.333
 

= 4.308 

 

Therefore p>0.05. Accept HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(6 − 2.333)2

2.333
+

(0 − 2.333)2

2.333

+
(1 − 2.333)2

2.333
 

= 8.857 

 

Therefore p<0.05. Reject HO. 

Fertiliser application Crop rotation 

 Observed Expected   Observed Expected 

Increased 2 2.666 Increased 4 1.666 

Decreased 3 2.666 Decreased  0 1.666 

No 

significant 

effect  

3 2.666 No 

significant 

effect 

1 1.666 

N= 8 N= 5 
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Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(2 − 2.666)2

2.666
+

(3 − 2.666)2

2.666

+
(3 − 2.666)2

2.666
 

= 0.25 

 

Therefore p>0.05. Accept HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(4 − 1.666)2

1.666
+

(0 − 1.666)2

1.666

+
(1 − 1.666)2

1.666
 

= 5.2 

 

Therefore p<0.05. Reject HO. 

 

Table 6.4. Raw data. Observed and expected for microbial activity and chi squared.   

No-till Stubble retained 

 Observed Expected   Observed Expected 

Increased 12 5.333 Increased 3 1.666 

Decreased 2 5.333 Decreased 0 1.666 

No 

significant 

effect  

2 5.333 No 

significant 

effect 

2 1.666 

N= 16 N= 5 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(12 − 5.333)2

5.333
+

(2 − 5.333)2

5.333

+
(2 − 5.333)2

5.333
 

= 12.5 

 

Therefore p<0.05. Reject HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(3 − 1.666)2

1.666
+

(0 − 1.666)2

1.666

+
(2 − 1.666)2

1.666
 

=  2.8 

 

Therefore p>0.05. Accept HO. 

Fertiliser application Crop rotation 

 Observed Expected   Observed Expected 

Increased 4 2 Increased 5 1.666 

Decreased 0 2 Decreased  0 1.666 

No 

significant 

effect  

2 2 No 

significant 

effect 

0 1.666 

N= 6 N= 5 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
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=
(4 − 2)2

2
+

(0 − 2)2

2
+

(2 − 2)2

2
 

= 4 

 

 

 

Therefore p>0.05. Accept HO. 

=
(5 − 1.666)2

1.666
+

(0 − 1.666)2

1.666

+
(0 − 1.666)2

1.666
 

= 10 

 

Therefore p<0.05. Reject HO. 

 

Table 6.5. Raw data. Observed and expected for taxonomic diversity and chi squared.   

No-till Stubble retained 

 Observed Expected   Observed Expected 

Increased 8 3 Increased 2 1 

Decreased 0 3 Decreased 0 1 

No 

significant 

effect  

1 3 No 

significant 

effect 

1 1 

N= 9 N= 3 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(8 − 3)2

3
+

(0 − 3)2

3
+

(1 − 3)2

3
 

=  12.66 

 

Therefore p<0.05. Reject HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(2 − 1)2

1
+

(0 − 1)2

1
+

(1 − 1)2

1
 

= 2 

 

Therefore p>0.05. Accept HO. 

Fertiliser application Crop rotation 

 Observed Expected   Observed Expected 

Increased 7 2.333 Increased 5 2.333 

Decreased 0 2.333 Decreased  1 2.333 

No 

significant 

effect  

0 2.333 No 

significant 

effect 

1 2.333 

N= 7 N= 7 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(7 − 2.333)2

2.333
+

(0 − 2.333)2

2.333

+
(0 − 2.333)2

2.333
 

= 14 

 

Therefore p<0.05. Reject HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(5 − 2.333)2

2.333
+

(1 − 2.333)2

2.333

+
(1 − 2.333)2

2.333
 

= 4.57 

 

Therefore p>0.05. Accept HO. 
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Table 6.6. Raw data. Observed and expected for functional diversity and chi squared.   

No-till Stubble retained 

 Observed Expected   Observed Expected 

Increased 7 2.666 Increased 1 0.666 

Decreased 0 2.666 Decreased 0 0.666 

No 

significant 

effect  

1 2.666 No 

significant 

effect 

1 0.666 

N= 8 N= 2 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(7 − 2.666)2

2.666
+

(0 − 2.666)2

2.666

+
(1 − 2.666)2

2.666
 

= 10.75 

 

Therefore p<0.05. Reject HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(1 − 0.666)2

0.666
+

(0 − 0.666)2

0.666

+
(1 − 0.666)2

0.666
 

= 1 

 

Therefore p>0.05. Accept HO. 

Fertiliser application Crop rotation 

 Observed Expected   Observed Expected 

Increased 2 1 Increased 3 1 

Decreased 0 1 Decreased  0 1 

No 

significant 

effect  

1 1 No 

significant 

effect 

0 1 

N= 3 N= 3 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(2 − 1)2

1
+

(0 − 1)2

1
+

(1 − 1)2

1
 

= 2  
 

Therefore p>0.05. Accept HO. 

Chi-squared 

=
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

+
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑
 

=
(3 − 1)2

1
+

(0 − 1)2

1
+

(0 − 1)2

1
 

=  6 

 

Therefore p<0.05. Reject HO. 
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Table of references for meta-analysis  

 

A total of 44 references were used in the meta-analysis (Table 6.7). 

 

Table 6.7. The 44 references included in meta-analysis and the associated bioindicators 

used.  

 

Article title 

Year 

of 

study 

Bioindicator Used Ref. 

no. MBC Microbial 

activity 

Taxonomic 

diversity 

Functional 

diversity 

Soil microbial and biochemical changes 

associated with reduced tillage 

1980 0 1 1 0 [127] 

Microbial and biochemical changes 

induced by rotation and tillage in a soil 

under barley production 

1993 1 1 0 0 [62] 

Evaluation of soil biological properties as 

potential bioindicators of soil health 

1995 1 1 0 0 [43] 

Microbial biomass and activity in silt and 

sand loams after long-term shallow tillage 

in central Germany  

1998 1 1 0 1 [128] 

New quality of assessment of microbial 

diversity in Arable Soils using molecular 

and biochemical methods 

1998 0 0 1 0 [129] 

Soil microbial diversity and community 

structure under wheat as influenced by 

tillage and crop rotation 

1998 0 0 1 1 [21] 

Changes in enzyme activities and 

microbial biomass of tallgrass prairie soil 

as related to burning and nitrogen 

fertilization 

1999 1 1 0 0 [112] 

Performance of Soil Condition Indicators 

Across Taxonomic Groups and Land Uses 

2000 1 1 0 0 [130] 

Soil Enzymatic Factors Expressing the 

Influence of Land Use, Tillage System 

and Texture on Soil Biochemical Quality 

2000 0 1 0 0 [47] 

The structure of microbial communities in 

soil and the lasting impact of cultivation  

2001 0 0 1 0 [131] 

Variation of Microbial Communities in 

Soil, Rhizosphere, and Rhizoplane in 

Response to Crop Species, Soil Type, and 

Crop Development 

2001 0 0 1 0 [132] 

Effect of tillage and stubble management 

on chemical and microbiological 

properties and the development of 

suppression towards cereal root disease in 

soils from two sites in NSW, Australia  

2002 1 0 1 0 [133] 

 

Soil Type Is the Primary Determinant of 

the Composition of the Total and Active 

Bacterial Communities in Arable Soils 

2003 0 1 1 1 [134] 

DGGE-fingerprinting of arable soils 

shows differences in microbial 

2004 0 0 1 0 [135] 
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community structure of conventional and 

organic farming systems 

Soil Microbial Community Response to 

Land Use Change in an Agricultural 

Landscape of Western Kenya. 

2005 1 1 1 1 [136] 

Crop productivity and soil fertility in a 

tropical dryland agroecosystem: impact of 

residue and tillage management 

2005 1 0 0 0 [137] 

Soil quality changes in land degradation 

as indicated by soil chemical, biochemical 

and microbiological properties in a karst 

area of southwest Guizhou, China.  

2006 1 1 1 0 [138] 

Seasonal changes in microbial function 

and diversity associated with stubble 

retention versus burning 

2006 1 1 1 1 [139] 

Impacts of management on soil biota in 

Vertosols supporting the broadacre grains 

industry in northern Australia 

2006 1 1 0 0 [98] 

The effects of stubble retention and 

nitrogen application on soil microbial 

community structure and functional gene 

abundance under irrigated maize 

2007 1 0 1 1 [51] 

Dryland plant biomass and soil carbon 

and nitrogen fractions on transient land as 

influenced by tillage and crop rotation 

2007 1 0 0 0 [65] 

Microbial communities and enzyme 

activities in soils under alternative crop 

rotations compared to wheat–fallow for 

the Central Great Plains.  

2007 1 1 1 0 [49] 

Soil microbial biomass, functional 

diversity and enzyme activity in 

glyphosate-resistant wheat–canola 

rotations under low-disturbance direct 

seeding and conventional tillage 

2007 1 1 1 1 [99] 

Microbial Indices Related to Soil Carbon 

as Affected by Management Practices in 

Arid Forest and Agricultural Ecosystems 

2010 1 0 0 0 [140] 

Members of soil bacterial communities 

sensitive to tillage and crop rotation 

2010 0 0 1 0 [141] 

The effects of mineral fertilizer and 

organic manure on soil microbial 
community and diversity 

2010 1 0 1 1 [10] 

Rhizosphere effects on soil nutrient 

dynamics and microbial activity in an 
Australian tropical lowland rainforest 

2011 1 0 0 0 [142] 

Tillage and manure effect on soil 

microbial biomass and respiration, and on 

enzyme activities 

2012 1 1 0 0 [96] 

Microbial indicators related to yield and 

disease and changes in soil microbial 

community structure with ginger farm 

management practices 

2013 0 0 0 1 [45] 

Interactive effect of nitrogen fertilizer and 

hydrocarbon pollution on soil biological 

indicators 

2014 1 1 0 0 [143] 
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Characterisation of the soil microbial 

community of cultivated and uncultivated 

vertisol in Australia under several 

management regimes 

2015 0 0 1 1 [144] 

Impact of ecological and conventional 

farming systems on chemical and 

biological soil quality indices in a cold 

mountain climate in Slovakia 

2015 1 1 0 0 [57] 

Long term tillage, cover crop, and 

fertilization effects on microbial 

community structure, activity: 

implications for soil quality. 

2015 1 1 1 0 [97] 

Soil physicochemical and microbiological 

indicators of short, medium and long term 

post-fire recovery in semi-arid ecosystem 

2016 0 0 1 0 [44] 

Strategic tillage increased the relative 

abundance of Acidobacteria but did not 

impact on overall soil microbial properties 

of a 19-year no-till Solonetz 

2016 1 1 1 0 [46] 

Microbial community responses to soil 

tillage and crop rotation in a corn/soybean 

agroecosystem 

2016 0 0 0 1 [6] 

Effects of long-term tillage practices on 

the quality of soil under winter wheat 

2017 0 1 0 0 [145] 

Microbial biodiversity in arable soils is 

affected by agricultural practices 

2017 0 0 1 0 [146] 

Microbial community diversity and the 

interaction of soil under maize growth in 

different cultivation techniques 

2017 1 1 1 1 [147] 

Microbial community structure is affected 

by cropping sequences and poultry litter 

under long-term no-tillage 

2017 0 0 1 0 [111] 

Variations in Soil Bacterial Community 

Diversity and Structures Among Different 

Revegetation Types in the Baishilazi 

Nature Reserve 

2018 0 0 1 0 [148] 

Fungal Genetics and Functional Diversity 

of Microbial Communities in the Soil 

under Long-Term Monoculture of Maize 

Using Different Cultivation Techniques 

2018 0 0 1 1 [95] 

Effects of different soil management 
practices on soil properties and microbial 

diversity 

2018 0 1 0 1 [149] 

Microbial biomass, metabolic functional 
diversity, and activity are affected 

differently by tillage disturbance and 

maize planting in a typical karst 

calcareous soil 

2019 1 0 0 1 [7] 
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APPENDIX IV – Redundancy Analysis (RDA) Ordination  

The VIFs for both bacteria and fungi RDA ordinations (Table 6.8). If a VIF is high (i.e., 

>10) for 1 predictor, it indicates that that predictor is highly correlated with the other 

predictors.  

 

Table 6.8. Variation Inflation Factors (VIFs) for both bacterial and fungal ordinations.  
 

SM pH Site 2  Site 3 Site 4 

Bacteria 1.805 1.402 2.205 1.547 2.034 

Fungi 1.805 1.402 2.205 1.547 2.034 

 

Permutational test results for bacteria and fungi (Table 6.9 & Table 6.10 respectively).  

 

Table 6.9. Permutation test of RDA model: Bacteria ~ site  pH  SM  
 

Df Variance F Pr(>F) 
 

Model 5 2379.2 1.691 0.001 *** 

Residual 54 15197.8 
   

 

Table 6.10. Permutation test of RDA model: Fungi ~ site  pH  SM 
 

Df Inertia F Pr(>F) 
 

Model 5 730.6 1.610 0.01 ** 

Residual 54 4900.4 
   

 

A test similar to an ANOVA was performed to test the constraining variables for both 

bacteria and fungi (Table 6.11 & Table 6.12 respectively). 

 

Table 6.11. Test of constraining variables for bacterial RDA 
 

Df Variance F Pr(>F) 
 

SM 1 325.1 1.155 0.069 . 

pH 1 571.5 2.030 0.001 *** 

Site 3 1399.3 1.657 0.001 *** 

Residual 54 15197.8 
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Table 6.12. Test of constraining variables for fungal RDA  
 

Df Variance F Pr(>F) 
 

SM 1 85.4 0.941 0.705 
 

pH 1 124.7 1.373 0.006 ** 

Site 3 416.5 1.53 0.001 *** 

Residual 54 4900.4 
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APPENDIX V – Tilled treatments bacterial and fungal PERMANOVAs, 

including ordinations for all sites  

 

Bacterial NMDS PERMANOVA tilled treatments site 2 only  

The weighted and unweighted (Table 6.13 & Table 6.14 respectively) Unifrac 

PERMANOVAs for bacterial β-diversity for site two only.  

 

Table 6.13. PERMANOVA for bacterial tilled treatments (only site 2) showing weighted 

Unifrac.Abundance-weighted community data. The p-value was adjusted by the 

Benjamini-Hochberg (BH) method.
 

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
 

Group1(Treatment) 1 0.0002 2.08E-04 2.258 0.220 0.012 * 

Residuals 8 0.0007 9.21E-05 0.779 
   

Total 9 0.0009 1 
    

 

Table 6.14. PERMANOVA for bacterial tilled treatments (only site 2) showing unweighted 

Unifrac.Presence-absence community data. The p-value was adjusted by the Benjamini-

Hochberg (BH) method. 
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F) 
 

Group1(Treatment) 1 0.518 0.518 1.773 0.181 0.012 * 

Residuals 8 2.339 0.292 0.818 
   

Total 9 2.857 1 
    

 

 

 

Fungal NMDS PERMANOVA tilled treatments site 2 only  

The weighted and unweighted (Table 6.15 & Table 6.16 respectively) Unifrac 

PERMANOVAs for fungal β-diversity for site two only.  

 

Table 6.15. PERMANOVA for fungal tilled treatments (only site 2) showing weighted 

Unifrac.Abundance-weighted community data. The p-value was adjusted by the 

Benjamini-Hochberg (BH) method. 
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Df SumsOfSqs MeanSqs F.Model R2 Pr(>F

) 

 

Group1 (Treatment) 1 0.001 9.65E-04 2.861 0.263 0.013 * 

Residuals 8 0.002 3.37E-04 0.736 
   

Total 9 0.004 1 
    

 

Table 6.16. PERMANOVA for fungal tilled treatments (only site 2) showing unweighted 

Unifrac.Presence-absence community data. The p-value was adjusted by the Benjamini-

Hochberg (BH) method. 
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.584 0.584 2.006 0.201 0.01 ** 

Residuals 8 2.330 0.291 0.799 
   

Total 9 2.914 1 
    

 

 

NMDS tilled treatments all sites ordination for both bacteria and fungi  

The below ordinations show all sites associated with tilled treatments.  

 

The bacterial tilled treatments NMDS ordinations had stress values of 0.029 (Figure 6.1A) 

and 0.055 (Figure 6.1B) and thus, can be considered an accurate representation of 

community relationships. There was no significance with either weighted (R = 0.041, p = 

0.304) or unweighted (R = 0.218, p = 0.06) ANOSIMs. There was significant grouping 

between the treatments for abundance weighted data (pseudo-F (1, 17) = 2.58, p < 0.05), 

where the R2 value (0.04) explained 4% of the variation. The strength of this grouping 

increased when data was presence-absence transformed (pseudo-F (1,17) = 2.02, p < 0.01), 

where the R2 value (0.21) explained more of this variation. 
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Figure 6.1. Non-metric multidimensional scaling (NMDS) ordinations of bacterial 

communities using the Unifrac dissimilarity metric under tilled treatments (all sites). 

Ordinations are of A) abundance-weighted community data and B) presence-absence 

transformed community data. 2-dimensional stress 0.029 (A) and 0.055(B) (< 0.2). 

 

The fungi tilled treatments NMDS ordinations had stress values of 0.139 (Figure 6.2A) and 

0.115 (Figure 6.2B) and thus, can be considered an accurate representation of community 

relationships. There was significance with both the weighted (R = 0.352, p = 0.009) and 

unweighted (R = 0.247, p = 0.003) ANOSIMs. There was significant grouping between the 

habitats for abundance weighted data (pseudo-F (1, 17) = 3.739, p < 0.05), where the R2 value 

(0.35) explained 35% of the variation. The strength of this grouping decreased when data 

was presence-absence transformed (pseudo-F (1,17) = 2.18, p < 0.01), where the R2 value 

(0.24) explained of this variation. 

  

A B 
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Figure 6.2. Non-metric multidimensional scaling (NMDS) ordinations of fungal 

communities using the Unifrac dissimilarity metric under tilled treatments (all sites). 

Ordinations are of A) abundance-weighted community data and B) presence-absence 

transformed community data. 2-dimensional stress 0.139 (A) and 0.115(B) (< 0.2). 

 

  

A B 
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APPENDIX VI - Burned treatment bacterial and fungal NMDS, including 

all sites  

 

Bacterial NMDS PERMANOVA burn treatments, excluding no-burn 

The weighted and unweighted (Table 6.17 & Table 6.18 respectively) Unifrac 

PERMANOVAs for bacterial β-diversity for burnt paddocks and unburnt patches within.   

 

Table 6.17. PERMANOVA for bacterial burn treatments (excluding no-burn paddocks) 

showing weighted Unifrac.Abundance-weighted community data. The p-value was 

adjusted by the Benjamini-Hochberg (BH) method. 
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.0004 0.0004 3.101 0.09 0.002 ** 

Group2 (Site) 1 0.0005 0.0005 4.182 0.122 0.001 **

* 

Group1:Group2 1 0.0001 0.0001 0.949 0.028 0.432 
 

Residuals 26 0.003 0.0001 0.76 
   

Total 29 0.004 1 
    

 

Table 6.18. PERMANOVA for bacterial burn treatments (excluding no-burn paddocks) 

showing unweighted Unifrac.Presence-absence community data. The p-value was adjusted 

by the Benjamini-Hochberg (BH) method. 
 

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.434 0.434 1.348 0.043 0.023 * 

Group2 (Site) 1 0.992 0.992 3.083 0.097 0.001 *** 

Group1:Group2 1 0.392 0.392 1.218 0.038 0.094 . 

Residuals 26 8.369 0.322 0.821 
   

Total 29 10.187 1 
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Fungal NMDS PERMANOVA burn treatments, excluding no-burn 

The weighted and unweighted (Table 6.19 & Table 6.20 respectively) Unifrac 

PERMANOVAs for fungal β-diversity for burnt paddocks and unburnt patches within.   

 

Table 6.19. PERMANOVA for fungal burn treatments (excluding no-burn paddocks) 

showing weighted Unifrac.Abundance-weighted community data. The p-value was 

adjusted by the Benjamini-Hochberg (BH) method.  
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.0006 0.0006 1.464 0.043 0.072 . 

Group2 (Site) 1 0.002 0.002 5.098 0.15 0.001 *** 

Group1:Group2 1 0.0006 0.0006 1.434 0.042 0.114 
 

Residuals 26 0.012 0.0004 0.765 
   

Total 29 0.016 1 
    

 

Table 6.20. PERMANOVA for fungal burn samples (excluding no-burn paddocks) 

showing unweighted Unifrac. Presence-absence community data. The p-value was adjusted 

by the Benjamini-Hochberg (BH) method. 
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F

) 

 

Group1 (Treatment) 1 0.371 0.371 1.196 0.037 0.113 
 

Group2 (Site) 1 1.173 1.173 3.780 0.117 0.001 *** 

Group1:Group2 1 0.374 0.373 1.204 0.037 0.084 . 

Residuals 26 8.067 0.310 0.808 
   

Total 29 9.984 1 
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NMDS burn treatments all sites ordination for both bacteria and fungi  

The below ordinations show all sites associated with burn treatments.  

 

Stress values of 0.126 (Figure 6.3A) and 0.149 (Figure 6.3B) are considered a fair 

representation. The differences of community structure between the three treatments were 

statistically tested via PERMANOVA. There was significant grouping between the habitats 

for abundance weighted data (pseudo-F (2, 38) = 2.68, p < 0.001), where the R2 value (0.123) 

explained 12% of the variation. The strength of this grouping increased when data was 

presence-absence transformed (pseudo-F (2,38) = 1.73, p < 0.001), where the R2 value (0.177) 

explained more of this variation.  

 

 

 

Figure 6.3. Non-metric multidimensional scaling (NMDS) ordinations of bacterial 

communities using the Unifrac dissimilarity metric under burn treatments (all 

sites).Ordinations are of A) abundance-weighted community data and B) presence-absence 

transformed community data. 2-dimensional stress 0.126 (A) and 0.149 (B) (< 0.2).  

Stress values of 0.161 (Figure 6.4A) and 0.189 (Figure 6.4B) are considered a fair 

representation. The differences of community structure between the five sampling locations 

were statistically tested via pairwise PERMANOVAs. There was significant grouping 

between the habitats for abundance weighted (pseudo-F (2, 38) = 1.95, p < 0.01), where the 

R2 value (0.172) explained 17% of the variation. The strength of this grouping increases 

when data was presence-absence transformed (pseudo-F (2,38) = 1.52, p < 0.001), where the 

R2 value (0.196) explained more of this variation. These analyses suggest a turnover in the 

suites of ASVs as well as dominant species present. 

A B 
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Figure 6.4. Non-metric multidimensional scaling (NMDS) ordinations of fungal 

communities using the Unifrac dissimilarity metric under burn treatments (all 

sites).Ordinations are of A) abundance-weighted community data and B) presence-absence 

transformed community data. 2-dimensional stress 0.161 (A) and 0.189 (B) (< 0.2).  

  

A B 
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APPENDIX VII - Predicted functional pathways β-diversity  

 

Functional NMDS PERMANOVA tilled treatments site 2 only  

The weighted and unweighted (Table 6.21 & Table 6.22 respectively) Bray Curtis 

PERMANOVAs for bacterial functional pathways β-diversity for tilled paddocks (site 2 

only). 

 

Table 6.21. PERMANOVA for functional pathways tilled treatments showing weighted 

Bray Curtis.Abundance-weighted community data. The p-value was adjusted by the 

Benjamini-Hochberg (BH) method. (Site 2 only).  
 

Df SumsOfSqs MeanSq

s 

F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.001 0.001 6.147 0.435 0.024 * 

Residuals 8 0.002 0.0002 0.565 
   

Total 9 0.003 1 
    

 

Table 6.22. PERMANOVA for functional pathways tilled treatments showing unweighted 

Bray Curtis.Presence-absence transformed community data. The p-value was adjusted by 

the Benjamini-Hochberg (BH) method. (Site 2 only).  
 

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.002 0.002 8.107 0.503 0.02 * 

Residuals 8 0.002 0.0002 0.497 
   

Total 9 0.004 1 
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Functional NMDS PERMANOVA burn treatments (excluding no-burn) 

The weighted and unweighted (Table 6.23 & Table 6.24 respectively) Bray Curtis 

PERMANOVAs for bacterial functional pathways β-diversity for burnt paddocks and 

unburnt patches within.   

 

Table 6.23. PERMANOVA for functional pathway burn treatments showing weighted Bray 

Curtis.Abundance-weighted community data. The p-value was adjusted by the Benjamini-

Hochberg (BH) method. (No-burn removed) 
 

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.0006 0.0006 1.464 0.040 0.159 
 

Group2 (Site) 1 0.004 0.004 8.023 0.220 0.001 *** 

Group1:Group2 1 0.0004 0.0004 0.942 0.026 0.434 
 

Residuals 26 0.011 0.0004 0.714 
   

Total 29 0.016 1 
    

 

Table 6.24. PERMANOVA for functional pathway burn treatments showing unweighted 

Bray Curtis.Presence-absence transformed community data. The p-value was adjusted by 

the Benjamini-Hochberg (BH) method. (No-burn removed) 
 

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
 

Group1 (Treatment) 1 0.0005 0.0005 1.362 0.037 0.253 
 

Group2 (Site)  1 0.003 0.003 7.636 0.210 0.001 *** 

Group1:Group2 1 0.0005 0.0005 1.397 0.038 0.207 
 

Residuals 26 0.009 0.0003 0.714 
   

Total 29 0.012 1 
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APPENNDIX VIII - Tilled differential abundance tests 

 

Table 6.25. Bacterial functional pathways differential abundance test comparing no-till 

paddock to tilled paddock.Only significant pathways shown and pathways with no 

baseMean cutoff.  

baseMean log2FoldChange lfcSE stat pvalue padj Pathway 

114.25 -10.26 1.45 -7.08 1.41E-

12 

5.87E-10 benzoyl-CoA 

degradation I (aerobic) 

3318.88 -2.16 0.39 -5.55 2.88E-

08 

5.97E-06 superpathway of 

pyridoxal 5'-phosphate 

biosynthesis and 

salvage 

447.06 2.20 0.41 5.40 6.75E-

08 

9.34E-06 coenzyme B 

biosynthesis 

27769.54 0.32 0.06 5.31 1.09E-

07 

1.13E-05 pyrimidine 

deoxyribonucleotides 

de novo biosynthesis III 

219.50 -11.20 2.20 -5.10 3.33E-

07 

2.76E-05 sucrose degradation II 

(sucrose synthase) 

2468.10 -2.91 0.66 -4.43 9.42E-

06 

6.52E-04 pyridoxal 5'-phosphate 

biosynthesis I 

175.17 -5.44 1.24 -4.38 1.21E-

05 

7.20E-04 polymyxin resistance 

6666.97 0.37 0.09 4.28 1.85E-

05 

9.59E-04 mycothiol biosynthesis 

18775.90 0.26 0.06 4.21 2.54E-

05 

1.17E-03 protocatechuate 

degradation II (ortho-

cleavage pathway) 

46.47 -6.99 1.67 -4.19 2.83E-

05 

1.18E-03 vitamin E biosynthesis 

(tocopherols) 

1132.78 1.52 0.38 4.04 5.34E-

05 

2.02E-03 coenzyme M 

biosynthesis I 

1312.02 -0.95 0.25 -3.85 1.21E-

04 

4.17E-03 glycine betaine 

degradation I 

18840.79 0.18 0.05 3.72 1.96E-

04 

6.26E-03 4-aminobutanoate 

degradation V 

2092.80 -1.25 0.34 -3.70 2.17E-

04 

6.43E-03 CMP-legionaminate 

biosynthesis I 

4814.69 -0.61 0.18 -3.41 6.51E-

04 

1.72E-02 ppGpp biosynthesis 

82025.75 0.08 0.02 3.40 6.63E-

04 

1.72E-02 pyruvate fermentation 

to isobutanol 

(engineered) 

12.00 -5.81 1.80 -3.24 1.21E-

03 

2.79E-02 vitamin B6 degradation 

26567.76 -0.18 0.06 -3.25 1.15E-

03 

2.79E-02 Kdo transfer to lipid 

IVA III (Chlamydia) 

13178.25 -0.64 0.20 -3.21 1.33E-

03 

2.91E-02 thiazole biosynthesis I 

(E. coli) 

22547.97 -0.27 0.08 -3.18 1.45E-

03 

2.92E-02 mixed acid fermentation 
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7708.83 -0.60 0.19 -3.18 1.48E-

03 

2.92E-02 superpathway of 

hexuronide and 

hexuronate degradation 

16008.99 -0.47 0.15 -3.16 1.57E-

03 

2.97E-02 biotin biosynthesis I 

14591.14 -0.52 0.17 -3.13 1.76E-

03 

3.18E-02 8-amino-7-

oxononanoate 

biosynthesis I 

4314.82 0.33 0.11 3.09 1.99E-

03 

3.44E-02 catechol degradation I 

(meta-cleavage 

pathway) 

3647.65 0.35 0.11 3.03 2.41E-

03 

3.74E-02 p-cymene degradation 

3647.65 0.35 0.11 3.03 2.41E-

03 

3.74E-02 p-cumate degradation 

30350.80 -0.32 0.11 -3.03 2.43E-

03 

3.74E-02 superpathway of 

thiamin diphosphate 

biosynthesis I 

664.63 0.73 0.24 3.01 2.57E-

03 

3.82E-02 methanogenesis from 

H2 and CO2 

4751.54 -0.85 0.28 -2.99 2.83E-

03 

4.04E-02 NAD biosynthesis II 

(from tryptophan) 

3154.61 -0.91 0.31 -2.93 3.39E-

03 

4.69E-02 L-tryptophan 

degradation to 2-amino-

3-carboxymuconate 

semialdehyde 
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