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                                                 ABSTRACT 

 

 

This study aimed to clarify carbon dynamics under perennial pastures by investigating 

factors related to soil carbon in south-western Australia. The investigations targeted soil 

under perennial pastures in the Great Southern and southern Wheatbelt regions to 

address the accumulation of soil carbon in relation to spatial distribution and the 

duration of perennial pasture since establishment on root development. Soil bacterial 

community structure associated with perennial pastures was also explored. In addition, 

farmers’ views on carbon sequestration through perennial pastures were evaluated. 

 
The spatial distribution of soil carbon with respect to root development was investigated 

in veldt grass perennial pasture (Chapter 3). Soil carbon, root mass and soil pH were 

assessed at three depths (0-10, 10-20 and 20-30 cm) and at two sampling locations (i.e. 

soil between the plants and soil under the plants). There was a significant difference in 

the vertical distribution, with a higher total carbon found in the surface soil (0-10 cm) 

compared with the deeper soil layers (10-20 cm and 20-30 cm) (P<0.001). The mean 

total carbon of the surface soil (0-10 cm) under the plants (25.7 Mg ha-1) and between 

the plants (25.7 Mg ha-1) were similar, although the mean root mass of the surface soil 

under the plants (2.9 mg cm-3) was significantly higher than root mass between the 

plants (2.0 mg cm-3) (P=0.03) in this layer. Root mass appeared to be a major factor that 

controlled soil carbon in the surface soil and in the soil between plants, whereas soil pH 

was likely to play a critical role in deeper soil and in the soil under plants. This study 

also showed that even bunchgrass-type perennial pasture, which does not cover the 

entire ground surface, has the potential to increase carbon in the soil both between and 

under plants.  

 
The influence of the duration since perennial pasture establishment was assessed in two 

kikuyu pastures chronosequence and one tall wheat grass pasture chronosequence 
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(Chapter 4). Total carbon at 0-30 cm depths for the kikuyu sites ranged from 32.6 to 

52.0 Mg ha-1 (pasture age range: 8 to 22 years) at the first site and from 21.0 to 36.5 Mg 

ha-1 (pasture age range: 6 to 20 years) at the second site. Total carbon (0-30 cm) in the 

tall wheat grass site (pasture age range: 1 to 9 years) ranged from 36.3 to 54.5 Mg ha-1. 

Soil carbon in these perennial pastures tended to be lower at the early stages of 

perennial pasture establishment, regardless of perennial species, until approximately 10 

years following establishment; higher levels of soil carbon were found in older, 

established pastures compared with annual pastures. Root mass, soil pH and plant 

species were likely to impact the process of soil carbon input and output. The 

relationships between root mass and total carbon and between humus and particulate 

carbon suggested that soil pH and the plant species present, including both C4 and C3 

species of perennial plants, impact the carbon input process which convert roots to soil 

carbon. Conversely, the process of carbon output, decomposition from particulate 

carbon to humus, was most influenced by plant species. 

 
The bacterial community in soil under perennial pastures, was investigated by assessing 

the resident soil bacterial diversity in relation to edaphic factors (Chapter 5). 

Characterisation of dominant bacterial phyla in a kikuyu pasture chronosequence with 

adjacent agricultural land was assessed using 16S rRNA-based sequencing. The most 

dominant phylum across all land uses was Firmicutes, which is in stark contrast to the 

reports of globally distributed surveys that report Actinobacteria and Acidobacteria to 

be dominant phyla. However, there was a significant correlation between Actinobacteria 

and both total soil carbon and total soil nitrogen, which increased with perennial pasture 

age. The dominance of the bacterial phylum Firmicutes was consistent with the inherent 

soil environment and land history, but the bacterial community’s diversity and structure 

were influenced by environmental change, including the duration of perennial pasture. 

Soil pH, electrical conductivity and the amount of extractable copper are good 

predictors of bacterial diversity. 

 
As suggested by the ongoing discussion concerning soil carbon, it was assumed that 

farmers are becoming increasingly aware of the potential of carbon sequestration for 

mitigating the impact of climate change and the opportunities offered by the Australian 
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carbon offset initiatives. Hence, their view on carbon sequestration through the 

establishment of perennial pastures was evaluated (Chapter 6). A questionnaire and 

interviews were conducted to determine what changes farmers have noticed on their 

land and in their circumstances since they established perennial pastures. In contrast to 

expectations, adoption of the concept of carbon sequestration was not observed to be 

influenced by economic benefit. Farming experience and farmers’ observations of their 

land were the major factors that influenced an increase in their interest in carbon 

sequestration. Farmers who noticed some changes in soil properties in perennial 

pastures were more likely to become aware of carbon sequestration. 

 

Overall, this study demonstrated that perennial pastures can play a critical role in 

maintaining or increasing soil carbon sequestration. The accumulation of soil carbon 

was influenced by key factors such as root development and microbiological activities 

which are likely to be controlled by soil pH, resulting in vertical and horizontal 

variability. Plant species were revealed to be another critical factor influencing soil 

carbon accumulation. As the perennial pastures aged, soil carbon increased and soil 

bacterial structure changed. If farmers noticed an increase in soil carbon and 

associated changes in the soil under perennial pastures, they were more likely to 

become interested in soil carbon sequestration, thereby enhancing their contribution to 

mitigating the impact of climate change.  
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CHAPTER 1 
 

Introduction 
 

 

 

Australian agriculture has benefited from many practices that have led to this country 

becoming a leading exporter of agricultural products. With the innovations and 

technological advances achieved over the last century, approximately two thirds of 

Australia’s land is currently used for farming production. However, soil cultivation and 

the replacement of the dominant perennial native plant communities with annual 

vegetation has led to the overuse of soil and water resources, causing natural resource 

degradation and loss of biodiversity (e.g. Peck, 1978; Pimentel et al., 1987; Cransberg 

and McFarlane, 1994; McLaughlin and Mineau, 1995; McFarlane and Williamson, 

2002; Turner and Ward, 2002; Harper et al., 2010). In light of these challenges, farmers 

have started to focus on the development of sustainable agricultural systems (Pannell et 

al., 2006; Fleming and Vanclay, 2011), such as no-tillage (e.g. Holland 2004; Govaerts 

et al., 2007) and perennial pasture systems (e.g. Cransberg and McFarlane, 1994; Moore 

et al., 2006; Stavi and Lal, 2013).  

 
Perennial pastures have been introduced into agricultural systems to create an 

acceptable balance between food and fibre production with less adverse environmental 

benefits than are possible with current annual-based systems (Dolling, 2001; Sanford et 

al., 2003; Moore et al., 2006; Dear et al., 2007; Nicholos et al., 2007; Lelievre and 

Volaire, 2009; Roberts et al., 2009). Access to soil moisture in perennial pasture during 

the dry season enables farmers to increase production by using out-of-season green feed 

(Devenish et al., 2003). Along with these economic benefits, perennial pastures are 

predicted to have environmental benefits associated with deeper developed root systems 

and higher root densities than are possible in annual-based systems (Jackson et al., 
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1996; Baker and Griffis, 2005; Glover et al, 2007, Nie et al., 2008). These advantages of 

perennial pastures are also evident when combined with cropping to achieve further 

increases in productivity (Lawes et al., 2014; Thomas et al., 2014; Ward et al., 2014).  

The deep root systems of perennial pasture species have the potential to reduce 

salinisation and waterlogging by increasing water use (Cransberg and McFarlane, 1994; 

Dear et al., 2003) and to prevent the onset of dry land salinity (Dunin, 2002; Turner and 

Ward, 2002). Furthermore, ground cover with extensive root systems is expected to 

reduce soil erosion (McFarlane et al., 1992; Harper et al., 2010), and the extensive root 

systems of perennial pastures are expected to contribute to soil carbon sequestration 

(Lal, 2004a; Lal 2004b; Lal, 2007). The soil carbon under perennial pastures is 

predicted to increase carbon input all year round through root turnover and rhizo-

deposition (Anderson and Coleman, 1985; McConnell and Quinn, 1988; DuPont 2010) 

and reduce the carbon loss associated with decreased soil erosion.  

The benefits associated with increasing soil carbon in agricultural soils include 

improved soil fertility, nutrient cycles, soil structure and water-holding capacity, as well 

as the preservation of natural biodiversity and ecosystem function (Krull et al., 2003; 

Johnson et al. 2007; Lal et al., 2007). There are also potential economic benefits 

associated with increasing soil carbon, such as the provision of an additional income 

stream through the trading of carbon credits, which could also contribute to the long-

term sustainability of farmers’ enterprise strategies (Lal, 2009). In Australia, there has 

been renewed interest in research on soil carbon in association with the introduction of 

the Carbon Farming Initiative (CFI) legislation (integrated with the Emissions 

Reduction Fund since 12 December 2014). The CFI is part of the Australian 

Government’s plan to reduce carbon dioxide and other harmful greenhouse gases. It was 

designed to enable farmers to access carbon markets (an average price of $13.50 per 

tonne of carbon was announced in 2015) such that they could restore degraded soils and 

landscapes or adopt farm management practices that build carbon stock (Australian 

Government “CFI handbook”, 2012). 

 

A number of studies testing the prediction that perennial pastures have significant 

potential to increase soil carbon in Australia and other parts of the world (e.g. 
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Franzluebbers et al., 2000; Post and Kwon, 2000; Ernst and Siri-Prieto, 2009; Young et 

al., 2009; Wakelin, 2009; Chan et al., 2010; Franzluebbers, 2010; Chan et al., 2011; 

Murphy et al., 2011; Lawes and Robertson, 2012). Geographic factors such as climate 

and soil type are widely recognised to influence soil carbon (Milne and Haynes 2004; 

Goidts et al., 2009a; Meersmans et al., 2012; Smith et al., 2012; Orgill et al., 2014). 

However, the substantial diversity in agricultural management practices at the regional 

scale is likely to be a major roadblock in understanding landscape variability in soil 

carbon (Goidts et al., 2009b; Macdonald et al., 2013). Furthermore, despite the 

considerable interest in perennial pastures, investigations into soil carbon under 

perennial pastures in south-western Australia remain limited (e.g. Murphy et al., 2011; 

Hoyle et al., 2013; Sanderman 2013a) compared with eastern Australia (e.g. Young et 

al., 2009; Chan and McCoy, 2010; Chan et al., 2010; Chan et al., 2011) and other parts 

of the world (e.g. Milne and Haynes, 2004; Ernst and Siri-Prieto, 2009; Culman et al., 

2010; DuPont et al., 2010). 

 
South-western Australia is topographically unique and consists of a flat, stable and 

highly weathered low plateau with granite occasionally emergent as domed inselbergs 

(Annand and Paine, 2002). Under the prevailing Mediterranean climate, this region is 

dominated by nutrient-deficient soils (Singh and Gilkes, 1992; Hopper et al., 1996; 

Moore 1998; Hopper and Gioia, 2004). Many soils are either deep sands or have coarse-

textured topsoils. Shallow, sandy duplex soils and deep sands, which would be 

considered non-arable elsewhere, are major agricultural soils in western Australia 

(Moore, 1998). Therefore, there is a need for an in-depth investigation of soil carbon 

associated with perennial pastures both for the further development of sustainable 

agriculture in such nutrient-deficient soils in south-western Australia and for 

understanding carbon sequestration within the framework of mitigating the impact of 

climate change. 

 
The overall aim of this research was to clarify the potential role of perennial pastures in 

soil carbon sequestration at several sites in the Great Southern Region and the southern 

Wheatbelt in south-western Australia. The main study sites were under either grazing or 

cropping management in a coastal area (between Bremer Bay and Albany, WA) and in 
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an inland area (Arthur River, WA). An investigation of the factors influencing soil 

carbon under the perennial pastures at these sites was undertaken, including a focus on 

the role of root systems of perennial pastures. Extensively developed root systems of 

perennial pastures have the potential to provide increased carbon to the soil through 

microbial carbon decomposition. Thus, soil carbon dynamics were investigated with 

respect to root development and the composition of soil carbon fractions, which is 

related to the extent of microbial decomposition. Other factors influencing soil carbon, 

such as the spatial distribution and heterogeneity (Chapter 3), the duration of 

establishment of perennial pastures (Chapter 4), and microbial communities (Chapter 

5), were also investigated.  

 
Understanding the spatial distribution of soil carbon, critical not only for understanding 

carbon dynamics and other nutrient cycles but also for accurately assessing soil carbon 

on a landscape scale (Bird et al., 2002) was the focus of Chapter 3. In addition to 

addressing sampling issues (e.g. frequency of sampling) and geographical influences, 

such as annual rainfall and soil type (Milne and Haynes, 2004; Goidts et al., 2009a; 

Meersmans et al., 2012; Smith et al., 2012; Orgill et al., 2014), soil carbon was also 

analysed in relation to the age of perennial pastures by comparing a chronosequence of 

pastures with adjacent annual pastures in a paired site in Chapter 4. 

 

Soil microbial communities under the perennial pastures were investigated in relation to 

the impact of perennial pasture establishment in Chapter 5. Bacterial communities play 

a vital role in maintaining various soil processes and functions, such as the 

decomposition of organic matter, nutrient cycling, and soil and structure formation, in 

which carbon components are highly involved (e.g. Brussaard, 1997; Colwell, 1997; Six 

et al., 2006, Bardgett et al., 2008; Roper et al., 2008; Leff et al., 2011). Therefore, an 

investigation into the bacterial community and structure will further the understanding 

of carbon dynamics under perennial pastures, which could be relevant to carbon 

sequestration. The characterisation of dominant bacterial communities was performed 

using 16S rRNA-based sequencing to gain insights into the bacterial diversity and 

community composition of the soil. 
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In conjunction with the physicochemical and biological characteristics of soil under the 

perennial pasture, farmers’ experiences in recognising changes with respect to perennial 

pastures was evaluated in Chapter 6. Surveys and interviews were conducted to 

investigate what changes farmers had observed on their land and in their personal and 

enterprise circumstances since they first established perennial pastures as well as 

whether, and to what extent carbon sequestration and the carbon offset scheme were 

considered by farmers through establishing perennial pastures. 

 
In summary, the key objective of this study was to investigate the factors influencing 

soil carbon under perennial pasture including whether changes in land use (e.g. from 

annual pasture to perennial pasture) result in a change in soil carbon storage. 

The following issues were addressed: 

(i) how soil carbon accumulates spatially in association with root development, 

(ii) how the age of perennial pastures is related to soil carbon stock, 

(iii) how bacterial communities and their structure are aligned with the development 
of perennial pastures, and 

 
(iv) what changes farmers have observed since establishing perennial pastures and 

was carbon sequestration considered during the establishment of  perennial 
pastures. 
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CHAPTER 2 
 

Literature review 
 

 

 

Soil in south-western Australia is generally characterised as highly weathered and 

nutrient deficient, and it supports high biodiversity, as shown by its inclusion as one of 

the World’s 25 biodiversity hotspots (Hopper et al., 1996; Moore, 1998; Anand and 

Paine, 2002; Hopper and Gioia, 2004). Under the prevailing Mediterranean climate, 

annual agricultural production systems have replaced perennial native vegetation, which 

has resulted in negative impacts on natural resources because of the increased 

susceptibility of the soil to degradation, including soil erosion, overuse of soil and water 

resources, and loss of biodiversity (Peck, 1978; Pimentel et al., 1987; Cransberg and 

McFarlane, 1994; McLaughlin and Mineau, 1995; McFarlane and Williamson, 2002; 

Turner and Ward, 2002; Harper et al., 2010; Liddicoat et al., 2010). Hence, to combat 

soil degradation and achieve sustainable agricultural systems (Pannell et al., 2006; 

Fleming and Vanclay, 2011), management practices, such as establishing perennial 

pastures, have been commonplace (Moore, 2006; Pannell et al., 2006; Fleming and 

Vanclay, 2011; Moore et al., 2014). 

 

2.1 Perennial pastures  
 

Perennial pastures have the potential to provide a better balance between agricultural 

production and environmental impacts compared with what is achievable using the 

current annual-based agricultural systems (Dolling, 2001; Moore et al., 2006; Dear et 

al., 2007; Ferdowsian et al., 2009; Lelievre and Volaire, 2009; Roberts et al., 2009). 
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Along with the benefits of out-of-season green feed followed by increased pasture 

production (Devenish et al., 2003), perennial pastures are expected to have 

environmental benefits that include increased water use (Cransberg and McFarlane, 

1994; Dear et al., 2003), reduced deep drainage to ground water (Dunin, 2002; Turner 

and Ward, 2002) and reduced risk of soil erosion (McFarlane et al., 1992; Wiley and 

Grima, 2007). These benefits are attributable to the extensive root systems of perennial 

pasture species, which are also predicted to increase soil carbon return to the soil. The 

potential role of perennial pastures in soil carbon stock has been highlighted recently, 

especially with regard to carbon sequestration to mitigate the impact of climate change 

(Lal, 2004a; Lal 2004b; Lal, 2007; Chan and McCoy, 2010), and research on this topic 

has intensified (e.g. Franzluebbers et al., 2000; Post and Kwon, 2000; Ernst and Siri-

Prieto, 2009; Young et al., 2009; Chan et al., 2010; Chan et al., 2011; Franzluebbers, 

2010; Sanderman et al., 2013a, b). 

 

2.2 Carbon sequestration and carbon farming in Australia 
 

Carbon sequestration in agricultural land depends on the capture of atmospheric carbon 

dioxide by plants and products. Australian soils are estimated to contain 34 Gt in the top 

1 m (Grace et al., 2006) of the global soil carbon pool of 2500 Gt, which is more than 

three times the size of the atmospheric carbon pool and 4.5 times the size of the biotic 

carbon pool (Falkowski et al., 2000). Approaches to carbon sequestration include the 

introduction of no-till farming, residue retention, agroforestry and planting perennial 

vegetation (Hutchinson et al., 2007; Lal, 2007). Based on the prospective potential of 

soil carbon sequestration in Australian agricultural land, interest in research on soil 

carbon with respect to the introduction of the Carbon Farming Initiative (CFI) 

legislation has increased. The CFI is a part of the Australian Government’s plan to 

reduce carbon dioxide and other harmful greenhouse gases and was designed to enable 

farmers to access carbon markets (average $13.50 per ton of carbon, 2015). It aims to 

restore degraded soils and landscapes or to engage the adoption of farm management 

practices that include planting perennial vegetation (Australian Government, 2012). 

Increasing the soil carbon storage potentially improves the soil structure, soil fertility 
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and water-holding capacity, which are linked to the preservation of natural biodiversity 

and ecosystem function (Krull et al., 2003; Johnson et al., 2007; Lal et al., 2007). 

Furthermore, the economic benefits associated with increasing soil carbon, which 

include increased productivity, increased efficiency and/or the provision of additional 

income through the trading of carbon credits, could contribute to the long-term 

sustainability of farmers’ enterprise strategies (Lal, 2009).  

 

2.3 Assessment of carbon sequestration under perennial pastures 
 

To guide actions related to soil carbon sequestration, it is critical to assess the soil 

carbon stock accurately in a current production system and to predict the soil carbon 

stock in prospective management systems. For example, in the case of introducing 

perennial pastures into an annual production system, the evaluation of soil carbon stock 

requires a sound understanding of how much the annual production system affects the 

soil carbon stock as well as how rapidly and to what extent an increase could be 

achieved by perennial pastures.  
 

One of the key features of perennial pasture systems in relation to soil carbon are their 

highly developed root systems (Jackson et al., 1996; Baker and Griffis, 2005; Glover et 

al., 2007, Nie et al., 2008) compared with that of annual pastures (Mapfumo et al., 

2002; Ward et al., 2002; Moore, 2006; Pannell et al., 2006; Carter and Gregorich, 2010; 

Fleming and Vanclay, 2010; Roper et al., 2013; Sanderman et al., 2013a; Erfanzadeh et 

al., 2014; Moore et al., 2014). However, despite the prediction that soil carbon stock 

under perennial pastures would be higher than that under annual pastures, studies 

comparing the soil carbon storage in perennial pastures and annual pastures have 

returned inconsistent results (Table 2.1). For example, Sanderman et al. (2013a) 

investigated the difference between two different perennial pasture species—kikuyu and 

rhodes grass pastures—and found that kikuyu had a higher level of soil carbon storage 

than did the annual pastures but found no significant difference between the soil carbon 

in rhodes grass and that in annual pastures. These inconsistent results in soil carbon 

stock assessment may reflect the variability in soil-forming factors (McLauchlan et al., 

2006), such as inherited factors (e.g. climate, topography, and soil properties, including 
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soil texture, native plant species and diversity) and agricultural management factors 

(e.g. land use change, soil properties such as soil pH, fertility level, plant species and 

diversity) (Table 2.2). In addition, soil sampling methods, such as bulk density 

measurement (Sanderman et al., 2013a), and the soil sampling depth associated with 

root development (Chan et al., 2011) can affect the soil carbon variability observed. 

As soil carbon stock is a result of the dynamic equilibrium between carbon input and 

carbon output (Lal, 2004), it is critical to consider factors influencing this equilibrium in 

the evaluation of the variability of soil carbon stock.  

Carbon input originates from photosynthetically fixed carbon from both shoots and 

roots (Jastrow et al., 2007) and is primarily composed of root-derived carbon rather than 

shoot-derived carbon (Rasse et al., 2005). Furthermore, roots enhance soil carbon return 

by inputting nutrients such as nitrogen and phosphorus when roots are decomposed 

which benefit both soil structure and the uptake of nutrients by the plants  (Charman and 

Murphy, 2007). Therefore, root development plays a major role in soil carbon dynamics 

as a carbon input.  

Carbon output includes losses associated with microbial decomposition, root respiration 

and erosion (Schlesinger and Andrews, 2000; Davidson and Janssens, 2006; Deyn et al., 

2008; Harper et al., 2010). Microbial decomposition is likely to be controlled by the 

physical resistance of soil carbon to this process, which is influenced by environmental 

conditions such as moisture, temperature, nutrient level and soil pH (Davidson and 

Janssens, 2006; Jastrow et al., 2007; Rousk et al., 2009). Hence, in the assessment of 

soil carbon dynamics, soil carbon stock and its variability, root development and 

microbial processes are key factors worthy of investigation. 
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Soil carbon stock Perennial species Annual species Reference 

 
Perennial pasture 
> Annual pasture 
 
 

 
Kikuyu  
(Pennisetum 
clandestinum) 

 
Not specified 
 
 
 

 
Sanderman et al. 
(2013) 
Australia 

 Lucerne  
(Medicago sativa) 

Subterranean clover 
(Trifolium 
subterraneum) 
Rye grass 
(Lolium rigidum) 
 

Murphy et al. 
(2011) 
Australia 

Kikuyu 
(Pennisetum 
clandestinum) 

Rye grass 
(Lolium rigidum) 
 
 

Milne and Haynes 
(2004) 
South Africa 

Kikuyu  
(Pennisetum 
clandestinum) 

Rye grass 
(Lolium rigidum) 
Brome grass 
(Bromus diandrus) 
Barley grass  
(Hordeum leporinum) 
 

Hoyle et al. (2013) 
Australia 
 
 
 

 
Perennial pasture 
≈ Annual pasture 
 
 

 
Phalaris  
(Phalaris aquatic) 
Cocksfoot 
(Dactylis glomerata) 
 

 
Subterranean clover 
 (Trifolium 
subterraneum) 
Barely grass  
(Hordeum leporinum) 
 

 
Chan et al. (2010, 
2011) 
Australia 
 

Gatton panic  
(Panicum maximum) 
Rhodes grass  
(Chloris gayana) 
 

Not specified Sanderman et al. 
(2013) 
Australia 

 

 

 

 

 

 

Table 2.1  Example of studies that compared carbon stock in perennial pastures and annual  
pastures. 
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Inherited  
factor Reference Management 

factor Reference 

 
Rainfall 

 
Cotching et al. (2013) 
Rabbi et al. (2014) 
MacLeod et al.(2013) 
 

 
Land use / Land 
use conversion 

 
Cotching et al. (2013) 
Ogle et al. (2005) 

Soil order/type Cotching et al. (2013) 
Sanderman et al. (2013 b) 
 

Fertiliser Chan et al. (2010) 
 

Vapour 
pressure deficit 

Macdonald et al. (2013) 
Page et al. (2013) 

Crop stubble 
management 

Chan et al. (2011) 
Smith et al. (2012) 
 

Soil erosion Harper et al. (2010) 
Terra et al. (2004) 
Lal (2003) 
 

Tillage  McLeod et al. (2013) 
Page et al. (2013) 
Chan et al. (2011) 
 

Soil fertility  Orgill et al (2014) 
Wilson and Lonergan 
 (2013) 
 

Plant species / 
composition 

Sanderman et al. 
(2013 a) 
Erfanzadeh et al. 
(2014) 
De Deyn et al. (2009) 
Chen and Stark 
(2000) 
Wilson and Lonergan 
(2013) 
McNally et al. (2015) 
 

    

 

 

 

(i) Spatial variability under bunch grass type perennial pastures 
 

Spatial variability is one of the factors influencing soil carbon stock. Both vertical and 

horizontal variability in soil conditions could cause soil carbon variability and 

inconsistent results in carbon stock assessments (Derner and Briske, 2001). For 

example, bunch grass-type perennial grasses, which grows in clumps, and turf grass-

type perennial grasses (Moore et al., 2004) have different styles of root architecture, and 

their spatial heterogeneity could affect soil carbon variability. 

The root distribution of bunch grass-type perennial pastures with patchy ground cover is 

expected to be more heterogeneous, when comparing the soil between plants and that 

under plants. Soil carbon is expected to accumulate under the plants because of higher 

Table 2.2  Examples of inherited and management factors influencing soil carbon stock. 
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root mass than between the plants. However, there is little understanding of the spatial 

distribution of soil carbon stock under bunch grass pasture. Roper et al. (2013) 

compared the assimilation of carbon under bunch grass-type rhodes grass and turf grass-

type kikuyu and observed the assimilation of carbon under rhodes grass to be one tenth 

of that under kikuyu because it was not uniformly distributed across the paddock. 

Imhoff et al. (2000) investigated the spatial heterogeneity of soil properties under 

elephant grass but found no difference in the chemical properties in relation to spatial 

position. Conversely, Ma et al. (2000, 2001) showed that for switch grass, row spacing 

did not alter the soil carbon in the first two to three years after establishment, whereas 

the variation in root mass was influenced by soil type and plant species. These studies 

indicated that soil carbon assessment could be affected by sampling error caused by 

spatial variability and highlight the need for further understanding of the spatial 

distribution of soil carbon at different spatial scales.  

 

(ii) Understanding spatial variability for accurate carbon stock assessments 
 

The assessment of soil carbon at different spatial scales is also critical for designing 

accurate methods for soil carbon measurement. Bird et al. (2002) investigated the 

distribution of aggregate stability and soil carbon in a 25-km radius landscape-level 

scale and found that organic carbon varied between plants and interspaces at the patch 

scale, and between plots at the landscape scale. It was found that these multi scale soil 

heterogeneity results needed to be considered when designing the measurement and 

management of soil carbon stock for carbon sequestration. Conant and Paustian (2002) 

investigated soil carbon changes according to agricultural management practices at 

broad (country-, state- or national-level) scales and at the field sampling level. Their 

study found that broad scale assessments can be used for observing soil carbon changes 

occurring in 5- to 10-year periods. In contrast, field sample-scale assessments can be 

more accurate at any scale although they need an appropriate sampling design to be cost 

effective. 

For a field sample-scale assessment, verifying the factors that influence soil carbon 

stock regarding spatial variability may facilitate the design of accurate soil carbon 
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assessments. For example, some studies have reported findings related to the association 

of soil carbon stock with root development which showed spatial variability (e.g. Rasse 

et al., 2005; Guo et al., 2007; Strand et al., 2008; Sanderman et al., 2013a). Because the 

soil carbon input is expected to be greater where there is more extensive root 

development, more soil carbon stock would be expected in soil under perennial pasture 

plants than under annual pasture plants. In contrast, the soil between the plants is 

expected to receive less carbon input and may have more carbon output because soil 

with less plant cover is more likely to be influenced by environmental conditions that 

lead to the loss of soil carbon stock. Therefore, investigating the spatial distribution of 

soil carbon stock associated with root development is critical for designing accurate soil 

carbon assessments. 

 

(iii) Influence of the duration of pasture establishment 
 

Perennial pasture age is likely to be another critical factor influencing soil carbon stock. 

It is generally known that soil carbon is stabilised through several microbial 

decomposition processes into carbon fractions that have different life times (Brady and 

Weil, 2008). Most organic matter, including that originating from roots is decomposed 

into soil carbon fractions within months (Christensen, 2001) and then into other 

fractions which may be stabilised through interactions with mineral surfaces for periods 

of up to thousands of years (Oades 1988; Trumbore, 2000; Krull et al. 2003; Six et al., 

2004). Thus, it is of great importance to investigate how the age of perennial pasture 

affects soil carbon stock, to predict how rapidly and to what the extent an increase could 

be achieved by perennial pasture. Understanding the influence of perennial pasture age 

is also important in assessing soil carbon stock compared to that in the annual 

production systems, because the variability of soil carbon stock within perennial 

pastures due to pasture age may be the cause of inconsistency in comparison with soil 

carbon stock in annual pastures. However, the long-term impact of perennial pastures on 

soil carbon dynamics in this region is not well known (Sanderman et al., 2013a, b), 

because perennial grass pastures were more recently introduced in western Australia 

than in eastern Australia (Moore et al., 2006).  
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 (iv) Using a chronosequence of perennial pastures to assess soil carbon levels 
 

To assess the influence of the perennial pasture age on soil carbon, investigations using 

a chronosequence of pastures are possible. Franzluebbers (2010) suggested that the use 

of on-farm surveys could be a valuable approach for the evaluation of soil carbon 

sequestration if the sampling designs were sufficiently robust to overcome potentially 

confounding aspects (e.g. uniform starting conditions, peculiar management influences, 

or subtle differences in landscape features). This study highlighted that the replication 

of fields using similar management practices was critical because the frequent sampling 

of soil carbon could reduce the detection limit for soil carbon sequestration. Therefore, 

to address these sampling issues and overcome experimental limitations, particularly in 

assessing the duration of the perennial pasture, soil carbon assessment of 

chronosequence with paired sites on farms is needed (Franzluebbers, 2010). The 

assessment of pasture chronosequence with different establishment ages could negate 

the soil carbon variability associated with inherited factors. However, few studies 

involving soil carbon assessment using a chronosequence of pastures are available 

(Franzluebbers and Stuedemann, 2009; Preger et al., 2010, Sanderman et al., 2013a, b).  

 

(v) Other factors influencing soil carbon stock 
 

The decomposition of organic matter to stable soil carbon is facilitated by biological 

processes and is influenced by the suitability of the environment for microbial activity. 

Microbial soil decomposition is controlled by moisture, temperature, nutrient level and 

soil pH (Davidson and Janssens, 2007; Jastrow et al., 2007; Rousk et al., 2009), and the 

quality of the organic matter is associated with plant species. Soil pH is generally 

assumed to represent other interrelated soil properties and is a key factor influencing the 

microbes (Fierer and Jackson, 2006; Lauber et al., 2008, 2009; Rousk et al., 2010; 

Griffiths et al., 2011). However, the relationship between soil pH and soil carbon is 

complicated and shows inconsistent relationships with total carbon. For example, Rousk 

et al. (2009) reported that organic carbon was increased as soil pH increased above pH 

5.0, whereas Kemmitt et al. (2006) showed that soil organic carbon decreased as soil pH 

increased (pH range from 3.5 to 6.5), although soil microbial biomass carbon was 
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increased. This finding indicated that increased soil carbon enhanced microbiological 

activities by providing soil carbon as their energy source. Conversely, plant species 

were reported to influence soil carbon in terms of the quality of the organic matter 

decomposed into soil carbon (e.g. Chen and Stark, 2000; De Deyn et al., 2009). For 

example, the decomposition rates of C3 and C4 plants appeared to be different, with C4 

perennial plants causing increasing soil carbon with increasing pasture age (Sanderman 

et al., 2013a).  

 

2.4 Influence of microbial communities 
 

Decay processes of organic matter involve the oxidation, breakdown, and utilisation of 

organic matter. They are largely controlled by microbes in the soil environment and 

their activities which are affected by moisture content, temperature and aeration 

(Charman and Murphy, 2007). Investigating the structure and diversity of microbial 

communities that play a role in various agricultural soil processes can help elucidate 

carbon dynamics through an understanding of organic matter decay processes. Such an 

understanding of microbial ecological features allows for more accurate predictions of 

ecosystem responses to a changing environment (Colwell, 1997; Griffiths et al., 2011). 

Agricultural practices often alter soil properties in which microbial communities are 

closely involved (e.g. Brussaard, 1997; Colwell, 1997; Six et al., 2006, Bardgett et al., 

2008; Cookson et al., 2008; Leff et al., 2011).  
 
In addition to soil type and other properties, the type of agricultural practices used and 

their duration are both likely to influence bacterial diversity and structure (Wu et al., 

2008). Examples of agricultural practices that have significant effects on bacterial 

communities are aboveground vegetation (Thomson et al., 2010), land use (Lauber et 

al., 2008; Jangid et al., 2011; Wallenius et al., 2011,), cultivation (Jangid et al., 2008, 

2010) and fertiliser amendment (Jangid et al., 2008). Similarly, land use and agricultural 

practices have indirect but inherited effects on microbial communities because of co-

varying soil properties (Lauber et al., 2009; Kuramae et al., 2012), and soil pH has been 

repeatedly identified as a strong edaphic predictor of soil bacterial diversity and 

structure (Fierer and Jackson, 2006; Lauber et al., 2008, 2009; Rousk et al., 2010; 
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Griffiths et al., 2011).  
 
Recent studies have shown that there is a wide variety of microbial taxa that exhibit 

biogeographical patterns (Dequiedt et al., 2009; Griffiths et al. 2011; Bates et al., 2013; 

Hazard et al., 2013; Sun et al., 2014) and vary widely with both biotic and edaphic 

factors (Andrew et al., 2012). For example, based on a globally distributed survey, soil 

bacterial phylum-level community structures are likely to be stable and consist of nine 

major bacterial phyla (Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, 

Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomucetes and Verrucomicrobia). 

Among these major phyla, the dominant bacterial phyla reported worldwide are mainly 

Acidobacteria and Actinobacteria (e.g. Smite et al., 2001; Ulrich et al., 2006; Lauber et 

al., 2008; Youssef and Elshahed, 2009; Jangid et al., 2010; Leff et al., 2011, Summers et 

al., 2013). However, although multiple factors are involved, the distribution patterns of 

microbial communities may be attributed primarily to local environmental conditions, 

such as geochemistry, rather than more global climatic and geomorphologic 

characteristics (Dequiedt et al., 2009; Wallenius et al., 2011; Hazard et al., 2013; 

Goberna et al., 2014).  

 

Characterisation of soil bacterial community diversity and structure associated with the 

environmental predictors in agricultural land would allow for more accurate predictions 

of ecosystem responses to a changing environment and deeper knowledge of global 

genetic resources relevant to microbial biogeographical patterns (Colwell, 1997; 

Griffiths et al., 2011).  

 

2.5 Farmers’ knowledge and experience of ‘carbon farming’  
 

In Australia, the Carbon Farming Initiative (integrated with the Emissions Reduction 

Fund since 12 December 2014) has offered farmers an incentive to maintain higher 

levels of soil carbon and participate in a carbon offset market since 2011. In these 

voluntary markets, farmers can choose to sell carbon credits in exchange for additional 

carbon dioxide sequestration in vegetation or soils to help Australia meet its obligation 

under the Kyoto Protocol (Australian Government, 2014). Although it is one of the most 
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robust carbon offset schemes and was welcomed internationally, the domestic response 

to carbon sequestration activities has been varied, with relatively low acceptance 

(Flugge and Abadi, 2006; Macintosh, 2013). This low level of recognition relative to 

the prescribed target may be due to uncertainties in the carbon market and transaction 

costs, which are challenging for farmers (Liddicoat et al., 2010; Kragt et al., 2012; van 

Oosterzee et al., 2014). 

In adopting a new idea such as carbon sequestration, farmers’ financial potential and 

their observations appear to be key factors. Greiner et al. (2009) suggested that farmers 

with strong economic/financial motivation showed lower adoption of conservation 

practices, which indicated that the financial situation is often a driver/barrier to adopt a 

new idea. Another example reported by Bowyer and Heath (2009a) indicated that 

farmers adopting perennial pastures for the first time were more likely to be driven by 

prospective improvements in production. 

Conversely, Ingram et al. (2010) suggested that farmers’ awareness and understanding 

were restricted to what they could observe and that their chosen management practices 

and the consequences were not connected. In other words, farmers are incentivised to 

contribute to public environmental benefits such as carbon sequestration if they can 

observe the consequences of their activities. Understanding farmers’ perceptions of soil 

and its management for public environmental benefits will enable the better 

implementation of soil management practices targeting carbon sequestration and 

participation in carbon offset schemes. 

 

2.6 Summary 
 

The accurate assessment of carbon stock is critical for understanding the dynamics of 

soil carbon under the perennial pastures, which contribute to carbon sequestration and 

help Australia to meet its obligation under the Kyoto Protocol. However, the assessment 

of soil carbon stock under perennial pastures is highly variable and often inconsistent or 

even contradictory, especially in comparison with assessments of soil carbon stock 

under annual pasture. This variability in soil carbon was hypothesised to arise from 
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spatial heterogeneity and the duration since perennial pasture establishment because of 

root development (carbon input) and carbon decomposition processes (carbon output). 

Soil pH and perennial plant species were predicted to influence these processes.  
 
The structure and diversity of microbial communities are critical factors influencing soil 

carbon stock under perennial pastures, and it is of interest to explore these factors not 

only to examine global genetic resources that are relevant to microbial biogeographical 

patterns but also to provide more accurate predictions of ecosystem responses to a 

changing environment. Although it has been repeatedly reported that the dominant soil 

bacterial phyla worldwide are Acidobacteria and Actinobacteria and that soil pH is the 

predictor of diversity, a unique environment with nutrient-deficient soil in south-

western Australia could have a different dominant phylum and a different response to 

environmental change driven by different factors.   

 

Conversely, although carbon dynamics under perennial pastures including microbial 

communities, have been thoroughly investigated to obtain information about soil carbon 

sequestration, if farmers do not adopt the concept of carbon sequestration in their 

farming practices, it might be a long time before this management practice can 

contribute to mitigating the impact of climate change. In fact, the acceptance of the 

concept of carbon sequestration is low, likely because farmers are driven to adopt new 

ideas due to financial factors by their own personal observation. However, little is 

known regarding how and the extent to which the concept of soil carbon sequestration 

and carbon offset schemes have been accepted by farmers and applied in the 

establishment of perennial pastures.  

Comprehensive research is needed (Table 2.3) to clarify the key knowledge gaps 

relevant to soil carbon dynamics under perennial pastures, which can be summarised as 

follows: 

 
(i) lack of understanding of the spatial variability of soil carbon associated with 

root development. This includes both the vertical and horizontal distributions 
of soil carbon, especially under bunch grass-type perennial pastures, 
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(ii) lack of knowledge concerning the factors influencing soil carbon under 
perennial pastures, which should reveal whether pasture age can be a 
predictor of soil carbon stock and explain the variability in comparisons with 
annual pastures, 

 
(iii) lack of information regarding the soil bacterial communities on agricultural 

land in south-western Australia, including edaphic predictors of bacterial 
community diversity and structure, and the relationship between soil carbon 
and bacterial community, and 

 
(iv) lack of understanding of how farmers’ knowledge of and experience with 

perennial pastures influence their adoption of  carbon sequestration practices. 
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CHAPTER OBJECTIVE / HYPOTHESIS 

INVESTIGATION 

FACTOR INFLUENCING 
SOIL CARBON 

SEQUESTRATION 
PERENNIAL PASTURE SPECIES  

(PASTURE AGE) 
METHODS 

 

 
Chapter 3 
Spatial distribution 
 

 
OBJECTIVE 
Investigate spatial variability of soil carbon stock in 
respect to root development for understanding 
carbon dynamics and for designing accurate soil 
carbon assessment. 

 
 Root development 
 Soil depth 
 Vertical distribution 
 Horizontal distribution 

(Soil under the plants and 
soil between the plants) 

 
Veldt grass (1 year) 
 
 

 
Soil carbon and root mass were 
assessed in 2 sampling locations: 
soil under the plants and between 
the plants. 

 
HYPOTHESIS 
 Root mass would be highly correlated with soil 

carbon and reflected in heterogeneity in distribution 
of soil carbon stock.  

 Higher increases in soil carbon stock would occur 
under the plants where higher root mass occurs. 

 
Chapter 4 
Duration of pastures 

 
OBJECTIVE 
Investigate how perennial pasture age influence soil 
carbon, including how pasture age contribute to root 
development and soil carbon decomposition. 

 
 Perennial pasture age 
 Root development 
 Different stage of carbon 

decomposition (Carbon 
fractions) 

 Annual pasture and 
perennial plant species 

 Soil pH and other edaphic 
factors 

 
Kikuyu (8, 15, 22 years) 
Kikuyu (6, 10, 15, 20 years) 
Tall wheat grass (1, 5, 7, 9 years)  

 
Soil carbon and its fractions 
(particulate carbon, humus and 
resistant carbon) as well as root 
mass were assessed in 
chronosequence site with annul 
pasture and crop as paired sites.  

 
HYPOTHESIS 
 Soil carbon increases with perennial pasture age  

and is higher than that in annual pasture. 
 Soil carbon stock is highly correlated with root 

development. 
 Some soil properties such as soil pH and plant 

species are vital in influencing soil carbon through 
the process of decomposition. 

 

Table 2.3  Summary of research (objective, hypothesis and investigation) 



 
 
 
 

 
21 

 

  
 
 
 

 
Chapter 5 
Soil bacterial 
communities 

 
OBJECTIVE 
 Investigate how bacterial community and diversity 
changed associated with soil carbon in perennial 
pastures. 
Also to identify bacterial communities on agricultural 
land in south western Australia as global genetic 
resources.  

 
 Soil bacterial communities 
 Soil pH and other edaphic 

factors  
 Impact of agricultural 

practices on bacterial 
communities  

 
Kikuyu (8, 15, 22 years) 
 
(Crop into 15 years Kikuyu, annual 
pasture and tree plantation as 
paired sites) 

 
Soil sample were analysed with 
high throughput 16S-rRNA-based 
sequencing. 

 
HYPOTHESIS 
 Bacterial communities on agricultural land in south 

western Australia are different from those 
described in the literature based on globally 
distributed survey. 

 Bacterial communities’ dominance is strongly 
correlated with soil pH. 

 
Chapter 6 
Farmers’ experience 

 
OBJECTIVE 
Evaluate what sort of changes farmers noticed on 
their land and their circumstances since they 
established perennial pastures, as well as what 
extent and how the concept of carbon sequestration 
and carbon offset scheme was accepted by farmers. 

 
 Farmers’ background  
 Farmers’ interest in 

carbon sequestration 

 
 

 
A questionnaire survey and semi 
structured interview of farmers who 
participated in workshops targeting 
for farmers who had been involved 
in and/or interested in grazing 
perennial pastures.   

 
HYPOTHESIS 
 Farmers introducing perennial pasture are initially 

driven by economic benefits and private 
environmental benefits rather than by public 
environmental benefits.  

 Once farmers observe positive changes associated 
with establishment of perennial pastures, they are 
interested in carbon sequestration. 
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CHAPTER 3 
 

Spatial distribution of soil carbon associated with  
root development 

 
 
 

Abstract 

 

The spatial distribution of soil carbon associated with root development was 

investigated in veldt grass perennial pasture. Soils were sampled over a 10 month period 

at a lime application trial site, at three depths (0-10, 10-20 and 20-30 cm), and both 

between and under plants to address the vertical and horizontal distribution of soil 

carbon associated with root mass. The mean value of total carbon in the surface soil (0-

10 cm) was 26.2 Mg ha-1 in the soil between the plants and 25.7 Mg ha-1 under the 

plants. Total carbon in the surface soil (0-10 cm) was significantly higher than total 

carbon at the deeper soil layers (P<0.001). The mean root mass in the surface soil (0-10 

cm) was 2.0 mg cm-3 in the soil between the plants and 2.9 mg cm-3 under the plants, 

which showed a significant difference (P=0.03). Both between and under the perennial 

plants, the root mass and total carbon showed a logarithmic relationship (r2=0.90, 

r2=0.86, respectively) of two separate lines with different slopes. The net soil pH change 

during this study period showed a negative relationship with total carbon change in soil 

under the plants (P=0.04), although there was no significant correlation in soil between 

the plants (P=0.7). The difference in the relationship of root mass, soil pH and total 

carbon between the soil between the plants and that under the plants indicated that the 

horizontal variability of soil carbon was influenced by root mass and soil pH. Root mass 

was found to be a major factor controlling soil carbon in the surface soil and in soil 

between the plants, whereas soil pH was likely to play a role in the deeper soil and in 

the soil under the plants.  
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3.1 Introduction 

 

Soil carbon plays a critical role in physical, chemical and biological processes in soil 

(Post and Kwon, 2000; McLauchlan, 2006; Jastrow et al., 2007). Maintaining or 

increasing soil carbon stocks is considered important for sustainable agricultural 

production and carbon sequestration for mitigating climate change (Lal, 2004a, 2004b, 

2007; Ernst and Sri-Prieto, 2009; Franzluebbers, 2010). 

 
Soil carbon stock is balanced by carbon input and carbon output. Carbon input is an 

increase in carbon that is attributed to photosynthetically fixed carbon from both shoots 

and roots (Jastrow et al., 2007), but consists primarily of root-derived carbon rather than 

shoot-derived carbon (Rasse et al., 2005). Therefore, plants with more extensive root 

systems are expected to contribute higher carbon input. Perennial pastures are a 

management practice with prospects for increasing soil carbon stock (Lal, 2004a, 

2004b, 2007) due to more deeply developed and denser root systems (Jackson et al., 

1996; Baker and Griffis, 2005; Glover et al, 2007; Nie et al., 2008). This management 

practice is becoming a significant component of agricultural systems in south-western 

Australia, where a high degree of weathering has led to soils that are deficient in 

nutrients, with low fertility and organic matter content (Hopper et al., 1996; Moore, 

1998; Hopper and Gioia, 2004). In this severe environment, long-term annual plant 

production has resulted in soil degradation (e.g. Pimentel et al., 1987; McLaughlin and 

Mineau, 1995; Harper et al., 2010). Introducing perennial pastures in this environment 

has improved resource use and mitigated soil degradation due to more extensive root 

systems (McFarlane et al., 1992; Cransberg and McFarlane, 1994; Dunin, 2002; Turner 

and Ward, 2002; Dear et al., 2003; Moore, 2006; Pannell et al., 2006; Wiley and Grima, 

2007; Fleming and Vanclay, 2011; Moore et al., 2014). 

In contrast to carbon input, carbon output is a carbon loss associated with microbial 

decomposition, soil erosion and root respiration (Schlesinger and Andrews, 2000; 

Davidson and Janssens, 2006; Deyn et al., 2008; Harper et al., 2010). Microbial 

decomposition and soil erosion relating to the physical protection of carbon are both 

often influenced by environmental factors such as moisture, temperature, nutrient level 

and soil pH (Davidson and Janssens, 2007; Jastrow et al., 2007; Rousk et al., 2009).  
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The typical perennial species used in south-western Australia are bunch grass-type 

perennial plants, which grow in clumps (Moore et al., 2006). As soil carbon input is 

expected to be greater where there is more extensive root development, higher soil 

carbon stock would be expected to be accumulated in soil under the perennial pasture 

plants. In contrast, soil between the plants would have less carbon input from roots and 

possibly more carbon output, as soil with less plant cover is more likely to be influenced 

by environmental factors resulting in reduced carbon stock. Hence soil carbon and root 

mass distribution under bunch grass-type plants is expected to be spatially variable 

(Roper et al., 2013; Imhoff et al., 2000).  

 
Understanding the spatial distribution of soil carbon is critical not only for 

understanding carbon dynamics and other nutrient cycles but also for designing accurate 

soil carbon assessment at the landscape scale (Bird et al., 2002). Several studies have 

investigated the spatial distribution of soil carbon stock on a broader scale (e.g. Bird et 

al., 2002; Conant and Paustian 2002; Don eta al., 2007), and some studies have explored 

soil carbon stock in association with root development (e.g. Rasse et al., 2005; Guo et 

al., 2007; Strand et al., 2008; Sanderman et al., 2013). However, there has been limited 

research exploring the spatial distribution of soil carbon stock linked with root 

development in perennial bunch grass pasture (Imhoff et al., 2000). Therefore, this 

study focused on the spatial variability of soil carbon stock with respect to the influence 

of root distribution and environmental factors in south-western Australia. 

 
As an environmental factor, soil pH was assessed. Soil acidity is a potentially major soil 

constraint in this region and has been often amended by lime application (e.g. Dolling et 

al., 1991; Dolling et al., 1994; Dolling 1995; Whitten et al., 2000). Lime application 

aims to adjust soil pH to enhance uptake of fertiliser, which may result in higher 

production and more organic matter returned to the soil as soil carbon input. However, 

lime application would also enhance carbon output through increased microbiological 

activities, which would lead to carbon decomposition (Ahmad et al., 2013). Haynes and 

Naidu (1998) also mentioned that the short-term effects of lime stimulate 

microbiological activities followed by the promotion of aggregation, accompanying 

mineralisation and the loss of labile soil organic matter. Therefore, lime application is 



 CHAPTER 3  Spatial distribution of soil carbon associated with root 
development 

 
 

 
25 

 

likely to result in an initial decrease in soil carbon and aggregation stability. However, 

the impact of lime on soil carbon stock in perennial pastures has yet to be clarified 

(Chan et al., 2010). 

An investigation was conducted at a lime application trial site in south-western 

Australia. Lime with different ingredients was applied to identify the most effective 

treatment over the short term (i.e. 10 months). The study was conducted by (1) 

evaluating how soil pH change influences root mass and soil carbon at sites subject to 

different lime application treatments and (2) investigating spatial heterogeneity of root 

mass and soil carbon in soil between and under the bunch grass-type perennial plants.  

 
It was hypothesised that  

(i) soil pH change would be highly correlated to root mass change and/or 
soil carbon change. The most effective lime application would increase 
root mass and, correspondingly, soil carbon.  
 

(ii) lime application of ground lime with calcium hydrate would be the most 
effective in increasing soil pH than other applications  
 

(iii) root mass would be highly correlated with soil carbon and reflected in 
heterogeneity in the distribution of soil carbon stock. 
  

(iv) higher increases in soil carbon stock would occur under the plants, where 
higher root mass occurs, whereas in the soil between the plants, it might 
result in the loss of soil carbon stock. 
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3.2 Methods 

3.2.1 Site description 
 

The study site was a working farm in Bokal in south-western Australia (116.83E, 

33.54S). The climate in this area is Mediterranean with a dry summer and wet winter. 

The average rainfall is 430 mm per year. The dominant soil type is shallow sandy 

duplex. The site was converted from crop to perennial veldt grass (Ehrharta calycina) 

one year before the trial. Perennial veldt grass is a bunch grass-type slender perennial 

which grows to approximately 30-75 cm in height. It is most productive in autumn and 

spring but will also grow actively in summer when it has access to moisture (Moore et 

al., 2006). Perennial veldt grass was planted in rows approximately 0.5 m apart, and 

hardly any plants grew between the rows during the 10 months of the sampling period.  

 

3.2.2 Lime application trial 
 

Four different types of lime, including traditional lime, were applied in a perennial veldt 

grass pasture in June 2012. Agricultural lime materials are available in several forms, 

including traditional ground lime (mainly calcium carbonate), quick reacting calcium 

containing calcium hydroxides, and liquid lime, which can use conventional fertiliser 

equipment for convenient and precise application (Higgins et al., 2012). The four 

different types of lime application were selected by the South West Catchment Council 

(WA, Australia) to explore effective lime applications that could possibly replace the 

district standard, which was a combination of traditional ground lime, potassium 

(potash) and phosphate fertiliser. The remaining three lime applications were ground 

lime with lime containing calcium hydroxide and two applications of liquid lime from 

different fertiliser providers.  

The four lime applications were (1) traditional ground lime (600 kg/ha, Lake Preston), 

(2) calcium hydroxides (300 kg/ha, HiCal, Optima), (3) liquid lime A (10 l/ha, CalSap, 

Optima), and (4) liquid lime B (55 l/ha, CalEx, Cropping Solution). These limes and 

fertilisers were applied in the first year of perennial veldt grass pasture establishment 

with an amount equivalent in cost to the district standard.  
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The experimental design was as follows: 

A total of 10 replicate sites, each with strip-blocks (3 x 12 m) for four different lime 

treatments, were randomly selected across the paddock. Every replicate site had a 

different order of strip blocks laid 0.5 m apart to avoid the influence of the other lime 

treatments. 

 

3.2.3 Soil sampling 
 

Baseline samples were collected in autumn (May 2012) immediately before the lime 

treatments were applied. Soils were sampled after lime application twice over the year 

in spring (November 2012) and autumn (March 2013).  

Soil samples were collected from two sampling locations (i.e. soil between the plants 

and soil under the plants). In each strip-block, three soil cores (soil cores of 4.5 cm 

diameter) were randomly chosen in the soil between the plants from three depths (0-10, 

10-20, 20-30 cm) and combined as a composite sample at each depth. Similarly, another 

three cores were collected from soil under the plants. In all, each lime trial had 10 

replicates of both soil between the plants (three depths) and soil under the plants (three 

depths). Collected soil samples were kept in sealed bags in a cool place during the soil 

sampling, then air dried at 40C for 48 hours and passed through a 2 mm sieve to 

separate the coarse materials. Soil samples for bulk density were collected separately 

from the soil samples for analysis. At each site, soil cores (n=2) of known volume (293 

cm3) from 3 depths (0-10, 10-20 and 20-30 cm) were collected. Bulk density soil 

samples were dried at 105C for at least 16 hours until they were completely dried and 

then weighed and bulk density (g cm-3) was calculated. 
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3.2.4 Soil analysis 

(i) Soil carbon stock 
 

Total carbon (TC) was measured for each soil depth (0-10, 10-20 and 20-30 cm) by 

elemental analysis using high temperature combustion followed by non-dispersive 

infrared detection of CO2 (LECO Corporation, St. Joseph, MI, USA). Prior to the 

analysis, each sample was tested for the presence of inorganic carbon. The soil carbon 

stock (Mg ha-1) was calculated for each soil depth using the following equation 

(Sanderman et al., 2011):  

Soil carbon stock (Mg ha-1) = soil carbon concentration (g C/ Mg < 2 mm soil) x gravel 

correction (g < 2 mm/g soil) x bulk density (Mg/m3) x soil depth interval (m) 

 

(ii) Root mass  
 

Root samples were collected and weighed from each dried soil sample (0-10, 10-20 and 

20-30 cm) based on what was retained on the 0.05 mm sieve. No attempt was made to 

differentiate between live and dead roots. Root samples without soil were carefully 

collected from soil samples using tweezers and weighed for root mass (mg cm-3). 

 

 (iii) Other soil chemical analysis 
 

Soil pH was determined from 1:5 w/v suspensions of soil and 0.01 M CaCl2 solution. 

Electrical conductivity (EC) was determined from 1:5 suspensions of soil and deionised 

water (Rayment and Higginson, 1992). 
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3.2.5 Statistical analysis 

Statistical analyses were conducted using the statistical software package GenStat v. 16 

(VSN International, Hertfordshire, UK). Changes in soil pH, root mass and total carbon 

were calculated by percentage based on baseline values. 

Analysis of variance (ANOVA) was used to detect differences in the soil pH, root mass 

and total carbon in soil samples collected from the two sampling locations, at three 

levels of depth, with four different lime applications and between 0-6 months and 6-10 

months after the lime application. The sampling location, soil depth, lime applications 

and sampling dates were treated as fixed factors. When there was no significant effect 

of the four-way interaction at α=0.05, three combinations of three-way interactions (i.e. 

lime application x soil depth x sampling date, lime application x sampling location x 

sampling date, and soil depth x sampling location x sampling dates) were examined. 

When examining relationships between soil pH, root mass and total carbon, the 

variation in soil pH was assumed to drive the variation in root mass or total carbon. 

Therefore, regressions with soil pH as the explanatory variable and root mass or total 

carbon as the response variable were used. The effects of lime applications, soil depth or 

locations on the relationship between soil pH and root mass (or total carbon) were 

examined using regressions with groups. For each type of lime application, soil depth or 

location, we examined whether separate regression lines were needed for each level of 

these variables (i.e. four types of lime applications, three levels of soil depth, or two 

sampling locations). When separate regression lines were needed for each level of a 

variable, the relationship between the soil pH and root mass (or total carbon) differed 

between different levels of a variable. 

Soil pH change (∆ soil pH) was measured by comparing the soil pH before and after the 

lime application. Analysis of variance (ANOVA) was conducted to detect if there was a 

difference in soil pH change among the 4 lime applications. The lime applications, soil 

depths (0-10, 10-20 and 20-30 cm) and sampling locations (soil between the plants and 

soil under the plants) were the fixed factors. When there was no significant effect of the 

three-way interaction at α=0.05, two-way ANOVA was used to investigate the effect of 

three combinations of two-way interactions (i.e. lime application x soil depth, lime 

application x sampling location and soil depth x sampling location). Where the results 
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showed overall significant difference (i.e. at least one of the means is different from the 

others), a Fisher’s multiple comparison test (LSD) was conducted to examine where 

means were significantly different. 

Soil pH change, root mass change (∆ root mass) and total carbon change (∆ total 

carbon) in two periods (0-6 months: autumn to spring and 6-10 months: spring to 

autumn) at each depth and each sampling location were analysed by three-way ANOVA 

and Fisher’s multiple comparison test (LSD) where there was a significant difference. 

In examining relationships between soil pH change, root mass change and total carbon 

change before and after the lime application, the variation in soil pH change was 

assumed to drive the variation in root mass change and total carbon change. Therefore, 

regressions were used with soil pH change as the explanatory variable and root mass 

change and total carbon change as the response variable. The effects of lime application, 

soil depth or sampling location on the relationship between soil pH change and root 

mass change (or total carbon change) were examined using regressions with groups. For 

each type of lime application, soil depth or sampling location, whether separate 

regression lines were needed for each level of these variables (i.e. four types of 

fertilisers, three levels of soil depth, and two locations) was examined. When separate 

regression lines were needed for each level of a variable, the relationship between the 

changes in soil pH change in root mass (or total carbon) differed between different 

levels of a variable. 

The relationships of soil pH (or root mass) and total carbon at each soil depth and 

sampling location were examined by regression analysis using soil pH (or logarithm of 

root mass) as the explanatory variable and total carbon as the response variable. To 

examine the effect of soil depth and sampling location, regression with groups was used 

to determine whether separate regression lines were needed for each level of these 

variables. When separate regression lines were needed for each level of a variable, the 

relationship between root mass and total carbon differed between different levels of a 

variable. 
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3.3 Results  

3.3.1 Soil pH change 
 

The soils at this study site were slightly acidic, ranging from pH 4.7 to 4.9, before the 

lime application (Table 3.1). Ten months after the lime application (March 2013), the 

soil pH ranged from 4.8 to 5.0, with the overall soil pH change (∆ soil pH) ranging from 

0.5 to 2.5 %.  

 
There was no three-way interaction of lime application, soil depth and sampling 

location (P=0.90). Furthermore, there was no significant two-way interaction between 

the lime application and soil depth or between sampling location and soil depth (P=0.4 

and P=0.07, respectively). In contrast, there was a significant two-way interaction 

between the lime application and sampling location (P<0.001), with a significant 

difference detected between soil sampling locations (i.e. soil between the plants and soil 

under the plants) for the ground lime with calcium hydroxide application (Figure 3.1). 
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Figure 3.1  Change of soil pH (%) (soil depth 0-30 cm) 10 months after lime applications 
(of ground lime, ground lime with Ca(OH)2, liquid lime A and liquid lime B) in each 
sampling location (soil between the plants and soil under the plants) under perennial veldt 
grass (1 year since established) in Arthur River, Western Australia. Values with the same 
letters were not significantly different at α=0.05 by Fishers' multiple comparison tests 
(LSD) 
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Soil pH mainly increased from spring to autumn (6-10 months after lime application), in 

contrast to autumn to spring (0-6 months after lime application), when the soil pH 

showed a decrease (P< 0.001) (Figure 3. 2(a)). 

 
The soil pH change (∆ soil pH) did not show any significant correlation with root mass 

change (∆ root mass) in either sampling location (two-sided correlation: P=0.8 (Soil 

between the plants), 0.7 (Soil under the plants) or at different soil depths (two-sided 

correlation: P=0.67 (Soil depth 0-10 cm), 0.1 (Soil depth 10-30 cm)) (Figure 3.3 (a)). 

The soil pH change (∆ Soil pH) showed a negative relationship with total carbon change 

(∆ total carbon) in the soil under the plants (P=0.04), although there was no significant 

correlation in the soil between the plants (P=0.7). In contrast, there was no correlation 

between soil pH change and total carbon change at either lower soil depth (P=0.2 (Soil 

depth 0-10 cm), 0.2 (Soil depth 10-30 cm) (Figure 3.3 (b)). However, soil pH and total 

carbon exhibited a slightly positive relationship in the deeper soil (10-30 cm) both in the 

soil between the plants and that under the plants (Figure 3.4). The relationship between 

soil pH and total carbon in the deeper soil was best described by a single regression line 

(y=7.29x+19.4, r2=0.08, P=0.03), regardless of sampling location (regression analysis 

with groups, difference from single line to parallel lines: P=0.4). In contrast, there was 

no significant relationship between soil pH and total carbon in the surface soil 

regardless of sampling locations (Regression analysis with groups, difference from 

single line to parallel lines: P=0.9) (Figure 3.4). 
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Soil propertiesSampling time

Soil pH May 2012 4.9 4.8 4.8 4.7 4.9 ± 0.05 4.8 ± 0.06 4.8 ± 0.06 4.9 ± 0.05 4.8 ± 0.06 4.8 ± 0.06
November 2012 4.8 4.8 4.6 4.7 4.9 ± 0.06 4.7 ± 0.07 4.7 ± 0.07 4.9 ± 0.05 4.7 ± 0.07 4.7 ± 0.06
March 2013 5.0 4.9 4.8 4.8 4.9 ± 0.06 4.9 ± 0.07 4.8 ± 0.07 5.0 ± 0.06 4.9 ± 0.07 4.9 ± 0.07

Root mass    May 2012 1.1 0.9 1.0 1.0 2.0 ± 0.21 0.3 ± 0.04 0.2 ± 0.04 2.9 ± 0.30 0.3 ± 0.04 0.2 ± 0.09
(mg cm-3) November 2012 1.1 1.0 1.2 1.1 1.9 ± 0.16 0.4 ± 0.04 0.3 ± 0.03 2.8 ± 0.20 0.7 ± 0.05 0.4 ± 0.03

March 2013 0.8 0.9 0.9 0.9 1.2 ± 0.10 0.4 ± 0.35 0.3 ± 0.03 2.1 ± 0.12 0.7 ± 0.04 0.5 ± 0.03

Total carbon  May 2012 17.9 16.6 16.7 16.7 26.1 ± 1.32 14.8 ± 0.90 11.6 ± 0.52 24.2 ± 1.48 14.3 ± 1.18 10.7 ± 0.93
(Mg ha-1) November 2012 19.6 19.7 19.3 20.0 28.0 ± 1.17 16.6 ± 0.90 14.0 ± 0.76 26.5 ± 1.06 17.1 ± 0.84 15.2 ± 0.70

March 2013 20.5 19.5 20.8 20.3 24.6 ± 1.43 18.7 ± 0.98 16.8 ± 0.90 26.5 ± 1.44 18.2 ± 1.02 17.5 ± 0.79

May 2012 3.4 3.4 3.2 3.3 4.7 ± 0.40 2.9 ± 0.15 2.7 ± 0.15 4.5 ± 0.38 2.7 ± 0.14 2.3 ± 0.11
November 2012 3.8 3.6 3.3 3.4 4.5 ± 0.31 3.3 ± 0.22 2.7 ± 0.18 4.7 ± 0.32 3.3 ± 0.23 2.7 ± 0.16

(mS m-1) March 2013 4.5 4.1 4.2 3.7 5.1 ± 0.40 3.7 ± 0.21 3.4 ± 0.21 5.0 ± 0.34 3.9 ± 0.27 3.5 ± 0.21

Lime application Sampling location

(M ean value at each 10 cm) Soil between the plants Soil under the plants

Electrical 
conductivity                                       

Soil depth (cm)
0-10 10-20 20-30 0-10 10-20 20-30

Ground 
lime

Ground 
lime with 
Ca(OH)2

Liquid 
lime A

Liquid 
lime B

Soil depth (cm)

Table 3.1  Mean value of soil pH, root mass, total carbon and electrical conductivity at different lime applications (of ground lime, ground lime with 
Ca(OH)2, liquid lime A and liquid lime B) at each 10cm depth, and at each soil depth (0-10, 10-20 and 20-30 cm) in each sampling location (soil 
between the plants and soil under the plants), under perennial veldt grass (1 year since established) in Arthur River, Western Australia.  
Values of each soil depth of each sampling location represent means ± SEM.  
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Figure 3.2  Mean value of (a) soil pH change, (b) root mass change and (c) total carbon change at each soil depths (0-10, 10-20 and 20-30 cm), in each sampling 
location (soil between the plants and soil under the plants) in the period of autumn to spring and spring to autumn in perennial veldt grass (1 year since established) in 
Arthur River, Western Australia. Each value with the same letters was not significantly different at α=0.05 by Fisher's multiple comparison test (LSD) 
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Figure 3.3  Relationship between (a) Soil pH change and root mass change and (b) Soil pH 
change and total carbon change in soil between and under the perennial veldt grass pasture (1 
year since established). 
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3.3.2 Root mass 
 

The mean value of the root mass in the surface soil (0-10 cm) was 2.0 mg cm-3 in the 

soil between the plants and 2.9 mg cm-3 in the soil under the plants during this study 

period. Most of the root mass was localised in the surface soil (P< 0.001) and in the soil 

under the plants rather than in the soil between the plants (P=0.03) (Table 3.1).  

In the surface soil, root mass decreased relative to the deeper soil both in the soil 

between the plants and the soil under the plants (P< 0.001) (Figure 3.2(b)). The root 

mass change (∆ root mass) was greater in months 0-6 (autumn to spring) after the lime 

application than in months 6-10 (spring to autumn) at both sampling locations (Figure 

3.2(b)).  

 

Figure 3.4  Relationship between soil pH and total carbon of the surface soil (0-10 cm) and the 
deeper soil (10-30 cm) under the perennial veldt grass pasture (1 year since established). 
 

Soil depth: 0-10 cm 
y=0.29x+24.5 (r2= 0.0002, P=0.9) 
 

Soil depth: 10-30 cm 
y=7.29x+19.4 (r2=0.08, P=0.03) 
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3.3.3 Total carbon 
 

The mean value of total carbon in the surface soil (0-10 cm) was 26.2 Mg ha-1 in the soil 

between the plants and 25.7 Mg ha-1 in the soil under the plants during this study period. 

The total carbon in the surface soil (0-10 cm) was significantly higher than the total 

carbon in the deeper soil (10-20 cm and 20-30 cm) (P<0.001) (Table 3.1). The total 

carbon change (∆ total carbon) increased at each soil depth and both sampling locations 

during both seasons (P<0.001), except in the surface soil (0-10 cm) in the soil between 

the plants in months 6-10 (spring to autumn) (Figure 3.2 (c)).  

Both between and under the perennial plants, the root mass and total carbon showed a 

logarithmic relationship (r2=0.90, r2=0.86, respectively) of two separate lines with 

different slopes (Figure 3.5), which indicated that there was more soil carbon in the soil 

between the plants than in the soil under the plants at the same amount of root mass.  
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Figure 3.5  Relationship between root mass and total carbon in soil between and under the 
perennial veldt grass pasture (1 year since established). 
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y=6.31ln(x)+22.9 
(r2= 0.90, P < 0.001) 
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(r2=0.86, P < 0.001) 
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The relationship between the logarithm of root mass and total carbon in the soil between 

the plants in both surface soil and deeper soil was best described by a single regression 

line (y=14.54x +22.94, r2= 0.89, P<0.001) (regression analysis with groups, difference 

from single line to parallel lines: P=0.1) (Figure 3.6). However, the soil under the plants 

showed a soil depth effect. Soil in the deeper soil under the plants did not show any 

significant relationship between logarithm of root mass and total carbon (P=0.2). In 

contrast, the surface soil under the plants showed a significant relationship between the 

logarithm of root mass and total carbon (y=8.33x +18.58, r2= 0.54, P <0.001), which 

was a parallel regression line to the regression line for soil between the plants 

(regression analysis with groups, difference from single line to parallel lines: P=0.03, 

parallel lines to separate slopes: P= 0.2). The relationship between root mass change (∆ 

root mass) and total carbon change (∆ total carbon) was explained by a line for both 

sampling locations (r2=0.54, P< 0.001) which indicated that there was no difference 

between sampling locations (Figure 3.7). 
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Figure 3.6  Relationship between logarithm of root mass and total carbon in soil between and 
under the perennial veldt grass pasture (1 year since established). 
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Figure 3.7  Relationship between root mass change and total carbon in soil between and 
under the perennial veldt grass pasture (1 year since established). 

Soil between the plants 

Soil under the plants 

Figure 3.8  Relationship between electrical conductivity and total carbon of the surface soil (0-
10 cm) and the deeper soil (10-30 cm) in perennial veldt grass pasture (1 year since 
established) in Arthur River, Western Australia. 
  
 

Soil depth: 0-10cm 
(P =0.8) 
 
Soil depth: 10-30 cm 
y=3.53x+4.5 (r2=0.58, P < 0.001) 
 



 CHAPTER 3  Spatial distribution of soil carbon associated with root 
development 

 
 

 
40 

 

3.3.4 Edaphic factors influencing soil carbon stock  
 

In addition to the relationship between soil pH and total carbon in the deeper soil (10-30 

cm), electrical conductivity (EC) exhibited a significant positive relationship with soil 

carbon in the deeper soil (10-30 cm) (Figure 3.8). 

 
3.4 Discussion 
 
Despite the different ingredients, all the lime applications delivered similar soil pH. In 

particular, the lime application with calcium hydrates which was expected to elicit an 

increase in soil pH in the short term did not show a significant difference in overall soil 

pH change when compared to other lime applications. Therefore the first hypothesis, 

that root mass and corresponding soil carbon would differ according to lime application, 

could not be tested in this study due to the small difference in soil pH among different 

lime applications. Soil pH and soil carbon were significantly related in the deeper soil, 

but not in the surface soil. Root mass and soil carbon differed significantly with soil 

depth. Despite the fact that soil carbon under and between the plants did not differ, the 

horizontal effect was not identified in the soil carbon distribution although root mass 

distribution showed significant horizontal differences. 

 

3.4.1 Effect of lime application on soil carbon stock 

(i) Impact of lime application on soil pH 
 

The aim of lime application in this study was to clarify the effect of different ingredients 

of lime in a relatively short period of time (10 months). Therefore this lime trial was 

without a control (no lime application) and the effect of applying lime on this site was 

not discussed. There was no significant difference in overall soil pH change among 

different types of lime application. Liming materials generally react slowly, with 

gradually rising soil pH over a period ranging from a few weeks, in the case of hydrated 

lime, to approximately a year with ground lime (Brady and Weil, 2008). Therefore 

within 10 months, ground lime had not yet begun to increase soil pH, whereas the 

calcium hydrate had already increased soil pH. The small differences in soil pH change 
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among different lime applications were possibly because of the difference in active lime 

content, as liming materials were applied at the equivalent cost. As ground lime was 

most cost effective, it is assumed that the active lime content in other applications was 

lower than ground lime application.  

Although overall soil pH change was not different for lime applications, ground lime 

containing calcium hydrate showed a significantly higher soil pH increase in the soil 

under the plants than between the plants. The reaction of calcium hydrate forms 

hydroxide ion in water, which is highly reactive as anion to neutralise acid (Brady and 

Weil, 2008). Therefore, a higher soil pH increase in the soil under the plants might be 

explained by moisture interaction with calcium hydrate because the soil between the 

plants, which has less plant cover, is less likely to hold less moisture because of higher 

evaporation (Murphy et al., 2004).  

 

(ii) The relationship between soil pH, root mass and soil carbon stock 
 

There was no significant relationship between soil pH change and root mass change, 

which indicated that the soil pH change due to lime application in this study did not 

significantly contribute to root development during this study period. Because liming 

materials generally react slowly and gradually increase soil pH (Brady and Weil, 2008), 

a longer monitoring period would be required to confirm the influence of lime on root 

development and to increase production through enhanced fertiliser uptake at this site. 

There was a significant relationship between soil pH and total carbon in this study. This 

relationship was influenced by soil depths and sampling locations (i.e. soil between the 

plants and soil under the plants). The relationship of soil pH change and total carbon 

change was significant in the soil under the plants, whereas there was no relationship for 

the soil between the plants. However, soil pH in this study showed a depth effect, with a 

positive relationship with total soil carbon in the deeper soil, while there was no 

significant relationship in the surface soil. As soil pH has repeatedly been shown to 

influence microbiological activities in soil and carbon decomposition (Fierer and 

Jackson, 2006; Bardgett et al., 2008; Lauber et al., 2008, 2009; Rousk et al., 2010; 

Griffiths et al., 2011), these relationships of soil pH and total carbon indicate that the 

soil carbon decomposition process was spatially variable with soil depth and sampling 
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location (i.e. soil between the plants and soil under the plants). 

 

3.4.2 Heterogeneity of soil carbon stock 
 

The influence of root development and soil pH were likely to be among the key factors 

in the heterogeneity of soil carbon stock, and varied with soil depth and sampling 

location.  

 

(i) Vertical distribution of roots and carbon 
 

This study found that the vertical distribution of soil carbon was likely to be influenced 

by root mass and soil pH, with a greater influence of root mass in the surface soil and of 

soil pH in the deeper soil layers. 

There was a significant depth effect on the relationship of root mass and soil carbon 

stock. Both root mass and total carbon were mainly localised in surface soil, as 

observed elsewhere (e.g. Chan et al., 2002; Venzke Filho et al., 2004; Malone et al., 

2009; Sanderman et al., 2012). Root mass and total carbon were significantly related, 

indicating that soil carbon was likely to be largely derived from roots. However, this 

relationship was logarithmic, which indicated that the rate of increase for total carbon 

was smaller when root mass was higher, as mainly observed in the surface soil. Greater 

root development did not always correspond to increasing soil carbon, and it may be 

different factors influence soil carbon stock in the surface soil and in the deeper soil. In 

the surface soil, where the relationship of root mass and total carbon was not significant, 

there is likely to be a greater influence from above ground carbon sources (e.g. plant 

litter and animal manure) and environmental conditions (e.g. temperature, moisture and 

O2 accessibility). In contrast, the carbon input in deeper soil may be mostly of root 

origin, as suggested by the significant relationship of root mass and total carbon in this 

study and also in other work (Rasse et al., 2005). Root-derived carbon could be resistant 

to decomposition because of the higher concentration of relatively stable compound 

such as aliphatic material (Lorenz and Lal, 2005). Furthermore, environmental 

conditions in the deeper soil may be different from the surface soil (Rumpel and Kögel-

Knabner, 2011) and slow the decomposition (Pregitzer et al., 1998; Gill et al., 1999; 
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Gill and Burke, 2002). In the deeper soil, the physical protection of carbon is likely to 

be vital. Physico-chemical interaction with soil minerals such as clay (Jobbagy and 

Jackson, 2000; Eusterhues et al., 2003; Rasse et al., 2005) and soil aggregation might 

protect carbon from decomposition, thus indicating an important stabilisation 

mechanism (Rumpel and Kögel-Knabner, 2011). Therefore, soil carbon in the deeper 

soil was most likely to be influenced largely by microbial activity associated with stably 

stored soil carbon with slow decomposition, compared with the different environment in 

the surface soil layers. 

Investigation of soil pH indicated the likelihood of different levels of microbiological 

activity at each soil depth. First, the relationship of soil pH change and total carbon 

change, which may represent an influence of soil pH on soil carbon, exhibited a 

significant negative relationship in the soil under the plants, but there was no difference 

observed between the surface soil and deeper soil within the soil under the plants. This 

indicated that the extent of soil pH influence on soil carbon was the same throughout the 

soil depth in soil under the plants. 

However, although the soil pH range in this study was narrow, soil carbon in the deeper 

soil was related to soil pH, showing a slightly positive relationship. Rousk et al. (2009) 

showed that organic carbon increased with soil pH above approximately pH 5.0. 

Furthermore, several studies have shown microbial communities to be correlated with 

soil pH (Bååth et al., 2003; Fierer and Jackson, 2006; Lauber et al., 2008, 2009; Rousk 

et al., 2010; Griffiths et al., 2011). In particular, Lauber et al. (2009) suggested that soil 

bacterial diversity peaked around near-natural pH values. In addition, Kemmitt et al. 

(2006) showed that soil organic carbon decreased with increasing soil pH (ranged pH 

3.5 to 6.5) but that the soil microbial biomass carbon increased, which suggested that 

increased soil carbon enhanced soil microbial activity. Therefore, the negative 

relationship of soil pH change and total carbon change in soil under the plants may 

indicate that soil pH controlled microbiological activities which used soil carbon as an 

energy source, resulting in carbon loss. 

The positive relationship between soil pH and total carbon in the deeper soil may be 

explained by the study of Fontaine (2007) which indicated that in the deeper soil, in the 

absence of fresh organic carbon, an essential source of energy for many soil microbes, 



 CHAPTER 3  Spatial distribution of soil carbon associated with root 
development 

 
 

 
44 

 

the stability of organic carbon is maintained. In contrast, in the surface soil, the 

abundance of root mass is a factor. Higher root mass may return more soil carbon, but at 

the same time, more soil carbon is decomposed under the influence of microbial 

environment factors such as temperature, moisture and O2 access. 

 

(ii) Horizontal distribution of roots and carbon 
 

No horizontal heterogeneity of soil carbon was detected at this trial site. This did not 

support the hypothesis that soil carbon in the soil under the plants would be higher than 

in the soil between the plants because of a potential higher root mass and higher root-

derived organic matter, root exudates and sloughing in the rhizosphere than in bulk soil 

(Chiu et al., 2002; Sanchez and Bursey, 2002). However, the factors influencing soil 

carbon stock were significantly different between sample locations (i.e. soil between the 

plants and soil under the plants). The main factor determining soil carbon stock in soil 

between the plants was likely to be root development, whereas in the soil under the 

plants, the soil carbon was likely to be more influenced by soil pH rather than root 

development alone. 

The relationships between root mass and total carbon indicated that the total carbon in 

the soil under the plants was lower than in the soil between the plants at the same 

amount of root mass. Based on the positive relationship between root mass change and 

total carbon change showing a single regression line regardless of sampling location, 

this lower total carbon in the soil under the plants could be explained by extra carbon 

input in the soil between the plants or higher carbon loss in the soil under the plants.  

The soil between the plants has less plant coverage in this study and was more 

influenced by aboveground factors, including plant litter and animal manure. However, 

extra carbon input in the soil between the plants is not likely in this case. It has been 

suggested, however, that soil carbon is mainly derived from roots (Nierop 1998; Clapp 

et al., 2000, Reicosky et al., 2002; Lorenz and Lal, 2005; Rasse et al., 2005).  

There may be a different process associated with the loss of soil carbon in the soil under 

the plants. Microbiological activities influence turnover of organic matter (Taylor et al., 

2002; Fontaine, 2007; Rumpel and Kögel-Knabner, 2011), and higher fresh organic 
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carbon input from roots under the plants might have enhanced soil microbiological 

activity, which would result in the loss of soil carbon stock by microbial soil 

decomposition. This explanation was also indicated by the relationship between soil pH 

change and soil carbon change. The soil carbon change in the soil under the plants was 

significantly related to soil pH, while there was no significant correlation in the soil 

between the plants. Hence, the soil carbon stock in the soil under the plants was likely 

to be more influenced by soil pH than root development alone. 

 
The differences between sampling locations (i.e. soil between the plants and soil under 

the plants) were also shown to be seasonally variability. There was a trend for total 

carbon change in the period from spring to autumn (dry season) to be relatively lower 

than in the period from autumn to spring (wet season) in soil under the plants. In 

contrast, total carbon change was relatively constant throughout the year in soil between 

the plants. It is well known that both nitrogen status and carbon are critical for 

microbiological activity and development of the soil carbon stock (Hu et al., 2001; 

Schimel and Weintraub, 2003; Craine et al., 2007; Jastow et al., 2007). Hence, it is 

assumed that in the soil under the plants, in the wet season when plants grow more 

rapidly, the mineralisation rate may have changed due to higher plant growth. In 

contrast, in the soil between the plants, where the soil was practically bare during this 

study, the nitrogen status was not likely to be changed by plants, and the mineralisation 

rate was similar all year around.  

 

3.4.3 Edaphic predictors of soil carbon 
 

In addition to soil pH, electrical conductivity (EC) as an edaphic factor showed a 

positive relationship with soil carbon. Electrical conductivity was likely attributable to 

salt accumulation and soil aggregation along with root development because electrical 

conductivity is related to multiple soil physical, chemical and biological properties. For 

example, moisture content, texture, soil carbon and the mineralogy of the soil matrix are 

the main factors affecting electrical conductivity (Shaw and Mask 2003). Terra et al. 

(2004) suggested that electrical conductivity variability in their study of soil carbon 

distribution was related to historical erosion, with higher electrical conductivity found 
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in areas of exposed subsoils with higher clay content.  

Electrical conductivity assessment has been proposed to examine the spatial 

heterogeneity of soil properties at least in sandy non-saline soils with less nutrients 

(Terra et al., 2004). Therefore electrical conductivity surveys can be used to 

differentiate zones of variable soil organic carbon content, which may be used as bench 

marks to evaluate the field-level impact of management practices on carbon 

sequestration. 

 

3.5 Conclusions  

 

There was significant vertical and horizontal variability of root mass associated with 

soil carbon distribution in veldt grass perennial pasture. The effect of lime application to 

soil carbon could not be tested as planned because there was only a small difference in 

soil pH among different lime applications. The soil carbon was significantly related to 

soil pH at this study site. The main factor influencing the vertical and horizontal 

distribution of soil carbon stock appeared to be root development and soil pH based. 

Root mass was proposed to be a major factor controlling soil carbon in the surface soil 

and in soil between the plants, whereas soil pH was likely to play a critical role in the 

deeper soil and in the soil under the plants. This study found that even the bunch grass-

type perennial pasture that does not entirely cover the ground surface has the potential 

to increase soil carbon both in soil between the plants and in soil under the plants.   
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CHAPTER 4 
 

Soil carbon in a chronosequence of perennial pastures  
in south-western Australia 

 

 

Abstract 

 

The influence of the age of perennial pastures on soil carbon was assessed in two 

pasture chronosequences of kikuyu and one pasture chronosequence of tall wheat grass. 

The total carbon for 0-30 cm depth of soil under kikuyu ranged from 32.6 to 52.0 Mg 

ha-1 (pasture age range: 8 to 22 years) at the first site and from 21.0 to 36.5 Mg ha-1 

(pasture age range: 6 to 20 years) at the second site.  The total carbon for soil under tall 

wheat grass ranged from 36.3 to 54.5 Mg ha-1 (pasture age range: 1 to 9 years). The soil 

carbon in these perennial pastures tended to be lower during the early stages of 

perennial pasture establishment until approximately 10 years from establishment, 

followed by an increase to higher levels of soil carbon at older pasture ages compared 

with annual pastures. At each site, both root mass and total carbon were mainly 

accumulated in the surface soil (0-10 cm). In addition to root mass, factors such as soil 

pH and plant species appeared to influence the soil carbon sequestration process. In the 

carbon input process of converting root-derived organic matter to soil carbon, soil pH 

and the plant species, including the difference between C4 and C3 plants among the 

perennial plants, were likely to be involved. In the carbon output process of particulate 

carbon decomposition to humus, plant species was more likely to influence carbon 

stock. This study confirmed that when comparing annual pastures and perennial 

pastures, the age of the latter needs to be taken into account.  Other factors such as root 

mass, soil pH and plant species also need to be considered. 
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 4.1 Introduction 

 

Perennial pasture systems have been proposed as important components of agricultural 

systems for enabling soil carbon sequestration to contribute to mitigating the impact of 

climate change (Lal, 2004a, 2004b, 2007). One of the key features of perennial pasture 

systems in relation to soil carbon is their extensive root systems compared to annual 

production systems (Mapfumo et al., 2002; Moore, 2006; Pannell et al., 2006; Carter 

and Gregorich, 2010; Fleming and Vanclay, 2011; Moore et al., 2014; Roper et al., 

2013; Sanderman et al., 2013a; Erfanzadeh et al., 2014). Soil carbon input is attributed 

to photosynthetically fixed carbon from both shoots and roots (Jastrow et al., 2007) but 

is mostly composed of root-derived carbon rather than shoot-derived carbon (Rasse et 

al., 2005). Therefore, plants with more extensive root systems, such as perennial 

pastures, have the potential to increase carbon retention in soil when compared to 

annual systems. Despite in-depth investigations of the prospective role of perennial 

pastures in increasing soil carbon input year round (Anderson and Coleman, 1985; 

McConnell and Quinn, 1988; DuPont et al., 2010) compared with annual pastures, 

inconsistent results have been observed. For example, some studies have shown a 

significant increase in soil carbon in perennial pastures (e.g. Milne and Haynes, 2004; 

Murphy et al., 2011; Hoyle et al., 2013; Sanderman et al., 2013a), but other studies have 

shown only a small difference in soil carbon stock between perennial and annual 

pastures (e.g. Chan et al., 2010, 2011; Sanderman et al., 2012).   

 
The inconsistent results in the measurement of soil carbon, especially in survey 

assessments, may reflect variability attributed to geographical factors, sampling factors 

and management factors. For example, Sanderman et al. (2013a) explored the soil 

carbon levels of kikuyu perennial pastures at three sites across Australia (Western 

Australia, South Australia and New South Wales) and found an inconsistent result that 

significant increases in soil carbon were observed in Western Australia and South 

Australia, but no changes were observed in New South Wales. Several factors such as 

climate, soil type and previous management practices were proposed to influence the 

carbon level in their study. These geographical factors such as climate, soil type and 

texture (Sanderman and Amundson 2003; McLachlan et al., 2006; Macleod 2013; 
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Sanderman et al., 2013a; Orgill et al., 2014) could mask the response to management 

practices in survey-based studies (Cowie et al., 2013; Schwenke et al., 2013; Rabbi et 

al., 2014). In addition, sampling factors such as differences in sampling methodology 

(e.g. soil depth, frequency of sampling, timing of sampling, low replication) may lead to 

variability in estimates of soil carbon (Franzluebbers, 2010; Sanderman et al., 2013).  

 
The perennial pasture’s age is another critical factor influencing soil carbon stock as 

fresh soil carbon input is expected to increase with root development with perennial 

pasture age. Hence, soil carbon in perennial pastures of different ages may have 

different levels. This would need to be taken into account when levels of soil carbon in 

perennial pastures are compared to that in annual pastures. However, the long-term 

impact of perennial pastures on the soil carbon dynamics in this region is not well 

known (Sanderman et al., 2013a), because perennial grass pastures are relatively 

uncommon and were more recently introduced in western Australia than in eastern 

Australia (Moore et al., 2006). Therefore, to clarify the effect of perennial pastures in 

soil carbon sequestration compared to annual pastures, it is of great importance to 

investigate how the age of perennial pastures impact soil carbon stock associated with 

root development as carbon input. 

While soil carbon input is attributed to root derived organic material, soil carbon output 

(i.e. soil carbon loss) is mainly through microbial decomposition processes which are 

affected by several factors (Brady and Weil, 2008). Soil organic matter including root 

derived organic material is decomposed into carbon fractions through microbial 

decomposition processes within months (Christensen, 2001) with some fractions 

interacting with mineral surfaces and becoming stabilised for periods of up to thousands 

of years (Oades, 1988; Trumbore, 2000; Krull et al., 2003; Six et al., 2004). Therefore, 

investigation of factors influencing these decomposition processes in perennial pastures 

is critical for predicting how rapidly and to what extent an increase of soil carbon stock 

could be achieved by perennial pasture when compared to annual pastures. 
 

Soil pH is an example of a factor that influences carbon decomposition process. 

Although soil pH is widely known as one of the factors influencing the environment for 

microbial activity (Fierer and Jackson, 2006; Lauber et al., 2008, 2009; Rousk et al., 
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2010; Griffiths et al., 2011), the relationship between soil pH and soil carbon appears to 

be complicated. For example, Rousk et al. (2009) showed that organic carbon increased 

with soil pH above approximately pH 5.0, while Kemmitt et al. (2006) showed that soil 

organic carbon decreased with increasing soil pH within the pH range 3.5 to 6.5, 

although soil microbial biomass carbon increased.  
 
In some studies, the plant species grown in pastures were also reported to influence soil 

carbon (e.g. Chen and Stark, 2000; De Deyn et al., 2009). For example, the difference in 

rhizosphere priming effect and decomposition rate between C3 and C4 plants has been 

investigated (Fu and Cheng, 2002; Sanderman et al., 2013) with C4 perennial plants 

appearing to increase soil carbon with pasture age at a higher rate (Sanderman et al. 

2013). However, at the same time, a higher rate of the carbon cycle may lower the soil 

carbon stock due to consuming soil carbon for the nutrient cycle (Wynn and Bird, 2007) 

which results in increasing soil carbon output. 

The main aim of this research was to explore the influence of duration of pasture 

establishment with corresponding root development and the influence of factors such as 

soil pH and plant species on soil carbon stock under perennial pastures. The 

investigation also aimed to confirm whether perennial pasture age can serve as a 

predictor of soil carbon stock. The outcome of the research would contribute to 

understand carbon sequestration within the framework of mitigating the impact of 

climate change by adjusting management practices.  

Soil carbon was investigated at three sites with a chronosequence of perennial pastures 

in south-western Australia (Great Southern and southern Wheatbelt regions). Although 

frequent and repeated sampling of soil carbon in a given site would be ideal 

(Franzluebbers, 2010; Sanderman et al., 2013a), this type of monitoring for detecting 

soil carbon in perennial pastures would be time consuming and unrealistic. The use of 

chronosequence sites is a cost effective and recommended option (Franzluebbers, 2010).   

 
The investigation includeed the assessment of soil carbon stock and root mass under 

replicated chronosequence perennial pastures to (1) evaluate soil carbon levels in 

comparison with annual pasture, (2) investigate how soil carbon accumulates with root 

development as carbon input, and (3) determine how soil pH and plant species influence 
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soil carbon stock through the microbial decomposition processes as carbon output, at 

these sites.   

 

It was hypothesised that 

(i) soil carbon increases with perennial pasture age and is higher in perennial 
pastures than in annual pasture. 
 

(ii) soil carbon stock is highly correlated with root development.  
 

(iii) certain soil properties such as soil pH and plant species are related to soil 
carbon through the microbial decomposition processes of organic matter. 
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4.2 Methods 

4.2.1 Site description 
 

The study sites were farms with a chronosequence of perennial pastures within the 

Bremer Bay area and Arthur River areas in south-western Australia. The climate at 

these sites is Mediterranean with a dry summer and wet winter. The dominant soil type 

was deep to shallow sandy duplex at all study sites. The previous land use prior to be 

establishment of perennial pastures was annual production systems at all the sites. 

The two replicated pasture sites dominated by kikuyu (Pennisetum clandestinum 

Hochst. ex Chiov.) each with adjacent annual pasture were located near Bremer Bay. 

Kikuyu is a creeping sub-tropical C4 perennial grass. One of the two sites, Gardiner 

(119.17E, 34.25S), had adjacent kikuyu paddocks at 8, 15, and 22 years since sowing 

with an adjacent annual pasture dominated by annual rye grass (Lolium rigidum 

Gaudin). The average annual rainfall at this site is 520 mm. The second site, Gnowellen 

(118.54E, 34.34S), had adjacent kikuyu paddocks at 6, 10, 15, and 20 years since 

sowing with an adjacent annual pasture dominated by subterranean clover (Trifolium 

subterraneum L). The average annual rainfall at this site is 400 mm.  

The Arthur River site (117.10E, 33.46S) was dominated by tall wheat grass 

(Thinopyrum ponticum cv. Dundas). This site had adjacent paddocks at 1, 5, 7, and 9 

years since sowing. Tall wheat grass is a summer active bunch grass-type C3 perennial 

grass up to 1m tall (Moore et al., 2006). The average annual rainfall at this site is 430 

mm. 

 

4.2.2 Soil sampling 
 

Soil samples were collected from pastures of different ages between September and 

December 2012 (Gairdner and Arthur River sites) and July 2014 (Gnowellen site). At 

each sampling pasture, three to five replicate quadrats (25 by 25 m each) were laid out 

in an area representing the local landscape, soil type and vegetation condition. In each 

quadrat, 10 sampling points from the intersections of 5 m grids were randomly selected 

using random coordinates (Sanderman et al., 2011). At each sampling point, the plant 
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material and litter on the soil surface were removed, and a soil core with a 4.5 cm 

diameter was collected at depths of 0-10, 10-20 and 20-30 cm. The cores from each 

depth were composited as one sample for a quadrant and maintained in sealed bags at a 

cool location during the sample collection. Prior to analysis, samples were air dried at 

40C for 48 hours and passed through a 2 mm sieve to separate the coarse materials. 

Soil samples for bulk density were collected separately from the soil samples for other 

analyses. At each quadrat, soil cores (n=2) of known volume (293 cm3) were collected 

from 3 depths (0-10, 10-20 and 20-30 cm). Bulk density soil samples were then dried at 

105C for at least 16 hours until completely dry and then weighed and bulk density (g 

cm-3) was calculated. 

Soil moisture was calculated by measuring the weight before and after the soil samples 

for bulk density were dried.  

 

4.2.3 Soil analysis 

(i) Soil carbon stock 

Total carbon (TC) was measured for each soil depth (0-10, 10-20 and 20-30 cm) by 

elemental analysis using high-temperature combustion followed by non-dispersive 

infrared detection of CO2 (vario Macro CNS, Elementar, Germany). Prior to the 

analysis, each sample was tested for the presence of inorganic carbon. The soil carbon 

stock (Mg ha-1) was calculated for each soil depth using the following equation 

(Sanderman et al., 2011):  

Soil carbon stock (Mg ha-1) = soil carbon concentration (g C/ Mg < 2 mm soil) x gravel 

correction (g < 2 mm/g soil) x bulk density (Mg/m3) x soil depth interval (m) 

 

(ii) Soil carbon fractions 
 

The structure of the soil organic carbon pool was measured as three measureable 

fractions (Skjemstad et al., 2004). These carbon fractions were as follows: >53 µm 

particulate organic carbon fraction, <53 µm charcoal carbon fraction, and <53 µm non-
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charcoal fractions, which corresponded to resistant plant material, inert organic matter 

and humus in the Roth C model (Jenkinson, 1990). The analysis of particulate carbon 

and humus was applied to the chronosequence of perennial pastures with a focus on root 

development and carbon fractions by particle size as a proxy for the extent of 

decomposition.   

 

(iii) Root mass  
 

Root samples were collected and weighed from each dried soil sample (0-10, 10-20 and 

20-30 cm) retained on the 0.05 mm sieve. No attempt was made to differentiate between 

live and dead roots. Root samples without soil were carefully collected from soil 

samples using tweezers and weighed for root mass (mg cm-3).  

 

(iv) Other soil chemical analysis 
 

Soil pH was determined from 1:5 w/v suspensions of soil and 0.01 M CaCl2 solutions. 

Electrical conductivity (EC) was determined from 1:5 suspensions of soil and deionised 

water (Rayment and Higginson, 1992). 

 

4.2.4 Statistical analysis 
 

Statistical analyses were conducted using the statistical software GenStat v. 16 (VSN 

International, Hertfordshire, UK).  

One-way analysis of variance (ANOVA) was used to detect differences in root mass, 

total carbon, particulate carbon and humus in total of 0-30 cm depth in annual pasture 

and perennial pastures of different pasture ages. The pasture age within the sites was 

treated as the fixed factors. The accumulation (%) at each depth was calculated for root 

mass and total carbon, and a one-way analysis of variance (ANOVA) was then used to 

detect differences between sampling sites at each depth. 

To examine whether soil pH and moisture influence total carbon and its decomposition 

process, regression analysis was conducted between soil pH and moisture (explanatory 
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variables) and total carbon, particulate carbon and humus (response variables). To 

examine the effect of soil depth at kikuyu sites (Gairdner and Gnowellen sites) and the 

difference between perennial pasture and annual pasture in soil decomposition as 

measured by the level of particulate carbon and humus, regression with groups was used 

with particulate carbon as the explanatory variables and humus as the response variable. 

When separate regression lines were needed for each level of these variables (i.e. 

surface soil depth and deeper soil depth, annual pastures and perennial pastures), the 

relationship between particulate carbon and humus differed between different levels of a 

variable. The relationships between root mass and total carbon were also examined by 

regression analysis using the logarithm of root mass as the explanatory variable and 

total carbon as the response variable.  

To examine the effect of perennial plant species and sampling sites, regression with 

groups was used to determine whether separate regression lines were needed for each 

level of these variables (i.e. kikuyu and tall wheat grass, the Gairdner site and the 

Gnowellen site). When separate regression lines were needed for each level of a 

variable, the relationship between root mass and total carbon differed between different 

levels of a variable. 
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4.3 Results 

4.3.1 Gairdner site 
 

The mean of total carbon for 0-30 cm depth in kikuyu perennial pasture (pasture age: 8, 

15 and 22 years) ranged from 32.6 to 52.0 Mg ha-1 and was 40.9 Mg ha-1 in the adjacent 

annual pasture. A significant difference among pastures of different ages was shown, 

with the highest soil carbon recorded in the 22-year-old pasture (P=0.05) (Table 4.1). 

Both particulate carbon (perennial pastures: 15.9 to 28.1 Mg ha-1, annual pasture: 21.9 

Mg ha-1) and humus (perennial pastures: 12.0 to 18.2 Mg ha-1, annual pasture: 13.8 Mg 

ha-1) increased with pasture age for the perennial pastures (Table 4.1). The mean of root 

mass ranged from 1.6 to 4.2 mg cm-3 in perennial pastures and was 0.7 mg cm-3 in 

annual pasture, with no significant difference among pasture ages, but there was a 

significant difference between perennial pastures and annual pasture (P=0.04). Both 

root mass and total carbon were mainly accumulated in the surface soil (0-10 cm) 

(P<0.001) (Figure 4.1). The percentage of total carbon in the surface soil was 55 to 62 

% in perennial pastures and 55 % in annual pastures, while 65 to 75 % of root mass in 

perennial pastures was accumulated in the surface soil compared to 52 % root mass in 

the surface soil of the annual pasture (Table 4.1). 

 

The mean soil pH for the top 30 cm in the perennial pastures ranged from 4.8 to 5.0 and 

was 4.6 in the annual pasture. The mean electrical conductivity (EC) for 0-30 cm in the 

perennial pasture ranged from 3.1 to 4.2 mS m-1 and was 4.1 mS m-1 in the annual 

pasture. Electrical conductivity showed a significant correlation with total carbon and 

root mass in both perennial pastures (P< 0.001, <0.001, respectively) and annual pasture 

(P=0.001, 0.02, respectively) (Table 4.2). 
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Gairdner 0-30 cm Effect of pasture age (P value)
(Kikuyu) Annual pasture - 40.9 ± 2.07 a 21.9 ± 1.21 b 13.8 ± 0.65 a 0.7 ± 0.11 a

Perennial pasture 8 32.6 ± 1.19 b 15.9 ± 0.31 a 12.0 ± 0.65 a 1.6 ± 0.57 b
15 50.8 ± 1.81 c 26.4 ± 1.00 bc 18.2 ± 0.50 b 5.5 ± 1.45 c
22 52.0 ± 3.97 c 28.1 ± 2.24 c 17.0 ± 1.34 b 4.2 ± 1.53 bc

Annual pasture -
Perennial pasture 8

15
22

Gnowellen 0-30 cm Effect of pasture age (P value)
(Kikuyu) Annual pasture - 25.2 ± 3.43 ab 12.6 ± 1.86 a 12.4 ± 1.7 b 4.5 ± 1.19

Perennial pasture 6 21.0 ± 2.36 a 13.2 ± 0.99 a 7.7 ± 0.5 a 5.7 ± 0.88
10 31.8 ± 1.14 ab 18.5 ± 0.84 ab 13.3 ± 0.7 b 7.9 ± 0.91
15 27.0 ± 1.17 bc 15.7 ± 1.22 bc 11.3 ± 0.6 b 5.4 ± 0.26
20 36.5 ± 3.48 c 21.7 ± 1.30 c 14.8 ± 2.3 b 7.0 ± 0.74

Annual pasture -
Perennial pasture 6

10
15
20

Arthur River 0-30 cm Effect of pasture age (P value)
(Tall wheat grass) Annual pasture -

Perennial pasture 1 36.3 ± 1.65 a 4.5 ± 0.74
5 29.9 ± 2.28 a 5.7 ± 1.00
7 36.8 ± 1.40 a 6.7 ± 0.89
9 54.5 ± 4.94 b 6.5 ± 0.60

Annual pasture -
Perennial pasture 1

5
7
9

Root mass

Particulate 
carbon

Humus

(Mg ha-1) (Mg ha-1) (mg cm -3)

Sampling site 
(Perennial grass) Soil depth Pasture age 

(Years) 

Total carbon Carbon fractions

(Mg ha-1)
0.05 < 0.001 < 0.001 0.04

55 55 57 75
Accumulation 
in 0-10 cm soil 
(%)

55 57 53 52

57 59 58 65
62 63 62 66

0.01 0.01 0.04 0.1

Accumulation 
in 0-10 cm soil 
(%)

55 53 57 86
54 58 49

57 56 58 76

68
52 54 49 82

52 57 46 67
< 0.001 0.3

Accumulation 
in 0-10 cm soil 
(%)

NA

NA NA

NA
71

68 70

79 70
80 71

NA

NA NA

NA

84

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1  Mean value of soil properties, root mass, total carbon and carbon fractions in 0-30 cm depth soil (all values represent means ± SEM) and 
accumulation in 0-10 cm soil (%) in the Gairdner site (Kikuyu perennial pastures and the rye grass annual pasture in Bremer Bay) and the 
Gnowellen site (Kikuyu perennial pastures and the subterranean clover annual pasture in Bremer Bay) and the Arthur River site (tall wheat grass 
perennial pastures in Arthur River). Values with same letters were not significantly different at α=0.05 by Fishers' multiple comparison tests (LSD). 
NA=No data 
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Gairdner Annual pasture - 4.6 ± 0.03 4.1 ± 0.39
(Kikuyu) Perennial pasture 8 5.0 ± 0.03 3.1 ± 0.17

15 4.8 ± 0.04 3.5 ± 0.22
22 5.0 ± 0.06 4.2 ± 0.26

Gnowellen Annual pasture - 4.8 ± 0.18 4.9 ± 0.79
(Kikuyu) Perennial pasture 6 4.9 ± 0.06 3.5 ± 0.41

10 4.8 ± 0.05 4.0 ± 0.40
15 4.6 ± 0.03 4.3 ± 0.31
20 4.3 ± 0.03 4.4 ± 0.40

Arthur River Annual pasture -
(Tall wheat grass) Perennial pasture 1 5.1 ± 0.08 8.1 ± 1.32

5 4.9 ± 0.13 15.0 ± 2.70
7 5.2 ± 0.05 8.5 ± 1.62
9 4.9 ± 0.06 6.7 ± 0.88

Sampling site
Length of 

establishment 
(Years) 

Soil pH Electrical 
conductivity

(mS m-1)

NA NA

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2  Mean value of soil pH and electrical conductivity (EC) in 0-30 cm 
depth soil (all values represent means ± SEM) in the Gairdner site (Kikuyu 
perennial pastures and the rye grass annual pasture in Bremer Bay) and the 
Gnowellen site (Kikuyu perennial pastures and the subterranean clover annual 
pasture in Bremer Bay) and the Arthur River site (tall wheat grass perennial 
pastures in Arthur River). NA=No data 
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Figure 4.1  Mean of root mass and total carbon at the Gairdner site (kikuyu perennial pastures and the rye grass annual pasture), the Gnowellen site (kikuyu perennial 
pastures and the subterranean clover annual pasture) and the Arthur River site (tall wheat grass perennial pastures). Error bars indicate SEM. 
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4.3.2 Gnowellen site 
 

The mean of total carbon for 0-30 cm depth in the kikuyu perennial pasture (pasture 

age: 6, 10, 15 and 22 years) ranged from 21.0 to 36.5 Mg ha-1 and was 25.2 Mg ha-1 in 

the adjacent annual pasture. A significant difference among pasture ages was shown, 

with the highest soil carbon in 20-year-old pasture (P=0.01) (Table 4.1). Both 

particulate carbon (perennial pastures: 13.2 to 21.7 Mg ha-1, annual pasture: 12.6 Mg ha-

1) and humus (perennial pastures: 7.8 to 14.8 Mg ha-1, annual pasture: 12.4 Mg ha-1) 

increased with pasture age of perennial pastures (Table 4.1). The mean of root mass 

ranged from 5.7 to 7.0 mg cm-3 in perennial pastures and was 4.5 mg cm-3 in annual 

pasture with no significant difference among pasture ages of perennial pastures (P=0.1) 

(Table 4.1). Both root mass and total carbon were mainly accumulated in the surface 

soil (0-10 cm) (P<0.001) (Figure 4.1). The percentage of total carbon in the surface soil 

ranged from 52 to 57% in perennial pastures and was 55% in annual pasture, whereas 

67 to 82% of root mass of perennial pastures was accumulated in the surface soil 

compared with 86% root mass in the surface soil of the annual pasture (Table 4.1).  

The mean soil pH for the top 30 cm of the soil profile in the perennial pastures ranged 

from 4.3 to 4.9 and was 4.8 in the annual pasture. The mean electrical conductivity (EC) 

for 0-30 cm in the perennial pasture ranged from 3.5 to 4.4 mS m-1 and 4.9 mS m-1 in 

the annual pasture. Electrical conductivity showed a significant correlation with total 

carbon and root mass in perennial pastures (P<0.001, 0.003, respectively) but not in 

annual pasture (Table 4.2) 

Soil moisture at the time of soil sampling ranged from 4.3 to 5.8 % in the surface soil 

(0-10 cm) and 2.2 to 3.8% in the deeper soil (10-30 cm) for all pastures. Although it 

was not significant (P=0.3), there was a trend of higher soil moisture in the perennial 

pasture than in the annual pasture, increasing with pasture age in the surface soil but 

decreasing in the deeper soil (Figure 4.2). There was no significant relationship between 

soil moisture and soil carbon, particulate carbon and humus in the annual pasture 

(P=0.08, 0.07, 0.1, respectively). In contrast, soil moisture was positively related to total 

carbon (P<0.001), particulate carbon (P<0.001) and humus (P=0.008) in the perennial 

pastures, with the slope of the regression line for particulate carbon steeper than for 

humus (Figure 4.3). 
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Figure 4.2  Relationship of perennial pasture age and soil moisture at each soil depth (0-10, 
10-20 and 20-30 cm) in the Gnowellen site (kikuyu perennial pastures and the subterranean 
clover annual pasture). Soil samples were collected in July 2014 (winter). 
 

Particulate carbon 

Soil depth 0-10 cm 

Soil depth 10-30 cm 

y=2.31x-3.2 (r2=0.68, P < 0.001) 
 

Humus 

Soil depth 0-10 cm 

Soil depth 10-30 cm 

y=1.18x-0.5 (r2=0.43, P < 0.001) 
 

 

Figure 4.3  Relationship of soil moisture with particulate carbon (P<0.001, r2=0.68) and humus 
in the Gnowellen site (kikuyu perennial pastures) (P< 0.001, r2=0.43). 
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4.3.3 Arthur River site 
 

The mean of total carbon in the top 30 cm of the soil profile in tall wheat grass 

perennial pasture (pasture age: 1, 5, 7 and 9 years) ranged from 36.3 to 54.5 Mg ha-1 and 

showed a significant difference among pasture ages, with the significantly highest soil 

carbon shown in the 9-year-old pasture (P<0.001). The mean of root mass ranged from 

4.5 to 6.5 mg cm-3, and there was no significant difference among pasture ages (P=0.3) 

(Table 4.1). Both root mass and total carbon were mainly localised in the surface soil 

(0-10 cm) (P<0.001) (Figure 4.1). The percentage of total carbon in the surface soil 

ranged from 68 to 80%, and the percentage of root mass in the surface soil ranged from 

70 to 84%.  

The mean soil pH for the top 30 cm of the soil profile in the perennial pastures ranged 

from 4.9 to 5.2. The mean of electrical conductivity (EC) for the top 30 cm of the soil 

profile in the perennial pastures ranged from 6.7 to 15.0 mS m-1 and showed a 

significant correlation with both total carbon and root mass in perennial pastures 

(P=0.009, <0.001, respectively). 

 

4.3.4 Relationship between soil pH and total carbon 
 

In this study, there are marginally significant relationships between soil pH and total 

carbon (P=0.09). There was a tendency for the relationship between soil pH and total 

carbon to be negative at lower pH (P=0.4) (mainly at the Gnowellen site) and positive at 

higher pH (P=0.05) (primarily at the Gairdner and Arthur River sites), showing an 

inflection point at approximately pH 4.8 (Figure 4.4). There was no significant 

relationship between soil pH and particulate carbon and humus (P=0.3, 0.7, 

respectively). 
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4.3.5 Carbon input: Factors influence root mass and total carbon   

(i) Influence of pasture age  
 

At all sites, there was a slight decrease in total carbon during the early stage of perennial 

pasture establishment up to approximately 10 years, followed by an increase with 

pasture age, with generally higher levels of soil carbon than for the annual pastures 

(Figure 4.1). However, there was no significant relationship between root mass and 

pasture age (P>0.05). At the kikuyu sites (the Gairdner site and the Gnowellen site), the 

root mass in perennial pastures was higher than in annual pastures (Table 4.1, Figure 

4.1).  
 

 

The Gnowellen site 

The Gairdner site 

The Arthur River site 

 

Figure 4.4  Relationship of soil pH and total carbon in the Gairdner site (kikuyu perennial 
pastures and the rye grass annual pasture in Bremer Bay), the Gnowellen site (kikuyu 
perennial pastures and the subterranean clover annual pasture in Bremer Bay) and the Arthur 
River site (tall wheat grass perennial pastures in Arthur River). 
 



 CHAPTER 4  Soil carbon in a chronosequence of perennial pastures in south-western 
Australia 

 
 

 
64 

 

0

10

20

30

40

50

-5 -4 -3 -2 -1 0 1 2 3

To
ta

l c
ar

bo
n 

(M
g 

ha
-1

)

Logarithm of root mass

Series3

Series4

Series6

Series1

Series2

 (ii) Influence of soil depth 
 

There was a significant depth effect in the distribution of both root mass and total 

carbon with most of the root mass and soil carbon accumulated in the surface soil (0-10 

cm) (P<0.001).  

The extent of accumulation of soil carbon in the surface soil was more significant in the 

tall wheat grass site (68 to 80%) than the kikuyu sites (52 to 62%) (P<0.001). In 

contrast, the accumulation of soil carbon in 10-20 cm and 20-30 cm soil did not show a 

significant difference among study sites in either root mass or total carbon (total carbon: 

P=0.3 (10-20 cm), P=0.3 (20-30 cm), root mass: P=0.4 (10-20 cm), P=0.8 (20-30 cm)). 

The relationship between root mass and total carbon showed different regression lines 

between the surface soil (0-10 cm) and the deeper soil (10-30 cm) (Figure 4.5, Figure 

4.6).  

 

 

 

 

Kikuyu (The Gairdner site) 
Soil depth 0-10 cm 
Soil depth 10-30 cm 
 
 
 

Tall wheat grass (The Arthur River site) 
Soil depth 0-10 cm 
Soil depth 10-30 cm 
 

Figure 4.5  Relationship of logarithm of root mass and total carbon in kikuyu system (the Gairdner 
site) and tall wheat grass system (the Arthur River site).  
 

Soil depth 0-10 cm (black symbols) 
 

y=4.99x+22.5 (r2=0.23, P=0.006) 
 
Soil depth 10-30 cm (white symbols) 
 

y=1.59x+11.2 (r2=0.47, P < 0.001) 
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(iii) Influence of perennial species  
 

The relationship between root mass and total carbon in perennial species differed 

between kikuyu system (C4 species) and tall wheat grass system (C3 species), in the 

deeper soil (10-30 cm). The kikuyu system (C4) tended to have higher total carbon than 

did the tall wheat grass system (C3) with the same amount of root mass (Figure 4.5). 

The Gnowellen site was excluded from this analysis, as it had significantly lower soil 

pH and showed a different trend in the relationship between soil pH and total carbon 

from the other sites (discussed in 4.3.4 Soil pH). Hence, the investigation of perennial 

species in the relationship of root mass and total carbon was conducted between the 

Gairdner site (C4 species kikuyu) and the Arthur River site (C3 species tall wheat 

grass), which had similar soil pH ranges (Table 4.2).  

In the surface soil (0-10 cm) (Figure 4.5, black symbols), there was no difference in the 

relationship between the logarithm of root mass and total carbon at either the kikuyu 

site or the tall wheat grass site. This relationship at both sites was best described by a 

single regression line (P=0.006) (regression analysis with groups, difference from single 

line to parallel lines: P=0.6) (Figure 4.5).  

In contrast, in the deeper soil (10-30 cm) (Figure 4.5, white symbols), there was a 

significant difference in the relationship between the logarithm of root mass and total 

carbon between the kikuyu site and the tall wheat grass site (regression analysis with 

groups, difference between the kikuyu site and the tall wheat grass site from single line 

to parallel lines: P<0.001, parallel lines to separate slopes: P=0.08). However there was 

no significant relationship between root mass and total carbon (P=0.2) in tall wheat 

grass site (Figure 4.5, white triangle symbols), whereas the relationship between root 

mass and total carbon in the kikuyu site was significant (P<0.001). 
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 (iv) Influence of study site and management practices 
 

To explore the site and management differences, two of 15-year-old perennial pastures 

(kikuyu system) and their adjacent annual pastures at the Gairdner site and the 

Gnowellen site were compared with respect to the relationship between root mass and 

soil carbon. The site differences (i.e. between Gairdner site and Gnowellen site) were 

more significant than the management differences (i.e. between annual pasture and 

perennial pasture) (Figure 4.6).  

 

 

 

 

 

 

 

The Gairdner site, Soil depth: 0-10 cm 
Perennial pasture  

Annual pasture  
 

The Gairdner site, Soil depth: 10-30 cm 
Perennial pasture 

Annual pasture  

y=0.79x+11.7 (r2=0.28, P=0.02) 
 
 
 

The Gnowellen  site, Soil depth: 0-10 cm 
Perennial pasture  

Annual pasture  
 

The Gnowellen site, Soil depth: 10-30 cm 
Perennial pasture  

Annual pasture  

y=1.23x+7.0 (r2=0.30, P=0.06) 
 
 

Figure 4.6  Relationship of logarithm of root mass and total carbon in 15 years age of kikuyu perennial pastures and 
annual pastures in the Gairdner site and the Gnowellen site. 
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In the surface soil, there was no relationship between study sites for either annual or 

perennial pastures in the relationship of the logarithm of root mass and total carbon 

(Figure 4.6 black symbols and grey symbols without borders, respectively). However, at 

soil depths of 10-30 cm, total carbon increased with the logarithm of root mass at both 

the Gairdner and the Gnowellen sites (Figure 4.6, grey symbols with borders and open 

symbols, respectively). At each site, there was no significant difference between the 

annual pasture and the perennial pasture, described by a single regression line in each 

site (the Gairdner site: P=0.02, the Gnowellen site: P=0.06). Moreover, there was a 

trend that the Gairdner site had a higher level of total carbon than did the Gnowellen site 

at the same amount of root mass. 

 

4.3.6 Carbon output: Factors influence carbon fractions  
 

Carbon fractions (particulate carbon and humus) within kikuyu systems (the Gairdner 

site and the Gnowellen site) showed a similar trend in that both particulate carbon and 

humus increased with pasture age (Table 4.1). The relationship between humus and 

particulate carbon in perennial pastures at both these sites could be described by a single 

regression line (regression analysis with groups, difference between single line and 

separate lines: P=0.6) (Figure 4.7). However, the regression line for the annual pasture 

at the Gairdner site and the annual pasture at the Gnowellen site were significantly 

different (regression analysis with group, difference between annual pastures, from 

single line to parallel lines: P=0.004, parallel lines to separate slopes: P=0.007). 

Furthermore, these regression lines for each annual pastures were significantly different 

from the regression line for the perennial pastures (regression analysis with groups, 

difference of perennial pastures and Gairdner annual pasture from a single line to 

parallel lines: P=0.03, parallel lines to separate slopes: P=0.001, Gnowellen annual 

pasture from a single line to parallel lines: P<0.001, parallel lines to separate slopes: 

P=0.008) (Figure 4.8). 
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Figure 4.7  Relationship of particulate carbon and humus in kikuyu systems (the Gairdner 
site and the Gnowellen site) in the surface soil (0-10 cm) and the deeper soil (10-30 cm). 

y=0.58x+0.6 (r2=0.90, P < 0.001) 
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Figure 4.8  Relationship between particulate carbon and humus in 15 years kikuyu perennial 
pastures (the Gairdner site and the Gnowellen site), the rye grass annual pasture in the Gairdner 
site and the subterranean clover annual pasture in the Gnowellen site. 
 

Kikuyu perennial pasture 
y=0.66x+0.3 (r2=0.98, P < 0.001) 
 

(The Gairdner site) 
 

(The Gnowellen site) 

 
Subterranean clover annual pasture 
y=0.97x+0.05  (r2= 0.83, P < 0.001) 
(The Gnowellen site) 
 
 

Rye grass annual pasture 
y=0.52x+0.8 (r2=0.96, P < 0.001) 
(The Gairdner site) 
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4.4 Discussion  

 

This study aimed to clarify the influence of duration of pasture establishment with 

corresponded root development and the influence of factors such as soil pH and plant 

species on soil carbon stock under a chronosequence of perennial pastures. As 

hypothesised, pasture age had a significant influence on carbon stock in accordance 

with root development, which was observed regardless of the type of perennial pasture 

species. However, during the first 10 years of establishment, perennial pastures were 

likely to store less soil carbon than were annual pastures, although root mass was higher 

than that found in annual pastures. After approximately 10 years, total carbon in 

perennial pastures showed a significant increase soil carbon compared with annual 

pastures. The result indicated in addition to root mass, soil pH and plant species 

impacted the process of carbon input and output for carbon sequestration.  

 

4.4.1 Factors influencing the carbon input process  

(i) Influence of pasture age 
 

 As hypothesised, pasture age had a significant influence on carbon stock in accordance 

with root development, which was observed regardless of the type of perennial pasture 

species and the study sites. However, during the first 10 years of establishment, 

perennial pastures were likely to store less soil carbon than were annual pastures. 

Similar results were shown in a study of perennial plant switch grass, where soil carbon 

did not differ in two to three years after establishment but after 10 years, higher levels 

of soil carbon than adjacent fallowed soil were detected (Ma et al., 2000). Chan et al. 

(2011) also reported a slow rate of carbon increase for approximately 10 years until soil 

carbon stock showed a significant increase in perennial pastures.  

The low levels of soil carbon in the first few years after establishment of perennial 

pasture could be due to soil disturbance. In addition to the small return of root derived 

organic matter into the soil during the early stage of establishment, soil disturbance at 

the beginning of the pasture establishment might influence the level of soil carbon 

(Haynes et al., 1991; Guo et al., 2002; Chan et al., 2011: Rabbi et al., 2014). Soil 

disturbance of land use change may result in decomposition of soil organic matter and 
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physical losses of carbon due to the disruption of soil aggregation (Guo et al., 2007, 

Rabbi et al., 2014). Once roots of perennial pastures started returning enough organic 

matter into the soil and assisting soil aggregation, total carbon would be increased and 

higher than that in annual pasture, which was at approximately 10 years after 

establishment in this study.  

 

 

 

 

Hence, the comparison of soil carbon stock in perennial pasture and annual pasture 

could be influenced by perennial pasture age, and inconsistent results observed in 

previous studies could be partly explained by the age of perennial pastures that were 

compared to annual pastures. Unfortunately in previous studies, the exact perennial 

pasture age is not always clear and the soil carbon level not reported for each pasture 

age site (Table 4.3). Although land use change is also affected by several factors 

   

  Perennial 
pasture  Annual pasture  

Soil carbon 
stock 

Perennial 
species 

Perennial 
pasture 

age 

Soil carbon 
reported in 
individual 

pasture age 
site 

Annual species Reference 

 
Perennial 
pasture 
> Annual 
pasture 
 
 

 
Kikuyu  
 

3-45 years 
3-14 years 
3-33 years 
2-18 years 

No Not specified 
 
 

Sanderman et al. 
(2013) 
 

Lucerne  
 

Not specified No Subterranean 
clover 
Rye grass 
 

Murphy et al. 
(2011) 
 

Kikuyu 
 

>15 years No Rye grass 
 

Milne and Haynes 
(2004) 

Kikuyu  
 

Not specified No Rye grass 
Brome grass 
Barely grass  

Hoyle et al. 
(2013) 
 

 
Perennial 
pasture 
≈ Annual 
pasture 
 
 

 
Phalaris  
Cocksfoot 
 

1-13 years 
(monitoring) 

Yes 
 
The initial 10 
years had 
lower soil 
carbon 

Subterranean 
clover 
Barely grass  
 

Chan et al. (2010, 
2011) 
 
 

Gatton panic  
Rhodes grass  

3-18 years No Not specified Sanderman et al. 
(2013) 

Table 4.3  Examples of studies comparing carbon stock in perennial pasture (species, pasture age and 
whether it was reported at individual sites) and annual pasture. 
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(Conant et al., 2001) and is not the only factor influencing soil carbon stock in the 

establishment of perennial pastures, this result suggested that in an assessment of carbon 

stock in perennial pasture, the age of perennial pasture needs to be taken into account 

especially when compared to soil carbon in annual pastures. 

 

(ii) Influence of soil pH and plant species  
 

Soil carbon stock was highly related with root development as hypothesised and the 

relationship between root mass and total soil carbon was likely to be influenced by soil 

pH and plant species but not by land use (the difference of annual pastures and 

perennial pastures).  

There was a notable difference in the relationship between root mass and total carbon 

between the two kikuyu sites (the Gairdner site and Gnowellen site) where soil pH was 

significantly different. The kikuyu pastures in the Gairdner site had a higher total carbon 

for the same amount of root mass compared with the kikuyu pastures in Gnowellen site, 

which indicated that the efficiency of converting root-derived organic matter to soil 

carbon was higher in the Gairdner site or lower in the Gnowellen site. The soil pH 

might have influenced these differences in soil carbon stock through decomposition 

efficiency by controlling microbiological activity. The relationship between soil pH and 

total carbon at the three sites in this study showed an inflection point at approximately 

pH 4.8. The Gnowellen site had significantly lower soil pH (below pH 5.0 (4.3 to 4.8)) 

and showed a tendency toward a negative relationship with total carbon. Other sites 

(Gairdner site and Arthur River site) exhibited higher soil pH (4.6 to 5.2) and a positive 

relationship between soil pH and total carbon. Rousk et al., (2009) showed that organic 

carbon increased with soil pH above approximately soil pH 5.0, which suggested that 

microbiological activities were limited below soil pH 4.5. Kemmitt et al. (2006) showed 

that soil organic carbon decreased as soil pH increased (ranged pH 3.5 to 6.5) but that 

the soil microbial biomass carbon increased. This indicated that at a suitable soil pH, 

microbiological decomposition of soil organic matter was enhanced. Therefore, the 

difference between the Gairdner site and the Gnowellen site in the relationship of root 

mass and total carbon might be partly explained by microbiological activities, as 

influenced by soil pH. 
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On the other hand, under the same soil pH range (pH 4.6 to 5.2) the difference of plant 

species (the kikuyu (C4 pasture) at the Gairdner site and tall wheat grass (C3 pasture) at 

the Arthur River site) showed a significant difference in the relationship of root mass 

and total carbon. However, these differences of plant species were mainly observed in 

the deeper soil. There was no notable difference between total soil carbon and root mass 

for kikuyu site and tall wheat grass in the surface soil. In contrast, the total carbon 

associated with kikuyu roots trended higher than the total carbon associated with tall 

wheat grass roots in the deeper soil.  

In the surface soil, where roots accumulated more and were more influenced by 

environmental conditions (e.g. temperature and moisture), plant species were not 

competitive in converting root-derived organic matter to soil carbon. In contrast, in the 

deeper soil with less root mass and different environmental conditions, there may be 

slower decomposition process than in the surface soil (Pregitzer et al., 1998; Gill et al., 

1999; Gill and Burke, 2002; Rumpel and Kögel-Knabner, 2011). Although various 

factors including site factors may possibly influence soil carbon in these sites, the 

relationship between root mass and total carbon in the deeper soil may reflect 

differences in the efficiency of decomposition of roots of C4 and C3 plants. Kikuyu (C4 

pasture) is likely to have a higher level of total carbon than is tall wheat grass (C3 

pasture) for the same amount of root mass. This result indicated that for kikuyu, root-

derived organic matter may be decomposed into soil carbon more efficiently, as Wynn 

and Bird (2007) suggested that the decomposition of C4 plant-derived carbon was faster 

than for C3 plants. Sanderman et al. (2013) further indicated that the difference in soil 

carbon associated with C4 and C3 plants increased with pasture age. Therefore, in 

addition to soil pH, the difference between C4 and C3 plants may influence soil carbon 

stock through the decomposition efficiency of root derived organic matter. 

 

4.4.2 Factors influencing carbon output process 
 

Carbon decomposition process from particulate carbon to humus was highly influenced 

by plant species, including the effect of plant coverage as indicated by soil moisture and 
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the effect of establishing legumes. Compared with the process of converting root-

derived organic matter to soil carbon, the subsequent carbon decomposition process 

from particulate carbon to humus was likely to be influenced by plant species rather 

than study site including soil pH. 

There was a significant relationship between particulate carbon and humus at both 

kikuyu sites (Gairdner and Gnowellen), with no difference between these two sites. In 

The regression line of these two kikuyu sites was a single line and showed a significant 

difference from the two annual pastures This result suggested that the plant species 

effect (i.e. kikuyu and two different annual species) was larger than the study site effect 

(i.e. the Gairdner site and the Gnowellen site). The plant species factor in this 

decomposition process was assumed to have two effects: soil moisture and 

establishment of a legume.  

In this study, particulate carbon and humus exhibited a significant relationship, and both 

were positively related to soil moisture. This relationship was previously demonstrated 

by several other studies, which addressed the decomposition of organic matter in 

relation to temperature and/or soil moisture (e.g. Chen et al., 2000; Yuste et al., 2007, 

Craine and Gelderman, 2011). Soil moisture in the kikuyu pastures was probably related 

to ground coverage with an extensive root development, based on the evidence that soil 

moisture in the annual pasture was lower than in the perennial pasture and that soil 

moisture in the surface soil increased with perennial pasture age. Kikuyu is a sub-

tropical creeping grass (Nie et al., 2008) and forms extensive ground coverage, which 

can maintain soil moisture underneath. Hence, soil moisture under creeping grass plant 

types such as kikuyu might accelerate carbon decomposition from particulate carbon to 

humus. On the other hand, soil moisture in the deeper soil showed a decrease with 

perennial pasture age. Although the reason why it showed a decrease was not clearly 

showed from this study. It may possibly be due to water usage by extensively developed 

root in old kikuyu pasture.   

 

Another aspect of plant species influence on soil carbon could be associated with the 

influence of legumes. The annual pastures established with different species showed a 

different trend in the relationship between particulate carbon and humus. The annual 
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pasture at the Gnowellen site was dominated by subterranean clover, a legume pasture 

species commonly used in south-western Australia (Peoples and Baldock, 2001), 

whereas the annual pasture at the Gairdner site was dominated by annual rye grass. Neff 

et al. (2002) investigated the effect of nitrogen addition to soil on the soil carbon stock 

and found that even though the level of bulk soil carbon was not changed, 

decomposition of the light fraction of soil carbon increased with the addition of 

nitrogen, while the heavy fraction of soil carbon was stabilised. Therefore, although the 

total soil carbon level in the annual pasture at the Gnowellen site was lower than at the 

Gairdner site, there is a possibility that the annual pasture at the Gnowellen site 

maintained soil carbon longer than at the Gairdner site. 

 

4.5 Conclusions 

 

The length of perennial pasture establishment exerted a significant influence on carbon 

stock in accordance with root development, regardless of the perennial pasture species 

grown. However, for the first 10 years of establishment, perennial pasture was likely to 

store less soil carbon than annual pasture, although root mass as the primary soil carbon 

input was higher than in annual pastures. This result suggested that factors such as soil 

pH and plant species were highly involved in carbon input process as well as in carbon 

output process to sequestrate carbon in the soil. In the carbon input process, in addition 

to root development, the influence of soil pH and the plant species including the 

difference between C4 and C3 plants were likely to be highly involved. As one of the 

carbon output processes, particulate carbon decomposition to humus was highly 

influenced by plant species, including the effect of plant coverage indicated by soil 

moisture and the presence of annual pasture legumes. The result of this study confirms 

that the age of perennial pastures need to be taken into account when comparing soil 

carbon in perennial pastures and annual pastures. Other factors such as root mass, soil 

pH and plant species also need to be considered. 
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CHAPTER 5 
 

Characterising bacterial communities in naturally 
nutrient-deficient soils subjected to different 

agricultural practices 
 

 

 

Abstract 

Agricultural soils in south-western Australia have been highly weathered soil and 

experienced drastic changes by recent agricultural practices of perennial plants. In these 

naturally nutrient-deficient soils, relationships between resident bacterial communities 

and edaphic factors for a range of land uses (annual pasture, perennial pasture, crop 

sown in perennial pasture and tree plantation) were investigated. Bacterial phyla 

dominant in other parts of the world would not necessarily be dominant in the unique 

soils of south-western Australia. On the other hand, edaphic predictors of bacterial 

communities in agricultural land were expected to be similar to what was reported 

worldwide. Firmicutes was the most abundant phylum across all land uses. This was in 

contrast to globally distributed surveys where Actinobacteria and Acidobacteria were 

the dominant phyla. As expected from other studies, soil pH was significantly correlated 

with the bacterial alpha diversity and was a strong edaphic predictor, but interestingly, 

other key drivers included electrical conductivity and extractable copper. There was a 

significant correlation between Actinobacteria and both total soil carbon and total soil 

nitrogen and the dominance of this phylum increased with age of perennial pasture. Soil 

pH as well as electrical conductivity and extractable copper level were good predictors 

of bacterial diversity. Findings from this study confirmed that the bacterial community 

structure in the highly weathered soils of south-western Australia studied were not 

consistent with those found elsewhere, but that the response of bacterial communities to 

agricultural land uses and management were predictable in these soils. 
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5.1 Introduction 

 

Soil microbes play a critical role in various soil processes and their community diversity 

and composition can be varied across environmental gradients. Microbial taxa exhibit 

biogeographical patterns (Dequiedt et al., 2009; Griffiths et al., 2011; Bates et al., 2013; 

Hazard et al., 2013; Sun et al., 2014) and vary widely with both biotic and edaphic 

factors (Andrew et al., 2012). However, while various factors influence microbial 

community, the distribution patterns may be attributed primarily to local environmental 

conditions, such as geochemistry, as opposed to more global climatic and 

geomorphologic characteristics (Dequiedt et al., 2009; Wallenius et al., 2011; Hazard et 

al., 2013; Goberna et al., 2014). 

Based on globally distributed surveys, it has been demonstrated that bacterial phylum 

level community structure is likely to be stable with nine major bacterial phyla 

(Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, Chloroflexi, Firmicutes, 

Gemmatimonadetes, Planctomucetes and Verrucomicrobia), and among these major 

phyla, the dominant bacterial phyla reported worldwide are mainly Acidobacteria and 

Actinobacteria (e.g. Smit et al., 2001; Ulrich et al., 2006; Lauber et al., 2008; Youssef 

and Elshahed, 2009; Jangid et al., 2010; Leff et al., 2011, Summers et al., 2013). In 

contrast, several exceptions have been identified in relatively unusual environment or 

soil conditions. For example, Bacteroidetes were abundant in severe environments in 

Antarctica soil (Aislabie et al., 2006; Ganzert et al., 2011), Chrolofelix was dominant in 

rice fields which have unique soil conditions with periodic flooding/drainage and long 

term fertiliser amendment (Ahn et al., 2012), and Firmicutes dominated chalk soils 

(Kuramae et al., 2010) and ornithogenic soils in Antarctica (Aislabie et al., 2009).  
 

South-western Australia is topographically unique with a flat stable highly weathered 

low plateau with granite occasionally emergent as domed inselbergs (Anand and Paine, 

2002). Under a Mediterranean climate, this region is dominated by nutrient-deficient 

soils (Hopper et al., 1996; Moore, 1998; Hopper and Gioia, 2004) and supports a high 

biodiversity and is recognised as one of the 25 hotspots in the world (Hopper and Gioia, 

2004). In such a severe and distinctive environment, long term agriculture practice 

dominated by annual plant production, has resulted in severe soil degradation (Pimentel 
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et al., 1987; McLaughlin and Mineau, 1995; Harper et al., 2010). Agricultural systems 

using perennial plants including perennial pastures and tree plantations are now 

significant components in this region with an aim to improve resource use and mitigate 

soil degradation with their extensive root systems (Pannell et al., 2006; Fleming and 

Vanclay, 2011; Moore, 2006; Moore et al., 2014).  
 

Agricultural practices often alter soil process and functions where bacterial communities 

are highly involved (e.g. Brussaard, 1997; Colwell, 1997; Six et al., 2006, Bardgett et 

al., 2008; Cookson et al., 2008; Leff et al., 2011). The type and duration of agricultural 

practices are both likely to influence bacterial diversity and structure, in addition to soil 

type and other field properties (Wu et al., 2008). Examples of agricultural practices that 

have significant effects on bacterial communities are: aboveground vegetation 

(Thomson et al., 2010), land use (Lauber et al., 2008; Jangid et al., 2011, Wallenius et 

al., 2011,), cultivation (Jangid et al., 2008, 2010) and fertiliser amendment (Jangid et 

al., 2008). Soil properties altered by these agricultural practices might directly or 

indirectly influence microbial communities co-varying with each other (Lauber et al., 

2009) and soil pH has repeatedly been identified as a strong edaphic predictor of soil 

bacterial diversity and structure (Fierer and Jackson, 2006; Lauber et al., 2008, 2009; 

Rousk et al., 2010; Griffiths et al., 2011). As Lauber et al. (2008) suggested, soil pH is 

the best predictor of bacterial communities regardless of land use.  
 

The aim of this research was to identify and characterise the bacterial communities and 

factors influencing them in inherently nutrient-deficient soils and explore the impact of 

different agricultural practices on bacterial communities in relation to soil properties. 

The study sites included agricultural land with annual and perennial grass-dominated 

pastures, pasture cropping, and agroforestry.  

In this unique soil environment with highly weathered degraded soil in south-western 

Australia, the diversity and structure of microbial communities could also be unique 

with different dominant phylum from Acidobacteria and Actinobacteria. Therefore, the 

response of these microbial communities to the environmental change brought about by 

agricultural practice using perennial plants might be driven by factors different from 

those identified in other soils. 
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The bacterial communities associated with agricultural land use were identified and 

characterised based on direct targeting, amplification and sequencing of V3 region of 

bacterial 16S rRNA genes, for the first time in south-western Australia. Although there 

have been some studies on bacterial communities in Australian soils, they have mainly 

been conducted on clay loam soils and culture based method (Janssen et al., 2002; 

Joseph et al., 2003; Davis et al., 2005; Wakelin et al., 2009; Davis et al., 2011).  

 

With high throughput 16S-rRNA-based sequencing, bacterial communities were 

characterised in the agricultural soils of south-western Australia to (1) identify bacterial 

communities in highly weathered nutrient-deficient soil as global genetic resources that 

would contribute to further studies on microbial biogeographical patterns, (2) identify 

edaphic predictors of bacterial community diversity and structure and, in particular, to 

establish whether there was a correlation between soil pH and bacterial communities as 

found elsewhere; and (3) investigate how agricultural practices impact bacterial 

communities through changes in soil properties  
 
It was hypothesised that  

 
(v) the bacterial communities in the soils used in this study are expected to 

be different from those described in the literature based on globally 
distributed survey  
 

(vi) the bacterial diversity is strongly correlated with soil pH as the dominant 
edaphic predictor of the diversity and structure of bacterial communities 
 
 

(vii) the bacterial communities show response to changes in soil properties by 
agricultural practices 
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5.2 Methods 

5.2.1 Sampling site and sample collection 
 

Soil samples were collected in December 2012 from the coastal area of south-western 

Australia with four agricultural land uses: annual pasture (n=11), perennial pasture 

(n=15), crop sown into perennial pasture (n=5), and tree plantation (n=2). The sampling 

area included a pasture chronosequence, crop sown into perennial pastures and 

agroforestry sites, each with adjacent annual pastures. The chronosequence of perennial 

pastures was established with kikuyu (Pennisetum clandestinum) and included pastures 

that were 8, 15 and 22 years old. Adjacent to the perennial pastures, canola was grown 

for one year sown into kikuyu pasture (which was 15 years old at the time). The 

agroforestry sites consisted of alley tree plantations and were established with swamp 

she-oak (Casuarina obesa); alley perennial pasture was established with tall wheat grass 

(Thinopyrum ponticum). At each land use site, two to five replicates of quadrats (25 by 

25 m) were laid out in an area representing the local landscape, soil type, and vegetation 

condition. For each quadrat, 10 sampling points from the intersections of 5 m grids were 

randomly selected using random coordinates (Sanderman et al., 2011). At each 

sampling point, the plant material and litter on the soil surface were removed, and a soil 

core with a 4 cm diameter was collected at a depth of 0-10 cm and composited as one 

sample. The samples were maintained in sealed bags at a cool location during the 

sample collection and then transferred to -20 °C. 

 

5.2.2 Analysis of soil properties  
 

The soil samples were air-dried at 40 °C for 48 hours and passed through a 2 mm sieve. 

Fine material (< 2 mm) from the sample was then used for chemical analysis. The soil 

pH was determined using 1:5 w/v suspensions of soil in 0.01 M CaCl2 solution. 

Electrical conductivity (EC) was determined using 1:5 suspensions of soil in deionised 

water (Rayment and Higginson, 1992). Soil texture was determined by particle size 

analysis (hydrometer method) (Gee and Bauder, 1979). 
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The total carbon and total nitrogen were measured by elemental analysis using high 

temperature combustion followed by non-dispersive infrared spectrometry to detect CO2 

(vario Macro CNS, Elementar, Germany), as described in the soil carbon analysis 

protocol of Sanderman et al. (2011). The analysis of particulate carbon (> 53 µm) and 

humus (< 53 µm) also followed the procedure of Sanderman et al. (2011). The resistant 

carbon was determined as described by Helfrich et al. (2007). The extractable elements 

(Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, S and Zn) were analysed following a Mehlich 3 

multi-elements test (Rayment and Lyons, 2010).   

 

5.2.3 Molecular analysis 

DNA extraction 
 

The soil samples used for DNA extraction were kept at -20 °C until they were 

processed. The nucleic acids were extracted from 0.25 g (wet weight) of soil using the 

hexadecyltrimethylammonium bromide (CTAB) bead-beating method in Bio 101, Inc., 

multimix tubes, as described by Griffiths et al. (2000), with the following modifications: 

(1) The extractions were performed by the addition of 0.6 ml of CTAB extraction buffer 

and 0.6 ml of a phenol: chloroform: iso-amyl alcohol (25:24:1) mixture. (2) The 

samples were lysed for 2 minutes using the Qiagen Retsch TissueLyser II at 30 Hz, and 

the aqueous phase containing the nucleic acids was separated by centrifugation 

(16,000xg) for 5 minutes at 4 °C. (3) The pelleted nucleic acids were re-suspended in 30 

µl of molecular grade water. All the extracted products were verified on a 1.7 % (w/v) 

agarose gel by electrophoresis using ethidium bromide staining and a 1 kb DNA ladder. 

 

PCR amplification 
 

The 200 b.p. V3 region of the bacterial 16S rRNA genes from the DNA samples were 

amplified by a polymerase chain reaction (PCR) using V3 oligonucleotide primers 

specific for the domain Bacteria and fused with Golay barcodes to allow multiple 

samples to be run on a single chip (Whiteley et al., 2012). Specifically, all the forward 
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core primers (where ‘core’ refers to the original unmodified 16S rRNA amplification 

primer) were modified by the addition of a personal genome machine (PGM) 

sequencing adaptor, the ‘GT’ spacer and a unique error-correcting Golay barcode to 

allow multiplex analyses (Hamady et al., 2008). 

The amplification was performed in triplicate to account for polymerase chain reaction 

(PCR) bias from each sample using 2 µl of template DNA and 0.5 µl of unique forward 

primer in a 47.5 µl master mix of 10 µl of 5X Taq buffer, 1 µl of 10 mM dNTP, 0.5 µl 

of reverse primer, 0.5 µl of Taq and 35.5 µl of molecular grade water (MoBio 

Laboratories). The PCR reaction conditions were 94 °C for 3 minutes (initial 

denaturation), followed by 35 cycles of 94 °C for 45 seconds (denaturation), 52°C for 

60 seconds (annealing) and 72 °C for 90 seconds (elongation), with a terminal 10 

minutes period at 72 °C (final elongation). All the PCR products were checked for size 

and specificity on a 1.50 % (w/v) agarose gel by electrophoresis using 5 µl of ethidium 

bromide (10 mg/ml) stain. 

 

Amplicon purification 
 

The PCR-amplified technical replicates were pooled, resulting in a total volume of 150 

µl. The pooled samples were then cleaned and concentrated using a Promega Wizard 

SV kit as per the manufacturer’s instructions. The final product was eluted with 30 µl of 

nuclease-free water. To separate the amplicon bands, the concentrated pooled samples 

were loaded with the addition of 8 µl of xylene cyanol loading buffer on a 1.5 % (w/v) 

agarose gel for electrophoresis at 80 V for 40 min using a size standard DNA ladder 

(BioLine Hyper Ladder I). The amplification products of the correct size (c.a.260-300 

b.p. in size) for DNA sequence analysis were excised from the agarose gel on a UV 

transilluminator and purified from the agarose as per the manufacturer’s instructions 

using the Promega Wizard SV kit. The purified DNA fragments were eluted with 30 µl 

of nuclease-free water; the resultant cleaned samples were then checked for 

concentration (ng/µl of DNA) and quality (absorbance ratio at 260/280 nm) on a 

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) and adjusted to the 

same concentration (5 ng/µl).  
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All the samples were pooled to a total volume of ~250 µl. The samples were then 

vortexed for 10 seconds and pulse spun prior to loading on a 1.5 % w/v agarose gel for 

electrophoresis at 80 V for 1 hr using a size standard ladder (BioLine hyper Ladder I). 

The resulting bands were purified a second time by excision on a transilluminator and 

checked for correct size before a final purification step, which was performed to remove 

residual primers and short DNA fragments. The excised bands of the final pooled and 

purified samples were then processed as per the manufacturer’s instructions using the 

Promega Wizard SV kit to remove any residual primer dimer, and the final product was 

eluted with 30 µl of nuclease-free water. 

 

16S rRNA sequencing and QIIME analysis 
 

The purified PCR products were initially quantified using a Bioanalyser 2100 (Agilent 

Technologies), and the amplicons were diluted to a concentration of nine picomoles 

(pM) for DNA sequencing. The 9 pM solution was then loaded into a OneTouch 2 

instrument (Life Technologies, USA) and subjected to emulsion PCR to attach the DNA 

fragments to Ion Sphere particles (ISPs) using the Ion Template 200 sequencing 

protocol kit. After the PCR, the ISPs with DNA on their surface were enriched and 

loaded onto a “316” sequencing chip and sequenced for 520 cycles on a PGM 

semiconductor sequencer (Ion TorrentTM, Life TechnologiesTM, Thermo Fisher 

Scientific Inc. USA) according to the manufacturer’s instructions. These data were 

collected and initially analysed for sequence quality and output using Torrent Suite 

3.6.2.  

 

The sequencing using the Ion TorrentTM PGM generated 3,300,000 sequence reads with 

16S rRNA fragment read lengths ranging between 180 and 220 b.p. after the PGM 

system was used to remove the amplification primer sequences. After sequencing, the 

individual sequence reads were filtered within the PGM software to remove low-quality 

and polyclonal sequences. All of the PGM, quality-filtered data were exported as FastQ 

files, split into constituent *.fasta and *.qual files and subsequently analysed using the 

software package QIIME (Quantitative Insights Into Microbial Ecology) pipeline, as 

described by Caporaso et al. (2010). From the pooled sequence reads, the sequences 
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associated with each original sample were split based upon the unique Golay barcode 

assigned to each sample and classified into operational taxonomic units (OTUs) by 

OTU picking at 94% similarity (genus level). Although this level of OTU picking is 

relatively coarse, it was deemed sufficient for the purpose of this study for large-scale 

diversity analyses. Subsequently, a representative sequence of each OTU was picked 

using UCLUST and assigned a phylogenetic identity by sequence homology matching 

using the RDP_update 22 database. Phylogenetic trees were constructed based upon the 

identified OTUs, the relative abundance of each OTU was calculated, and alpha 

diversity measures were calculated after rarefaction using UNIFRAC. 

 

5.2.4 Statistical analyses 

Statistical analyses were conducted using the statistical software packages GenStat v. 16 

(VSN International, Hertfordshire, UK) and Primer v. 6 (PRIMER-E Ltd, Plymouth, 

UK). 
 

Using QIIME, nonparametric Chao 1 diversity indices were calculated. The Chao 1 

diversity rarefaction curves were then examined for land use effects by regression with 

groups using a quadratic polynomial model. The land use types were used as the groups. 

The regression with groups showed whether the land use types were characterised by 

individual lines with different or similar curves. A regression characterised by 

individual lines with different curves meant that the relationship between the variables 

varied among the land uses, whereas a regression characterised by individual lines with 

similar curves meant that the relationship was the same, but the response of the 

variables was significantly different.  
 
The relative abundance of the OTUs in the 16S rRNA gene (phylum/class) were 

analysed by one-way analysis of variance (ANOVA) with land use as the fixed factor. If 

the results showed overall significance (i.e. at least one of the means was different from 

the others), Fisher’s multiple comparison test (LSD) was conducted to examine the 

differences between the means. The relationships among the relative abundance of 

phyla were examined by Pearson’s two-sided correlation test.  
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In examining the relationship between soil properties bacterial diversity (or relative 

abundance of phylum and class), variation in soil properties were assumed to drive 

variations in bacterial diversity. Therefore regressions with soil properties as the 

explanatory variables and bacterial diversity (or relative abundance of phylum and 

class) the response variables were used. Similarly, the relationship of pasture age and 

soil properties (i.e. soil pH, total carbon, carbon fractions and total nitrogen) and the 

relationship of pasture age and the relative abundance of phylum were examined by 

regression analysis using pasture age as the explanatory variables and soil properties 

and the relative abundance of phylum as the response variables.  

 

A nonmetric multidimensional scale (NMDS) was used to visualise the differences of 

bacterial community composition and soil properties in chronosequence perennial 

pastures with adjacent annual pasture. The relative abundance of the OTUs in 16S was 

analysed using the Euclidean distance resemblance measure. The NMDS plots were 

then constructed using the relative abundance of the major phyla (Acidobacteria, 

Actinobacteria, Chloroflexi and Proteobacteria) and the soil properties (pH, electrical 

conductivity (EC), total carbon and total nitrogen) to visualise their contributions to the 

overall difference. 
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5.3 Results 

5.3.1 Soil properties  
 

At all the study sites, the soils were sandy (85 to 97% sand) and acidic, with the mean 

pH (CaCl2) ranging from 4.6 to 5.0 (Table 5.1). The soils from the agroforestry site 

exhibited a relatively high electrical conductivity (EC) (177 to 1316 µS/cm) compared 

with those from the other sites (45 to 56 µS/cm). The levels of total carbon (13.0 to 22.5 

g kg-1 soil) and total nitrogen (1.0 to 1.5 g kg-1) were similar across all the sites, whereas 

the level of humus differed significantly with the land use and was highest in the 

perennial pastures (P=0.001) (Table 5.1). Within the chronosequence perennial pastures 

adjacent to annual pastures, the total carbon, carbon fractions, total nitrogen and pH 

increased consistently with the pasture age (Figure 5.1). 

 

 
 

 

Figure 1 Relationship between chronosequence perennial pasture age and soil properites.
Perennial pasture age: 8, 15 and 22 y ears and adjacent annual pasture as 0 y ear.
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Figure 5.1  Relationship between chronosequence perennial pastures age and soil properties. 
Perennial pasture (pasture age: 8, 15 and 22 years) and adjacent annual pastures as 0 year from 
south-western Australia. 
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Soil Properties
Effect 

(P )

Soil pH (CaCl2) 4.9 ± 0.07 5.0 ± 0.04 5.0 ± 0.07 4.6 ± 0.07 0.03
EC  (μS/cm) 73 ± 16.5 103 ± 56.8 45 ± 0.5 1316 ± 147.0 <0.001

Total carbon (g Kg-1 soil) 18.4 ± 1.6 22.5 ± 1.7 20.3 ± 2.8 13.0 ± 1.8 0.1

Particulate carbon (g Kg-1 soil) 10.1 ± 1.4 11.6 ± 1.0 11.3 ± 1.8 7.2 ± 0.4 0.5

Humus (g Kg-1 soil) 4.6 ± 0.5 7.7 ± 0.5 5.8 ± 0.9 3.6 ± 1.2 0.001

Resistant carbon (g Kg-1 soil) 2.2 ± 0.3 2.5 ± 0.2 2.1 ± 0.4 1.8 ± 0.1 0.6

Total nitrogen (g Kg-1 soil) 1.3 ± 0.1 1.5 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 0.2
Particle size analysis Clay (%) 3 ± 0.3 3 ± 0.8 1 ± 0.0 3 ± 0.0 0.4

Sand (%) 89 ± 1.7 90 ± 0.3 97 ± 0.0 85 ± 0.0 <0.001
Silt (%) 8 ± 1.7 7 ± 0.8 2 ± 0.0 12 ± 0.0 0.02

Chao1 diversity index 824 ± 22.5 945 ± 35.7 936 ± 32.9 569 ± 61.1 <0.001

Land use

Annual pasture Perennial 
pature

Crop in 
perennial

Tree plantation

 

 

 

 

 

 

 

Table 5.1  Mean values measurement of soil properties  (Soil pH, Electrical conductivity (EC), total carbon, particulate 
carbon, humus, resistant carbon, total nitrogen and particle size analysis) and Chao1 diversity index (alpha diversity  based 
on 1000 sequences per sample) within land use for annual pastures (n=11), perennial pastures (n=15), crop sown in 
perennial pasture (n=5) and tree plantation (n=2) in south-western Australia.  
All values represent means ± SEM.  Land use effect (P) = P value calculated by analysis of variance. 
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5.3.2 Diversity of soil bacterial communities  
 

The DNA read sequences had an average Phred quality score of 30. The rarefaction 

with the random picking of OTUs up to 5,000 sequence reads showed that the soils 

under the tree plantations had significantly lower bacterial diversities than the soils 

under the grazing sites (annual pasture, perennial pasture and crop sown in perennial 

pasture) (Figure 5.2). The rarefaction curves for perennial pasture, annual pasture and 

tree plantation were revealed to be clearly individual lines (Regression analysis with 

groups, perennial pasture and annual pasture; P=0.03, perennial pasture and tree 

plantation: P=0.002 and annual pasture and tree plantation: P<0.001). Also the curve for 

tree plantations was completely different from those of grazing pastures showing the 

significant difference between parallel lines and separate lines (perennial pastures and 

tree plantation: P=0.003, annual pasture and tree plantation: P=0.04). The line for crop 

in perennial pasture did not differ significantly from that for perennial pasture or that for 

annual pasture (P=0.95 and 0.06, respectively, for the similarity of two lines).  
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Figure 5.2  Alpha diversity rarefaction curves of 16S rRNA gene libraries at annual pasture 
(n=11), perennial pasture (n=15), crop sown in perennial pasture (n=5) and tree plantation 
(n=2) in south-western Australia. OTUs were formed at 94% similarity levels. 
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The alpha diversity was estimated by the Chao 1 diversity index within each sample 

(Lozupone et al., 2007) and was tested for regression analysis with the soil properties as 

the explanatory variables. Among the representative soil properties, soil pH, EC and 

extractable sodium, sulphur and copper were found to have strong correlations with the 

Chao1 diversity index (Figure 5.3, Appendix 2). The bacterial diversity had a positive 

relationship with soil pH but a negative relationship with log EC. 

 

The three elements (sodium, sulphur and copper) showed significant relationship with 

EC (P<0.001). Sodium and sulphur were also significantly related to pH (P=0.03 and 

<0.001, respectively), whereas copper showed no significant relationship with pH 

(P=0.15). 
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Figure 5.3  Relationship between soil properties (Soil pH, log EC, Na, S and Cu) and Chao1 diversity in land use for annual pastures (n=11), 
perennial pastures (n=15), crop sown in perennial pasture (n=5) and tree plantation (n=2) in south-western Australia. 
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Phylum/class Combined Effect 
(P )

Acidobacteria 11 10 ab 13 b 12 b 6 a 0.039
Acidobacteria 3.3 3.4 3.6 2.7 1.5 NS
Acidobacteria-2 0.1 0.1 0.1 0.2 0.0 NS
Acidobacteria-6 0.6 0.6 b 0.6 b 0.5 b 0.1 a 0.03
Chloracidobacteria 1.6 0.7 a 1.9 b 3.0 c 0.1 a < 0.001
Solibacteres 0.9 1.0 ab 0.9 c 0.8 bc 0.2 a 0.02
Sva0725 0.1 0.1 0.1 0.1 0.0 NS
iii1-8 0.2 0.1 0.2 0.1 0.0 NS
Other Acidobacteria 4.7 4.2 5.2 4.9 3.8 NS

Actinobacteria 26 27 27 26 11 NS
Acidimicrobiia 1.0 0.7 a 1.1 b 1.4 b 0.2 a < 0.001
Actinobacteria 18.3 19.8 18.6 18.7 6.1 NS
Thermoleophilia 6.1 6.2 6.5 5.9 4.2 NS
Other Actinobacteria 0.3 0.3 0.3 0.3 0.2 NS

Bacteroidetes 7 6 8 7 3 NS
Flavobacteriia 1.2 1.2 1.5 0.9 0.6 NS
Sphingobacteriia 4.8 4.3 5.3 5.5 1.9 NS
Other Bacteroidetes 0.5 0.4 0.7 0.5 0.2 NS

Chloroflexi 2 1 b 2 c 2 c 0 a < 0.001
Anaerolineae 0.8 0.5 a 1.1 b 1.1 b 0.1 a < 0.001
Bljii12 0.2 0.2 b 0.2 b 0.2 b 0.0 a 0.03
Chloroflexi 0.1 0.1 ab 0.1 bc 0.1 c 0.0 a 0.02
Ellin6529 0.1 0.1 0.1 0.1 0.1 NS
Ktedonobacteria 0.1 0.1 0.1 0.0 0.0 NS
TK17 0.1 0.1 0.2 0.2 0.2 NS
Thermobacula 0.2 0.2 0.2 0.3 0.0 NS
Thermomicrobia 0.1 0.1 0.1 0.1 0.0 NS
Other Chloroflexi 0.1 0.1 0.1 0.1 0.0 NS

Firmicutes 33 36 a 29 a 28 a 67 b 0.005
Bacilli 32.8 35.6 a 28.3 a 28.1 a 63.9 b 0.01
Clostridia 0.4 0.3 ab 0.5 b 0.2 a 1.0 c < 0.001
Other Firmicutes 0.2 0.1 0.1 0.0 1.8 NS

Proteobacteria 16 15 17 18 11 NS
Alphaproteobacteria 10.0 9.3 10.3 12.0 7.1 NS
Betaproteobacteria 2.0 2.1 b 2.2 b 1.9 b 0.1 a 0.01
Deltaproteobacteria 1.6 1.6 b 1.8 b 1.7 b 0.7 a 0.01
Gammaproteobacteria 1.8 1.3 2.0 1.8 2.7 NS
Other Proteobacteria 0.6 0.5 0.7 0.8 0.5 NS

Other phylum 4 4 4 5 2 NS

Land use

Annual 
pasture

Perennial 
pasture

Crop in 
perennial 
pasture

Tree 
plantation

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2  Difference in relative abundance of OTUs in the 16S rRNA gene between land 
use types. Phylum indicated in bold letters. Average relative abundance of dominant phyla 
and class in percentage of four agricultural land use respectively annual pasture (n=11), 
perennial pasture (n=15), crop sown in perennial pasture (n=5) and tree plantation (n=2) 
in south-western Australia. Land use effect (P) = P value calculated by analysis of 
variance. Values with same letters were not significantly different at α=0.05 by Fishers' 
multiple comparison tests (LSD). N S: No significance detected. 
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Correlation 
coefficient

P 

Firmicutes - Proteobacteria -0.86 < 0.001
Acidobacteria - Chloroflexi 0.80 < 0.001
Actinobacteria - Firmicutes -0.77 < 0.001
Acidobacteria - Firmicutes -0.75 < 0.001
Chloroflexi - Firmicutes -0.74 < 0.001
Chloroflexi - Proteobacteria 0.64 < 0.001
Acidobacteria - Proteobacteria 0.69 < 0.001
Actinobacteria - Proteobacteria 0.48 0.004
Acidobacteria - Actinobacteria 0.39 0.02
Actinobacteria - Chloroflexi 0.37 0.03

5.3.3 Relative abundance of OTUs in soil bacterial communities  
 

Using the classifiable sequences, 14 phyla were identified across the sample set (94% 

similarity levels). The most abundant phylum across the samples (n=33) in this study 

area was Firmicutes (33%), followed by Actinobacteria (26%), Proteobacteria (16%), 

Acidobacteria (12%), Bacteroidetes (7%) and Chloroflexi (2%) (Table 5.2). Firmicutes 

were consistently the most dominant phylum across all of the land uses, occupying 28 to 

67 % of the OTUs. The order of relative abundance was consistently Firmicutes, 

Actinobacteria, Proteobacteria and Acidobacteria across the study sites (n=33), and the 

shifts in the relative abundance of the detected phyla were merely changes in their 

components. The lower bacterial diversity in the tree plantations was most likely the 

result of the lesser abundance of the more minor bacterial taxa rather than changes in 

the communities of major bacterial taxa. 

 

The Pearson’s two-sided correlation analyses between the relative phylum abundances 

revealed that the relative abundance of Firmicutes, the most abundant phylum, was 

negatively correlated with that of each of the other major phyla (Actinobacteria, 

Proteobacteria, Acidobacteria and Chloroflexi). By contrast, the relative abundances of 

the phyla other than Firmicutes were positively correlated with each other (Table 5.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3  Pearson's correlation coefficient between phyla. 
 P value were calculated by Pearson's two-sided correlation 
analysis between each phyla on land use for annual pastures 
(n=11), perennial pastures (n=15), crop sown in perennial pasture 
(n=5) and tree plantation (n=2) in south-western Australia. 
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The dominant OTUs at the class level corresponded to Bacilli (32.8%), Actinobacteria 

(18.3%), Alphaproteobacteria (10.0%), Thermoleophilia (6.1%), Sphingobacteria 

(4.8%), other Acidobacteria (4.7%), Acidobacteria (3.3%), Betaproteobacteria (2.0%), 

Deltaproteobacteria (1.6%), Gammaproteobacteria (1.8%) and Chloracidobacteria 

(1.6%). The remaining class level OTUs had a relative abundance of less than 1% 

(Table 5.2).  

 

5.3.4 Response of soil bacterial communities to soil properties 
 

The soil pH was found to be strongly related with the relative abundance of all the 

dominant phyla except Acidobacteria. The relative abundance of Firmicutes showed a 

negative relationship with soil pH, whereas all the other dominant phyla displayed 

positive relationships with this parameter (Figure 5.4).  

 

The relative abundance of Acidobacteria did not show any significant relationship with 

the soil pH. However, the relative abundance of Acidobacteria and of Chloroflexi and 

Firmicutes was significantly related with the EC (Table 5.4 (a)). The relative abundance 

of Bacteroidetes did not show a significant relationship with any of the soil properties. 

In contrast the relative abundance of phylum Actinobacteria showed the significant 

relationship with the total carbon (P=0.01), particulate carbon (P=0.004) and total 

nitrogen (P=0.001) (Table 5.4 (a)). For class level Actinobacteria, only class 

Actinobacteria and class Acidimicrobiia showed strong relationships with the total 

carbon, carbon fractions and total nitrogen (Table 5.4 (b)). The relative abundance of 

class Actinobacteria was more significantly related with the level of labile particulate 

carbon (P=0.003) than was the relative abundance of class Acidimicrobiia (P=0.016). 

Class Actinobacteria also showed a significant relationship with the total nitrogen 

(P=0.001) than did class Acidimicrobiia (P=0.020). By contrast, the level of more stable 

carbon humus was significantly related only with the relative abundance of class 

Acidimicrobiia (P=0.012).  
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Figure 5.4  Relationship between soil pH and relative abundance of phyla (a) Proteobacteria, (b) FIrmicutes, (c) Actinobacteria 
and (d) Chroloflexi in land use for annual pastures (n=11), perennial pastures (n=15), crop sown in perennial pasture (n=5) and 
tree plantation (n=2) in south-western Australia. 
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Soil properties Phylum   P r2

EC Chroloflexi 0.003 0.27
Acidobacteria 0.002 0.21
Firmicutes 0.008 0.18

Total carbon (g Kg-1 soil) Actinobacteria 0.01 0.19
Particulate carbon (g Kg-1 soil) Actinobacteria 0.004 0.24
Total nitrogen (g Kg-1 soil) Actinobacteria 0.001 0.29

Firmicutes 0.04 0.13

(b) Soil properties and class level Actinobacteria 

soil properties Class   P r2

Total carbon (g Kg-1 soil) Acidimicrobiia 0.008 0.21
Actinobacteria 0.008 0.20

Particulate carbon (g Kg-1 soil) Actinobacteria 0.003 0.26
Acidimicrobiia 0.02 0.17

Humus (g Kg-1 soil) Acidimicrobiia 0.01 0.19
Resistant carbon (g Kg-1 soil) Actinobacteria 0.03 0.14
Total nitrogen (g Kg-1 soil) Actinobacteria 0.001 0.28

Acidimicrobiia 0.02 0.16

(a) Soil properties and abundant phylum

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.5 Effect of land use and perennial pasture age on soil bacterial communities 
 

The Chao 1 diversity measure detected an effect of land use on bacterial diversity; that 

is, the tree plantations showed significantly lower bacterial diversities than those of the 

land used for the other purposes (Table 5.1). The nonmetric multidimensional scaling 

analysis (MDS) of the chronosequence perennial pastures adjacent to annual pastures 

revealed a difference in bacterial communities between these two agricultural land uses 

(perennial pastures and annual pastures) (Figure 5.5). The vectors in Figure 5.5 for the 

soil properties and for the relative abundance of the phyla also indicated a clear 

transition of these properties and phyla in these different agricultural land uses. 

Table 5.4  Relationship between soil properties and relative abundance of 
phylum and class in land use for annual pastures (n=11), perennial 
pastures (n=15), crop sown in perennial pasture (n=5) and tree plantation 
(n=2) in south-western Australia. P values was calculates for the difference 
of regression slopes difference from zero. r2 were obtained by fitting linear 
regression. 
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Converting from annual pastures to perennial pastures tended to shift the bacterial 

composition from a greater relative abundance of Firmicutes to a greater relative 

abundance of Proteobacteria, Chloroflexi, Acidobacteria and Actinobacteria. The 

vectors indicating the relative abundance of Firmicutes, Proteobacteria and Chloroflexi 

were oriented in the same direction as the vector for soil pH change, whereas the vector 

for Actinobacteria abundance was accompanied by the vector for total carbon and total 

nitrogen change. There was a significant transition in the bacterial communities with the 

relative abundance of phyla Firmicutes, Proteobacteria and Chloroflexi showing the 

most distinctive changes (Figure 5.6). The relative abundance of Firmicutes in the 

chronosequence perennial pastures decreased markedly with perennial pasture age and 

changed significantly over the course of perennial pasture establishment. This situation 

contrasted with the results for Proteobacteria and Chloroflexi, which both increased in 

abundance with perennial pasture age. The soil properties, such as soil pH, total carbon, 

carbon fractions and total nitrogen, also positively related with the perennial pasture 

age, and the strength of the correlations was moderate to strong (Figure 5.1). 
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Figure 5.5  Multidimensional scaling analysis of bacterial communities in a chronosequence of perennial 
pastures (perennial pasture age  8, 15 and 22 years) with adjacent annual pasture. The vectors indicate the 
relative abundance of major phyla (Acidobacteria, Actinobacteria, Chloroflexi and Proteobacteria) and soil 
properties (pH, electrical conductivity (EC), total carbon and total nitrogen) that contribute significantly to 
the overall difference in perennial pastures pasture age. 
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 5.4 Discussion 

 

This study explored naturally nutrient-deficient agricultural soils with the aim of 

identifying and characterising their bacterial communities. With high throughput 16S-

rRNA-based sequencing, the dominant soil bacterial groups were characterised as well 

as the edaphic predictors of bacterial community diversity and structure for the first 

time in south-western Australia. Based on previous studies, we hypothesised that the 

most dominant phylum was either Actinobacteria or Acidobacteria and that dominance 

was driven by soil pH as the strongest edaphic predictor. This study, which included a 

chronosequence of perennial pastures, investigated the impact of soil property changes 

resulting from agricultural practice on the diversity and structure of bacterial 

communities. 

Figure 5.6  Relationship of perennial pasture age (8, 15 and 22 years) and relative 
abundance of Firmicutes, Proteobacteria and Chroloflexi. 
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5.4.1 Dominant bacterial groups  
 

The dominant OTUs detected were affiliated with the phyla Firmicutes, Actinobacteria, 

Proteobacteria, and Acidobacteria, in this order, with Firmicutes the dominant phylum. 

The identification of Firmicutes as the dominant phylum in this sample set did not 

support the hypothesis and was unexpected for two reasons. First, out of at least 52 

identifiable major lineages of phyla in various habitats (Rappé and Giovannoni, 2003), 

Acidobacteria, Proteobacteria and Actinobacteria have been reported to be the most 

abundant (Smit et al., 2001; Ulrich and Becker 2006; Jangid et al., 2008; Jones et al., 

2009; Grifitths et al., 2011; Jangid et al.,2010; Thomson et al., 2010; Lin et al., 2011; 

Sayer et al., 2013; Summers et al., 2013). These three phyla account for almost three 

quarters of the total bacterial composition (39%, 20% and 13%, respectively) (Janssen, 

2006). Firmicutes, however, despite being considered one of the more dominant phyla 

on a global scale, only accounts for 2% of bacterial communities, on average (Janssen, 

2006). Second, it was previously suggested that Firmicutes are best adapted to 

conditions that are typically high in nutrients and saline (Aislabie et al., 2009), and 

Firmicutes were reported to represent the largest portion of detected OTUs in the forest 

soils of Kashmir valley, India; in the organic-matter-rich, ornithogenic soils in the Ross 

Sea region of Antarctica; and in chalky, slightly acidic soils in The Netherlands (Felske 

et al., 2000; Ahmad et al., 2009; Aislabie et al., 2009; Kuramae et al., 2010, 2012).  

 

The agricultural soil at this study sites was observed to be low in salinity and generally 

lower in nutrients when compared with the soils examined in previous studies. The soils 

in south-western Australia are highly weathered (Moore, 1998). To explain the higher 

relative abundance of Firmicutes in such a severe environment, further research on the 

traits of Firmicutes is needed. There is limited research on Firmicutes, including the 

major class Bacilli, with most attention directed towards the genus Bacillus, which 

represents one of the most diverse genera in the class Bacilli (Garbeva et al., 2003). 

Common physiological traits important to their survival include the production of a 

multi-layered cell wall structure, the formation of stress-resistant endospores, and the 

secretion of peptide antibiotics, peptide signal molecules, and extracellular enzymes 

(Gardener, 2004). The dormant spores of Bacillus are well known for their resistance to 
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extreme environments, including those with excessive wet or dry heat, UV or gamma 

radiation, or desiccating or oxidising agents (Nicholson et al., 2000), and can survive for 

hundreds of years or more as spore DNA, protecting the DNA from damage (Setlow, 

2007). Quantitative and qualitative variations in these traits allow these bacteria to 

inhabit diverse niches in agro-ecosystems (Gardener, 2004).  
 

It was concluded that Firmicutes was the indigenously dominant phylum in agricultural 

soils characterised by a high degree of weathering and a natural deficiency of nutrients. 

Firmicutes may survive such harsh environmental conditions by forming stress-resistant 

endospores, whereas other bacterial groups have not adapted so well. 

 

5.4.2 Edaphic predictor of bacterial community diversity and structure 
 

An analysis of the relationship between the Chao1 diversity and the soil properties 

revealed that soil pH, electrical conductivity (EC) and extractable sodium, sulphur and 

copper most likely influenced bacterial diversity. Among these properties, soil pH 

appeared to be the strongest edaphic predictor because it was correlated with the relative 

abundance of each bacterial group, both directly and indirectly. Furthermore, soil pH 

could act as a representative edaphic predictor, integrating the rest of the edaphic 

predicators that influence bacterial communities.  

 

Despite the narrow acidic pH range, this study demonstrated a positive relationship 

between soil pH and bacterial diversity, as reported in other parts of the world (Fierer 

and Jackson, 2006; Jangid et al., 2008; Lauber et al., 2008, 2009; Grifitths et al., 2011). 

A number of mechanisms may explain the relationship between soil pH and bacterial 

diversity, but soil pH appeared to impact bacterial diversity both directly and indirectly 

in this study, as discussed below.  
  

Bacterial diversity is altered by changes in the relative abundance of each bacterial 

group because the diversity generally depends on a certain pH range for pH homeostasis 

(Krulwich et al., 2011). The most abundant phyla, excluding Acidobacteria 

(Proteobacteria, Firmicutes, Actinobacteria and Chloroflexi), strongly responded to a 
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change in pH, which suggested that soil pH was a direct edaphic predictor of bacterial 

diversity because such change modified the relative abundance of each bacterial group. 

Interestingly, however, the relative abundance of Acidobacteria did not significantly 

correlate with pH, although in previous studies, its relative abundance was highly 

influenced by soil pH and greatest in the lower pH range (Jones et al., 2009; Lauber et 

al., 2009; Grifitths et al., 2011). This indicated that the influence of soil pH on entire 

bacterial communities may be more complicated than a direct effect of pH and result 

from the integration by soil pH of a number of other individual soil properties and site 

variables (Fierer and Jackson, 2006; Lauber 2008). Griffiths et al. (2011) also noted that 

the question of whether pH alone is directly responsible for an observed difference in 

soil bacterial composition is problematic because pH could influence a number of other 

soil variables, such as carbon and nitrogen. In this study, for example, the relative 

abundance of Actinobacteria showed a significant positive relationship not only with 

soil pH but also with total carbon and total nitrogen. Because Actinobacteria is 

generally known to perform an important role in the carbon cycle (Goodfellow and 

Williams 1983), the abundance of Actinobacteria could be explained by altered total 

carbon and total nitrogen in the carbon and nitrogen cycles, which may be indirectly 

influenced by soil pH through mineralisation and immobilisation (Brady and Weil, 

2008). These data support the suggestion that soil pH influences bacterial communities 

both directly and indirectly. 
 

The  investigation of salinity, measured as EC, and bacterial diversity was consistent 

with that of Lozupone and Knight (2007) that was based on a compilation of 111 studies 

from diverse physical environments and found salinity to be the major environmental 

determinant of microbial community composition. However, most research on the 

responses of microbial diversity to salinity have been conducted in highly saline aquatic 

environments, such as lakes and salt plains (Wang et al., 2011; Schneegurt, 2013), 

whereas the soils used here showed only relatively low ECs, which indicated nonsaline 

soils. Considering the strong relationship observed between pH and EC (P=0.03) and 

the direct influence of pH on phylum relative abundance, EC was not necessarily a 

robust edaphic predictor of bacterial community diversity and structure. Additional 

studies involving greater variability in the EC values would provide critical insight into 
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the relationship between salinity and bacterial diversity in sandy soils similar to those at 

this study sites because a sandy soil and sand duplex soil is more prone to expressing 

salinity due to its lower buffering capacity. 
 
Extractable sodium, sulphur and copper also showed significant correlations with 

bacterial diversity. However, these elements also displayed strong correlations with EC, 

which indicated that the relationship of these elements with bacterial diversity could be 

driven by EC. In particular, sodium and sulphur are primarily detected by EC as 

chloride salts and the sulphates of calcium, magnesium, sodium and potassium (Brady 

and Well, 2008). The linear regression analysis also indicated that the relationship of 

sodium and sulphur with bacterial diversity could be driven by EC because the observed 

significant correlations of sodium and sulphur with bacterial diversity were most likely 

determined by three outliers from the agroforestry site, where the EC values were 

significantly higher than they were at the other sites. By contrast, copper is known for 

its antibacterial effect (Weed, 1963; Molteni et al., 2010; Santo et al., 2010), which may 

suggest a corresponding effect on soil bacterial activities (Bååth 1992; Smit et al., 1997; 

Malachová et al., 2011). Overall, soil pH, electrical conductivity (EC) and extractable 

copper were edaphic predictors of bacterial diversity, with soil pH being the strongest 

predictor, as hypothesised based on previous studies. 

 

5.4.3 Impact of agricultural practices on soil bacterial communities 
 

The analyses of the rarefaction curves were relatively consistent across all the soil 

samples and suggested the need for extra sampling effort, as is common in soil surveys. 

However, the curves clearly indicated that bacterial diversity was considerably different 

between the grazing pastures and tree plantations, where the lowest diversity was 

detected. The lower bacterial diversity at the plantation sites compared with the grazing 

pastures may have been influenced by the lower pH and higher EC values at the former 

sites. The relatively higher soil pH in the grazing pastures with trees may have resulted 

from the treatment of these pastures with lime, which shifts the soil pH to alkaline. 

Furthermore, the acidification of forest soils was shown in several other studies that 

referenced a number of involved factors, such as nutrient uptake patterns, the 
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accumulation and leaching loss of nitrate and the production of an inherently acid 

humus layer by forest plantations (Prosser et al., 1993; Rhoades and Binkley, 1996; 

Ndala et al., 2006). In addition to the strong effect of pH and EC, a relatively low level 

of soil disturbance and the presence of litter on the ground may affect the soil bacterial 

communities of tree plantations (Jangid et al., 2008; Prevost-Boure et al., 2011).  
 

In this study area, the bacterial communities in the soils producing the crop sown in 

perennial pasture did not differ significantly from those in the soils under perennial 

pasture. Although the cropping involved soil disturbance and fertiliser application, an 

influence of the crop may not have been evident because the crop had been grown for 

only one year in perennial pasture that was 15 years old. 

 

The duration of land use and management practices were also expected to influence 

bacterial diversity. The pasture chronosequence (established with Kikuyu) with adjacent 

annual pasture permitted the investigation of transitional processes affecting both the 

bacterial communities and the soil properties. The chronosequence of perennial pastures 

in this study was similarly managed and pastures have comparable soil profiles so that 

trends occurring because of pasture age would not be obscured by site differences 

(Jangid et al., 2010).  

 

There was a significant difference in the soil properties and bacterial communities 

among the perennial pasture ages, indicating a trend after the conversion from annual 

pasture for the continuous transition of bacterial communities over the course of the 

perennial pasture establishment. The change in bacterial composition that occurred with 

perennial pasture age may have been directed by a change in soil pH. Soil acidification 

is generally accelerated by annual agricultural production, mainly because of nitrogen 

leaching attributable to a higher use of ammonium-based fertilisers or the growing of 

legume plants, which tend to take up more cations than anions, leading to the excretion 

of hydrogen ions by roots. Thus, converting annual pasture to perennial pasture is 

expected to reduce acidification, followed by a change in the bacterial composition. The 

most abundant phylum, Firmicutes, dominated nearly half of the OTUs in the annual 

pasture but decreased in abundance with increases in the age of the perennial pasture 
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and the relative abundances of the other major phyla (Actinobacteria, Proteobacteria, 

Acidobacteria and Chloroflexi), which were positively correlated with one another. 

Thomson et al. (2013) suggested in their comparative study of soils from bare and 

vegetated land that the soils from vegetated land, which have a higher resource 

availability, are dominated by fast-growing, r-selected taxa, whereas the soils from bare 

land, which have more limited resources, are dominated by slow-growing, K-selected 

communities (Fierer et al., 2007). It was expected that in grazing pastures with nutrient-

deficient agricultural soil, Firmicutes would react as a K-selected phylum, which would 

favour the persistence of individuals under conditions of scare resources, such as those 

occurring under bare land or annual pasture. By contrast, the other major phyla are 

expected to adapt to variable environments with higher resource levels, such as 

perennial pasture, as r-selected phyla (Trivedi et al., 2013). In the perennial pastures, the 

relationship between the carbon fractions and bacterial communities revealed how 

bacterial communities adapt to a variable environment with increasing resources 

through their critical role in the carbon and nitrogen cycles. The strong correlations 

between the relative abundance of the phylum Actinobacteria and the carbon and 

nitrogen levels in the soil indicated that at least in this study area, Actinobacteria plays a 

part in the process of organic matter decomposition and is highly involved in carbon 

and nitrogen cycling in the soil. These conclusions derive particularly from the 

following results: the relative abundance of class Actinobacteria was strongly correlated 

with the labile particulate carbon and total nitrogen, whereas the relative abundance of 

class Acidimicrobiia was significantly correlated with the level of stable humus. This 

also indicates that agricultural management, such as perennial pasture that regularly 

returns soil carbon to the soil, strongly influences bacterial communities, including class 

level variables, such as abundance. Considering that the relative abundance of 

Actinobacteria was also significantly associated with soil pH is likely that 

Actinobacteria acts as an r-selected phylum in naturally nutrient-deficient agricultural 

soils under grazing pasture. 
 
Here, it is proposed that the relative abundance of Firmicutes, as well as that of 

Actinobacteria, could be potential indicators for the impact of agricultural practices; the 

K-selected phylum, Firmicutes, is indigenously dominant in nutrient-deficient, 
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agricultural soils. Once soil properties such as pH, total carbon and total nitrogen are 

modified by agricultural practices, r-selected phyla, such as Actinobacteria, shift in 

relative abundance and influence entire bacterial communities.  

 

Further assessment of the bacterial communities in various agricultural soils under 

different land uses and vegetation types would enrich  understanding of the mechanisms 

by which agricultural practices impact the diversity and structure of these communities. 

 

5.5 Conclusions 

The bacterial communities in these agricultural soils were most likely to be influenced 

by two factors: (1) local environmental conditions, which were associated with the 

indigenously dominant bacterial group, and (2) agricultural management, which was 

reflected in the soil properties, including the soil pH, total carbon and total nitrogen. In 

naturally nutrient-deficient soil in Australia, Firmicutes was the dominant phylum, a 

pattern distinct from that in most agricultural soils in other parts of the world. However, 

with the establishment of agricultural management, the relative abundance of other 

bacterial groups, such as Actinobacteria, increased in association with increases in the 

soil carbon, nitrogen and pH. Overall, soil pH was the strongest predictor of soil 

bacterial communities, with a direct influence on bacterial communities and an indirect 

effect as an integrated soil factor.  
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CHAPTER 6 
Do farmers consider carbon sequestration when 

establishing perennial pastures? 
 

 

 

Abstract 

Carbon sequestration has been advocated for its role in mitigating the impact of climate 

change by capturing and storing atmospheric carbon dioxide. The Carbon Farming 

Initiative in Australia is one of the most robust and internationally welcomed carbon 

offset schemes for agriculture land to achieve higher rates of carbon sequestration. 

However the domestic response to carbon sequestration activities has been varied with 

relatively low acceptance. This study evaluated the view on carbon sequestration of 

farmers who have established perennial pastures, which is one of the activities involved 

in carbon offset scheme. A total of 37 perennial pasture growers from Australian Great 

Southern region of south-western Australia participated in the survey consisting of 

targeted questionnaires and detailed interviews. The two main drivers for introducing 

perennial pastures were economic benefits from increased production and 

environmental benefits from the improvement of land degradation (46, 95% of 

respondents, respectively). However, an economic benefit was not directly essential to 

increase farmers’ interest in carbon sequestration after the establishment of perennial 

pastures. Farmers with long periods of experience in perennial pastures and had 

observed changes in soils (e.g. darker colour and softer texture) and fauna (e.g. 

increased number of insects and worms) since they established perennial pastures were 

more likely to increase their interests in carbon sequestration (P=0.04, 0.03 

respectively). Access to relevant information through learning groups might assist 

farmers increase their interest in carbon sequestration and enhance implementation of 

soil management purely for carbon sequestration. 
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6.1 Introduction 

 

Human-influenced emissions of greenhouse gasses are likely to be affecting the global 

climate (IPCC, 2007, 2013). In Australia, average annual temperatures have increased 

by 0.9°C since 1910 (IPCC, 2007, 2013) and there has been a 50% decrease in rainfall 

in south-western Australia since the late 1960s (Cai et al., 2006). This climate change is 

likely to impact Australian agriculture, driving the need for adaptive responses to 

emergent risks and opportunities. One of the strategies to prepare for this challenge is 

providing carbon offsets through carbon sequestration in biomass and soil. The Carbon 

Farming Initiative (integrated with the Emissions Reduction Fund from 12 December 

2014) was established to entice farmers to reduce greenhouse gas emissions. It provides 

new economic opportunities for farmers to participate in a carbon offset market, not 

only mitigating the impact of climate change but helping the environment by 

encouraging sustainable farming and providing a source of funding for landscape 

restoration projects (Australian Government, 2014).  

Perennial pasture systems have been identified as an activity that increases soil carbon 

stocks and contribute to soil carbon sequestration (Lal, 2004; Lal, 2007). This 

management system has been a significant component of agriculture in south-western 

Australia, especially in the Great Southern region, where soils are distinctive with a 

high degree of weathering and a natural deficiency of nutrients, leading to low soil 

fertility and organic matter content (Hopper et al., 1996; Moore 1998; Hopper and 

Gioia, 2004). Under its Mediterranean climate, agriculture in this region has been 

dominated by grain and sheep/cattle production, and these annual plant production 

systems led to land degradation (e.g. Pimentel et al., 1987; McLaughlin and Mineau, 

1995; Harper et al., 2010). Therefore perennial pastures in this region were initially 

introduced with an aim to managing land degradation as well as for increasing 

production (McFarlane et al., 1992; Cransberg and McFarlane, 1994; Dunin, 2002; 

Turner and Ward, 2002; Dear et al., 2003; Moore, 2006; Pannell et al., 2006; Fleming 

and Vanclay, 2011; Moore et al., 2014). However despite the potential for carbon 

sequestration, the concept of carbon sequestration does not appear to be adopted well in 

this region (Flugge and Abadi, 2006). The low acceptance of the carbon offset scheme 



 CHAPTER 6  Do farmers consider carbon sequestration when establishing perennial 
pastures? 

 
 

 
108 

 

by farmers was also identified in other parts of western Australia (Kragt et al., 2014). 

 
In the Wheatbelt region in Western Australia, the most frequently cited barriers to 

implementing carbon farming practices were political, and included uncertainties about 

carbon prices and carbon farming methodologies (Kragt et al., 2014). The Australian 

government also identified the delivery of information to farmers was a problem 

(Australian Government, 2012). To reduce the uncertainties and risks, farmers seek high 

quality information and value the localised agronomic information such as “in my 

backyard” information (Llewellyn, 2007). For example, in the case of the 

implementation of conservation practices, information that leads to increased awareness 

and knowledge was one of the most popular requirements by farmers for successful 

uptake (Batte, 2005). However, Ingram et al. (2010) pointed out that farmers’ awareness 

and understanding was restricted to what they could see and their management practices 

were not linked to the consequences of their activities. 

In addition, for some farmers who have already implemented some activities towards 

increasing soil carbon aimed of improving soil fertility and pasture production, 

opportunities to further significant increase soil carbon would be limited and the carbon 

sequestration might not appeal to their requirements (Australian Government, 2012).  

 
The slow adoption of soil carbon sequestration in agriculture is also because farmers are 

reticent to adopt new ideas that do not provide an immediate and obvious improvement 

to their current practice (Pannell, 2006). A decision on whether to adopt an innovation 

is a risky choice without knowing the probability of success and the certainty of the 

consequences (Greiner et al., 2009).  The economic risk of potential additional costs 

may outweigh the benefits directly associated with agricultural production (Liddicoat et 

al., 2010; Kragt et al., 2012).  Any major decisions regarding farming land are likely to 

be influenced by the farmers’ economic implications, and especially in such a voluntary 

carbon offset scheme, farmers may choose options that seem to be most likely to secure 

the largest and most immediate economic advantages (Kabbi and Horwitz, 2006). 

Therefore, a farmer without capital surplus would probably decide not to adopt new 

ideas or activities targeting carbon sequestration alone, due to the risks and uncertainties 

involved in this potentially major investment.  
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Farming operations that target public environmental benefits (e.g. carbon sequestration 

for mitigating the impact of climate change) may require a significant shift in 

knowledge, habit and behaviour from practices that target immediate economic benefits 

and private environmental benefits (e.g. mitigating land degradation, improving 

groundwater use in their properties). However, when economic needs are met, they 

might be motivated for appropriate environmental behaviour for the public 

environmental benefits (Kabbi and Horwitz, 2006). Thus, farmers may perceive 

motivations to contribute to public environmental benefits through carbon sequestration, 

if they have sufficient information through what they observe and find immediate 

economic benefits to reduce the risk.  

 
Understanding farmers’ perceptions of soil and its management for public 

environmental benefits would enable better implementation of soil management 

targeting carbon sequestration and participation in carbon offset schemes. However as 

perennial pasture are relatively new in western Australia (Moore et al., 2006) and 

especially in the Great Southern region and they have been introduced mainly for 

mitigating land degradation in addition to increased production, little is known about 

whether farmers considered carbon sequestration during establishment of perennial 

pastures. 

The objective of this research was to explore the extent to which the concept of soil 

carbon sequestration and carbon offset schemes were considered by farmers in their use 

of perennial pastures in Great Southern region of south-western Australia. Through the 

use of targeted questionnaires and detailed interviews, farmers were asked to evaluate 

their experience and knowledge of perennial pastures, particularly with respect to the 

perceived role of soil carbon in the farming system.  

 

It was expected that, once farmers confirmed positive changes in economic benefits and 

private environmental benefits, they would be more interested in public environmental 

benefits such as soil carbon sequestration. The guiding hypotheses for the research were 

that: 
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(i) farmers introducing perennial pastures are initially driven by 
economic benefits and private environmental benefits rather than by 
public environmental benefits, and  
 

(ii) once farmers observe positive changes in economic benefits and 
private environmental benefits associated with establishment of 
perennial pastures, they become interested in carbon sequestration  
 

 

6.2 Methods 

6.2.1 Data collection  
 

A sample of farmers (n=37) who had either already established perennial pasture or 

were interested in growing perennial pastures from the Great Southern region of 

Western Australian was surveyed from March to April 2014. The survey was conducted 

under the ethic approval from the University of Western Australia (UWA Human Ethic 

Approval: RA/4/6376, “Farmers’ knowledge and experience in soil with respect to their 

use of perennial pasture”). A questionnaire was designed for participants in workshops 

“Profitable perennial pastures” held at Albany, Bremer Bay and Denmark in association 

with South Coast Natural Resource Management Inc. (SCNRM). More than 95% of 

workshop participants took part in the survey.  

 

The questionnaires (Appendix 3) included examination of (i) the general demographic 

profile of the participants as well as farm details such as location, agriculture enterprises, 

pasture species, production level, and size of farm, (ii) the drivers and barriers for 

establishing perennial pastures, (iii) farmers’ experience in perennial pastures including 

observed changes in environment including soils and their circumstances (e.g. financial 

circumstances, wellness and interests), and (iv) the influence of the Carbon Farming 

Initiative in their management and awareness of maintaining and/or increasing soil 

carbon stocks.  

A number of farmers, researchers, agronomists and government agency officers were 

consulted during the design phase of the questionnaires to ensure appropriate questions 
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were included. Based on the results of these consultations, most questions were 

designed to ask participants to choose answers or rate their response. Farmers’ age was 

categorised into four age ranges (i.e. 18-30, 31-59, 60-69 and over 70 years old). The 

categories were determined based on the involvement of decision making. For example, 

the age range between 31 to 59 years old is expected to be vitally involved in decision 

making on farm. In contrast, those with an age range under 30 years old were assumed 

to be more dependent on other family members, although this younger age range was 

assumed to be more open to new ideas and practices with more access tools to the 

information. Considering that there are some farmers who started farming after their 

retirement at the age around 60, the age range of 60-69 years old was also included. 

The questions regarding farmers’ experience in perennial pastures were developed 

based on information obtained during consultations on the likely changes associated 

with perennial pastures and increased soil carbon. The respondents were asked to rate 

their response on a 5-point Likert scale ranging from “extremely unlikely” to 

“extremely likely”. For the questions regarding observed changes, response of “not sure” 

was also included. The questionnaire was followed by individual semi-structured 

interviews (n=5) to gain complementary, detailed qualitative information. The interview 

examined what changes (soil, land, water and farming management) farmers have 

observed since adopting perennial pastures. It also included the extent to which farmers 

considered environmental management including carbon sequestration during the 

establishment of perennial pastures. 

 

6.2.2 Data analysis 
 

Statistical analyses were conducted using the statistical software package GenStat v. 16 

(VSN International, Hertfordshire, UK).   

 

The relationships between farmers’ profile and farmers’ responses for each question, 

and among each questions were examined for the significant differences by chi-square 

test. For this purpose, respondents were segmented by: age (18-30, 31-59, 60-69, >70 

years old), annual rainfall (<400, 401-600, 601-800, >800 mm year-1), farming 
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Farm profile

Farming experience (years) 23 (1 - 55 years)

Rainfall (mm year-1) 694 (350 - 1200 mm year-1)
Farm size (ha) 989 (0.4 - 3925 ha)
Total pasture area (ha) 418 (7 - 1500 ha)
Perennial pasture area (ha) 174 (4 - 800 ha)

Average value (Range)

experience (<10, >11 years), farm size (<100, 101-1000, >1000 ha) and perennial 

pasture area (<100, >101 ha), and farmers’ responses were converted from five 

(extremely likely, likely, no influence, unlikely and extremely unlikely) to three 

response categories (‘extremely likely and likely’, ‘no influence’ and ‘unlikely and 

extremely unlikely’) to avoid a nil count in a table of frequency counts.  

 

6.3 Results  

6.3.1 Farm profiles and demographic characteristics 
 

Response rates ranged from 70-97% for each question. The majority of participants 

were male (73%) and the owner of the property (86% of respondents), aged between 31 

to 59 years (60% of respondents) with an average farming experience of 23 years 

(Figure 6.1, Table 6.1). A total of 30% of the participants made all of their income from 

farming with their main enterprise being livestock (cattle and sheep). A total of 97% of 

grazing farmers included rotational grazing. The mean farm size was 989 ha with 41% 

of farms greater than 1000 ha in area.  The mean total perennial pasture per farming 

enterprise area was 174 ha which was 42% of the mean total pasture area (418 ha). The 

mean of annual rainfall was 694 mm year-1 but the majority of participants were from 

either 401-600 mm (35% of respondents) or > 800mm (38 % of respondents) rainfall 

zones.  

 

Table 6.1 General profile of farms (farming experience, annual rainfall, 
farm size, total pasture area and perennial pastures area) of survey 
participants who were engaged in or interested in growing perennial 
pastures (n=37). 



 CHAPTER 6  Do farmers consider carbon sequestration when establishing perennial 
pastures? 

 
 

 
113 

 

 
 

 

 

 

 

 

6.3.2 Drivers and barriers to introducing perennial pastures  
 

The two main drivers for the establishment of perennial pastures were economic and 

environmental benefits (Table 6.2). More than 50% of the respondents were likely to be 

strongly driven by economic benefits (total of ‘likely’ and ‘extremely likely’ in increase 

of green feed: 95%, and of stock rate: 83%), but farmers also sought sustainability of 

agriculture for perennial pastures (total of ‘likely’ and ‘extremely likely”: 79%). Private 

environmental benefits (soil health, managing salinity/water logging, plant cover, water 

use and ground water) were also likely to be major drivers (total of ‘likely’ and 

‘extremely likely’: 46-70%).  

 

Male
73%

Female
27%

18-30
5%

31-59
60%

60-69
30%

70+
5%

none
3%

Some
35%

most
32%

All
30%

cattle
39%

Sheep 
(wool) 
25%

Sheep 
(meat)
15%

Crop
15%

Dairy
4%

Other
2%

Set
3%

Rotatio
n

51%

Both
46%

(a) Gender (b) Age (years) (c) Income from the property

(d) Main enterprise (e) Grazing method 

Figure 6.1  General profile of participants (gender, age, income from the property) and the 
enterprise (main enterprise and grazing method) of the survey participants who were engaged in 
or interested in growing perennial pastures (n=37). 
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Drivers / Barriers Extremely 
likely

Likely No 
influence

Unlikely Extremely 
unlikely

No answer

Drivers
Soil health 22 49 5 3 5 16
Salinity/water logging 14 32 14 11 11 19
Plant cover for wind erosion 35 35 8 8 5 8
Water use and ground water 24 43 3 14 3 14
Green feed 65 30 0 0 3 3
Stock rate 51 32 3 0 8 5
Sustainability 49 30 8 0 5 8
Carbon sequestration 8 16 35 22 8 11

Barriers
Upfront cost 19 43 3 8 3 24
Risk of failure 8 30 16 19 3 24
Lack of knowledge and experience 0 16 24 24 5 30
Lack of time 3 46 8 14 3 27
Lack of need 0 19 24 24 3 30
Lack of technical support 0 11 24 32 5 27
Incompatibility with farm practice 3 8 19 35 8 27

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2  Percentages of responses (Likert scale) responding for main drivers /barriers for introducing 
perennial pastures. The survey participants were those were engaged in or interested in growing 
perennial pastures (n=37). 
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Only 24% of respondents (total of ‘likely’ and ‘extremely likely’) were driven by 

carbon sequestration and 35% of respondent considered that carbon sequestration did 

not have any influence on introducing perennial pastures. Responses driven by carbon 

sequestration were significantly related to the size of perennial pasture area (P =0.01). 

Respondents who own less than 100 ha of perennial pastures were not likely to be 

influenced by the interest in carbon sequestration for the establishment of perennial 

pastures while respondents who owned more than 100 ha were more likely to be 

influenced by the interest in carbon sequestration (Figure 6.2). 

 

 

 
 

 

 

 

 

 

 

 

0%

50%

100%

<100 >101

R
es

po
nd

en
t 

Perennial pasture area (ha)

No answer

not sure

Extremely unlikely

Likely

No influence

Unlikely

Extremely unlikely

Carbon sequestration w as the driver 
for establishing  perennial pasture

Figure 6.2  The relationship of the perennial pasture area (< 100 ha and > 101 ha) the 
farmers own and the percentage of respondents in carbon sequestration as a driver to 
establish perennial pastures in each perennial pasture area (P= 0.01) 
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Two of the greatest barriers to the establishment of perennial pastures were up-front 

cost (62% of respondents) and time considerations (47% of respondents). 

Although it was not a main driver for introducing perennial pastures in this survey, 

farmers were keen on increasing soil carbon for improving soil health as opposed to 

contributing to carbon sequestration. For example, one farmer said: 
 

 “Every farmer is keen to increase the carbon in their soil. Gaining 

carbon credit is not the main motivation for farmers to increase soil 

carbon but rather having healthier soil is.” 
 
“I have been keen to increase soil carbon to improve soil health. For 

example, I have found incorporation of stubble into the soil after 

cropping not only looks better than burning stubbles but has also shown 

an increase in soil carbon through testing opposed to burning the 

stubble.”  

 

6.3.3 Changes observed in perennial pastures and in farmers’ circumstances 
 

Overall between 20 to 68 % (total of ‘likely’ and ‘extremely likely’) of respondents who 

grow perennial pastures observed changes in perennial pastures. The changes observed 

included reduction in soil erosion (43% of respondents), followed by darker soil (38%) 

and increased roots mass (35%) (Table 6.3). Although some farmers noted soil became 

softer, others highlighted that soil compaction could be a problem due to the presence of 

many sheep in the paddock all year around.  
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Changes 
Extremely 

likely Likely
No 

influence Unlikely
Extremely 

unlikely Not sure No answer

Changes in the pasture

Soil properties
Soil finer 5 16 32 8 3 14 22
Soil softened 14 32 24 0 3 5 22
Soil darker 38 16 16 0 0 8 22
Moisture increased 24 22 8 8 5 8 24

Mean 20 22 20 4 3 9 22

Soil degradation improved
Erosion reduced 43 24 8 0 0 5 19
Salinity reduced 14 22 27 3 5 8 22
Waterlogging reduced 11 41 19 5 3 3 19

Mean 23 29 18 3 3 5 20

Pasture appearance
Roots increased 35 24 8 0 0 11 22
Weeds reduced 22 35 3 3 3 8 27

Mean 28 30 5 1 1 9 24

Fauna
Worms increased 27 22 11 3 0 16 22
Insects increased 27 19 16 3 0 14 22
Birds increased 11 30 22 0 0 16 22

Mean 22 23 16 2 0 15 22

Changes in farmers' circumstances

Farm management
Easy management 16 38 14 3 3 8 19
Less fertiliser 3 30 16 14 5 8 24
Less fuel 5 30 19 5 5 11 24
Less water use 0 27 19 14 8 5 27
Less labor time 8 35 16 8 5 5 22

Mean 6 32 17 9 5 8 23

Economical benefits
Stocking rate increased 38 41 5 0 0 3 14
Animal health improved 35 30 5 8 0 5 16
Production increased 41 38 3 0 0 5 14

Mean 38 36 5 3 0 5 14

Confidence in challenges
Confidence in meeting requirements   
of the government

14 16 19 14 3 14 22

Confidence in preparing for the  
financial impact by drought/weather 

27 30 16 5 0 5 16

Mean 20 23 18 9 1 9 19

Farmer's health
Physical wellbeing 16 32 16 11 0 8 16
Mental wellbeing 22 35 14 5 0 8 16

Mean 19 34 15 8 0 8 16

Interests in environement
Environmental stewardship 30 41 5 3 3 3 16
Interest in sustainablity of agriculture 38 24 14 8 0 3 14
Interest in soil/environmental health 32 30 11 8 0 3 16
Interest in soil carbon sequestration 14 30 19 11 5 5 16

Mean 28 31 12 7 2 3 16

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3  Percentages of responses (Likert scale) responding for changes observed since perennial 
pasture was established. The survey participants were those were engaged in or interested in growing 
perennial pastures (n=37). 
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Farmers experienced changes in their circumstances since they established perennial 

pastures (Table 6.3). The most significant changes that respondents experienced were 

economic benefits (increased production: 41%, increased stocking rate: 38%, increased 

animal health: 35%). Several farmers mentioned that not only yield of wool but also 

quality of wool was improved due to the occurrence of less sand damage as a result of 

reduction of soil erosion. Farmers also recognised an increased interest in the 

environment and sustainability of agriculture (38%). In addition, 32% of respondents 

apparently increased their interest in soil and environmental health. These factors may 

be linked as one farmer commented that:  
 

“….establishing perennials brought me a huge mental benefit which 

keeps me passionate and now I grow perennials more for environmental 

reasons.”  

 

Only 14% of respondents reported increased interest in carbon sequestration. A total of 

19% of farmers reported carbon sequestration had no influence and 16% of respondents 

said it was ‘unlikely to extremely unlikely’ to increase their interest in carbon 

sequestration. 

Farm management was a category which had variable responses. There were both 

disadvantages and advantages of perennial pasture identified. For example, in the case 

of nitrogen dynamics, one farmer stated that: 
 

 “….there’s no need to put fertiliser in perennial pasture but talking 

about nitrogen, annual and legume system store nitrogen (by legume) for 

the next year but perennials use legume derived  nitrogen in summer (dry 

season) so it won’t be enough for the next year.”  

 

However, 16% of respondents appeared to consider farm management was becoming 

easier. Some farmers gained confidence in challenges such as preparing for the financial 

impact by drought/weather (‘likely’ to ‘extremely likely’: 30-57 %).  

 

Establishing perennial pastures appeared to improve farmers’ wellness, especially 

mental wellbeing (total of ‘likely’ and ‘extremely likely”: 57%). This was also 
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confirmed during interviews. Most interviewees mentioned their improved mental 

wellbeing associated with use of perennial pastures. For example, several farmers who 

had reduced wind erosion by perennial pastures said:  
 

“….when it started blowing we could not sleep all night worrying about 

it. Since we put in perennial pasture, it stopped paddocks blowing and it 

makes me feel good.” 
 
 “…. perennial around the house stopped the dust which was a big health 

advantage for my family.”  
 

Most mentioned that they felt good to see the land change to green and not be 

wasted during summer.  
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Increased interest in 
Carbon sequestration 

Increased interest in 
soil/environmental health

P = 0.06 P = 0.004

Fauna increased
(insects, worms)

Farming years

Influence of 
Consultant/Agronomist

Soil properties changed
(Soil darker, softer)

P = 0.009

P = 0.02

P = 0.04

P = 0.04 (darker)
0.03 (softer)

P = 0.03

Changes observed in 
perennial pastures Changes observed in farmers' circumstances Farmers' profile

P = 0.03

Soil degradation
improved

P = 0.02

P = 0.007

P = 0.02

P < 0.001 P = 0.01

P = 0.002

Health benefits

Confidence in challenges

Economic benefits

: P <0.01 : P <0.05

Figure 6.3  Relationship among changes observed in perennial pastures, changes noticed in farmers' circumstances and farmers' profile. P values are for Chi-
square test. The survey participants were those were engaged in or interested in growing perennial pastures (n=37). 
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Figure 6.4  The relationship of (a) farming years (P=0.04) and (b) likelihood of observing soil changed into darker (P= 
0.004) and the respondents in increased interest in carbon sequestration. 
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There was a significant relationship between ‘changes observed in the perennial’, 

‘changes observed in farmers’ circumstances’ and farmers’ profile (Figure 6.3). Farmers 

with an increased interest in carbon sequestration since established perennial pastures 

were more likely to have observed changes in soil properties (darker soil and softer soil) 

and increased fauna (insects and worms). The more farmers observed soil colour 

becoming darker, the more the respondents showed an increased interest in carbon 

sequestration (Figure 6.4 (a)). At the same time, a total of 60% of respondents who were 

not sure about the changes in soil colour were unlikely to increase their interest in 

carbon sequestration. Respondents who had increased interest in carbon sequestration 

had been farming for a longer period of time (P=0.04) (Figure 6.3).  There was a trend 

that the longer the farming experiences (> 11 years), the more the interest in carbon 

sequestration (Figure 6.4(b)).  

 

However respondents with an increased interest in carbon sequestration were not 

significantly related to those who experienced economic benefits. Farmers with 

increased interest in carbon sequestration were rather related to have noticed who 

improved health benefits (P=0.002) (Figure 6.3) 

 

6.3.4 Influence of CFI in increasing soil carbon 
 

Carbon farming Initiative (CFI) appeared to influence farmers’ practices in increasing 

soil carbon (Table 6.4). Between 43 to 59% of respondents rated the CFI has ‘no 

influence’ to their activities of increasing soil carbon. Better management and soil 

health were more likely to influence farmers to increase carbon, as indicated by one 

farmer’s comment:  
 

“Every farmer is keen to increase more carbon in the soil and have 

healthier soil. Carbon credit is not the main driver to increase soil 

carbon”.  
 

Some respondents of the survey and interviewees noted that they did not have enough 

information about the CFI: 
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 “I am interested in carbon sequestration, especially if I can sell 

something extra from my land, but there is not enough information so 

far” 
 

 “I have been keen to increase soil carbons to improve soil health. For 

example, I have found incorporation of stubble into soil make crop look 

better than burning stubbles which was found to be less carbon by soil test.”  
 

Some farmers felt that there was a lack of information regarding how management of 

agricultural land contributes to carbon sequestration, how much soil carbon there is on 

their property, how their management practice influences soil carbon stock, and how 

does it contribute to carbon emission. For example, one farmer commented:  
 

“I think we are still behind from the carbon emission but we can’t see 

how carbon are sequestrated in our country”  

“I don’t know how much my perennial pasture contribute to soil carbon”  

 

 

 

 

 
 

 

 

 

 

 

 

Influence of CFI Extremely 
likely

Likely No 
influence

Unlikely Extremely 
unlikely

No answer

Soil health 14 27 43 11 0 5
Contribution to climate change 5 27 46 11 5 5
prospective income by carbon credit 3 16 49 22 3 8
Prospective respect by community 3 19 49 19 5 5
Obligation to long period management 5 35 38 14 3 5
Lack of interest 3 16 57 11 5 8
Lack of technical support 0 19 57 8 5 11
lack of informaton/knowledge 0 16 59 11 5 8

Table 6.4 Percentages of responses (Likert scale) responding for influence of Carbon Farming 
Initiative in increasing soil carbon. The survey participants were those were engaged in or interested 
in growing perennial pastures (n=37). 
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6.3.5 Influence on farm management decisions 
 

The survey revealed that farmers were likely to take advice from agriculture advisors on 

farm management decisions as well as from family members (Table 6.5). Overall, 68% 

(total of ‘likely’ and ‘extremely likely’) of respondents were likely to be influenced by a 

consultant/agronomist. A total of 54% of them were influenced by their spouses 

/children. At the same time, 54% of the respondents considered friends/neighbours and 

NRM group were likely to influence their decisions; they appeared to especially value 

farmer to farmer interaction. For example, one farmer noted that  
 

“Sharing neighbours’ and other farmers’ success/mistakes influence a 

lot on farm management decision. Evidence from ‘farmer to farmer’ is 

crucial.”  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Influence on decision Extremely 
likely

Likely No 
influence

Unlikely Extremely 
unlikely

No answer

Spouse/Children 35 19 0 11 24 11
Other relatives 5 22 19 11 32 11
Friends/Neighbours 0 54 16 19 3 8
Landlords 3 5 32 3 41 16
Consultant/Agronomist 11 57 8 11 0 14
Chemicals/Seeds/Machines supplier 0 41 22 16 11 11
NRM group 0 54 14 14 3 16

Table 6.5 Percentages of responses (Likert scale) responding for influence on farm management 
decisions. The survey participants were those were engaged in or interested in growing perennial 
pastures (n=37). 
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6.4 Discussion 

 

The major drivers for establishing perennial pastures among the respondents to the 

questionnaire and interview were economic benefits and private environmental benefits 

rather than public environmental benefits as it was hypothesised. Farmers, who had 

more experience with perennial pastures and had observed positive changes in soil 

properties, were likely to have more interest in carbon sequestration. However, this 

increased interest in carbon sequestration was not necessarily related to the economic 

benefits experienced. If farmers had observed positive changes in soils, it appeared that 

economic benefits were not directly essential for adopting carbon sequestration and the 

carbon offset scheme. 

 

6.4.1 Carbon sequestration as a driver for perennial pastures 
 

Farmers’ decisions on establishing perennial pastures were predominantly driven by 

economic rationality, rather than public environmental benefits (carbon sequestration). 

However, farmers who managed larger areas of perennial pastures were more likely to 

be influenced by the motivation for increasing soil carbon. 

There is compelling evidence that adoption of new ideas is strongly affected by risk-

related issues (Greiner et al., 2009; Marra et al., 2003). To reduce the risks, farmers 

seem to value quality of information especially the localised agronomic information 

(Llewellyn, 2007). However, although utilising computers and the internet for seeking 

information has increased among farmers (Rolfe et al., 2003), and all information 

regarding carbon sequestration and carbon offset scheme was available through the 

internet, the farmers in this study recognised there was insufficient information about 

the CFI. As Ingram et al. (2010) pointed out, farmers’ awareness and understanding was 

restricted to what they could see and farmers’ preference of localised “in my back yard” 

information might make them hesitant to access wider scale information disseminated 

by the government. This could be a barrier to adopt carbon sequestration. 

On the other hand, farmers who managed larger areas of perennial pastures were more 

likely to be influenced either positively or negatively by the interest in carbon 
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sequestration. By managing larger area, farmers may become more financially secure 

and capable of the capital investment cost needed to change farming practices (Kragt et 

al., (2014). Alternately as they have more experience and confidence, they may have 

more capacity to consider public environmental benefit (Greiner et al., 2009; Marra et 

al., 2003). Considering that perennial pastures are still a relatively new management 

system with a limited area sown in south-western Australia (Moore et al., 2006), 

farmers who had already established a larger area of perennial pasture may be more 

likely to have confidence in adopting novel concepts such as carbon sequestration and 

the carbon offset scheme.  

 

6.4.2 Adoption by farmers of the concept of carbon sequestration 
 

The survey result indicated that economic benefits were not directly essential for 

adopting carbon sequestration, as long as farmers observed positive changes in soil 

properties. 
 

(i) Influence of economic benefits 
 

There was no significant direct relationship between respondents who experienced 

economic benefits and those with an increased interest in carbon sequestration. 

Contribution to public environment benefits was expected to be based on economic 

benefits and private environmental benefits. Therefore through an opportunity of 

economic benefit via carbon trading, farmers were predicted to be more encouraged to 

contribute to carbon sequestration (Govaerts et al., 2009).  However the survey results 

showed there was no direct relationship between economic benefits and increased 

interest in carbon sequestration. Similar result was identified in the study of Kragt et al. 

(2014), who showed that the opportunity to earn carbon credits was the least important 

reason for undertaking carbon farming. Instead, increased interest in carbon 

sequestration was significantly related to farmers’ health benefit, which was linked to 

farmers’ increased confidence and economic benefits. Hence, although there was no 

direct relationship between economic benefits and increased interest in carbon 

sequestration, once farmers achieved their primary goal (e.g. economic benefits, 



 CHAPTER 6  Do farmers consider carbon sequestration when establishing perennial 
pastures? 

 
 

 
127 

 

improved soil degradation), their health was improved with increased confidence in 

taking on challenges.  This resulted in opening their minds and increasing their capacity 

to adopt an idea of carbon sequestration.  

 

 (ii) Slow adoption of carbon sequestration 
 

Most of the farmers interviewed in this study emphasised that they were keen to 

increase soil carbon to improve soil health, but were not interested in carbon 

sequestration. Kragt et al. (2014) indicated there are two barriers, insufficient 

information and farmers’ financial situation for uptake of the carbon offset scheme. In 

addition to these two barriers, there may be two additional factors influenced farmers’ 

low level of interest in agricultural management for carbon sequestration.  
 
First, a poor understanding of the line between farmers’ management practices and their 

consequences might lower the rates of adoption (Ingram et al., 2010). The interviews 

suggested several farmers were interested in and/or have implemented activities for 

increasing soil carbon with the aim of improving soil health. However farmers were not 

likely to be aware that the practice that increased soil carbon also increases carbon 

sequestration at the same time. Farmers might not have noticed how much they had 

contributed to carbon sequestration until they observed positive changes in their 

perennial pastures, as farmers’ awareness and understanding was restricted to what they 

could see (Ingram et al., 2010).   
 

Second, the gap between farmers’ points of view and scientists’ might delay the 

adoption (Ingram et al., 2010). Some studies suggested that adoption rate of a new 

concept or scheme was occasionally slow because farmers considered these concepts or 

scheme delivered by scientists were not locally related. For example, Bosch et al., 

(1996) discussed the reason why many environmental programs fail to become an 

integral part of management and they suggested it might be because science-derived 

schemes require too much technical expertise to apply, were not cost effective to use or 

develop, are time-consuming to conduct, and the results were not easily interpretable by 

farmers. De Bruyn and Abbey (2003) also suggested that adoption of science derived 

sustainability indicators at farm level was slow because it was not locally relevant to 
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farmers.   
 
To increase farmers’ interest and awareness in carbon sequestration and enhance uptake 

of the carbon offset scheme, sharing information about carbon sequestration with others 

would be critical. In this study, many farmers expressed a lack of information available 

to understand how much they were contributing to carbon sequestration, how the carbon 

offset scheme was locally relevant and how it could become part of this initiative. While 

education and advertising can be effective tool for providing information in creating 

awareness and in changing attitudes, behaviour change rarely occurs as information 

alone cannot address the diversity of barriers that exist for most sustainable behaviours. 

As Garforth et al., (2003) stated, “changes take time and a one-shot injection of 

information or generic advice will rarely lead to instant decisions and changes”. Instead, 

as suggested in this study, farmers are likely to value interaction with others for 

information, especially though ‘farmer to farmer’ interaction. These interactions could 

be an important feature of the decision process for attitude and behaviour change.  For 

example, innovative system approaches, farmer to farmer interaction and group learning 

are increasingly important (Garforth, 2003; Hall et al., 2005; Ingram and Morris, 2007; 

Govaerts et al., 2009). Govaerts et al., (2009) suggested that decentralized learning hubs 

within different farming system and agro ecological zones should be developed. In these 

hubs they suggested an intense contact and exchange of information should be 

organised.  

 

Therefore, with easy access through these learning groups and hubs, adoption of the 

concept and practice of carbon sequestration would be enhanced to wider farming 

community. 
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6.5 Conclusions 

 

Economic benefits and private environmental benefit were major drivers for 

establishing perennial pastures and farmers who own larger areas of perennial pastures 

were more likely to be influenced by an interest in carbon sequestration than those who 

own smaller areas. However, small numbers of farmers identified carbon sequestration 

as a driver for the establishment of perennial pastures. On the other hand, farmers, who 

had more experience in perennial pastures and had observed positive changes in soil 

properties, were likely to become more interested in carbon sequestration. In contrast to 

what was the hypothesised, their increased interest in carbon sequestration was not 

related to the economic benefits they experienced. This result indicated that economical 

consideration was not essential for becoming interested in carbon sequestration if 

farmers observed positive changes in soils. Slow adoption of carbon sequestration could 

be explained by lack of sufficient information, lack of connection of their activities in 

increasing soil carbon to carbon sequestration and the gap between farmers’ point of 

view and that of scientists which drives the CFI. 

 

The implementation of soil management purely for carbon sequestration in agricultural 

land may still be a long way off. However, access to relevant information through 

learning groups might assist farmers to increase their interest in carbon sequestration 

and become being part of a carbon offset scheme. 
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CHAPTER 7 
 

General Discussion 
 

 

 

The overall aim of this research was to explore the potential role of perennial pastures in 

soil carbon sequestration at sites in the area of the Great Southern and southern 

Wheatbelt regions of south-western Australia. The key questions of this study were how 

much carbon can be stored in soil, how rapidly carbon can be sequestrated in soil and 

the extent to which an increase in soil carbon can be achieved while maintaining a 

sustainable farm enterprise by accurately quantifying soil carbon on the landscape scale. 

The study investigated these carbon input and output processes with regard to spatial 

variability, time since pasture establishment and root development as factors influencing 

soil carbon accumulation and microbiological activity as a factor influencing carbon 

output and aimed to address the following issues: 

 
(i) how root mass is associated with soil carbon accumulation spatially and over 

time since the establishment of perennial pasture,    
(ii) how edaphic factors and plant factors influence soil carbon, include the 

differences in soil carbon between perennial pasture and annual pasture 
 

(iii) how bacterial communities and structure related to soil carbon are related to 
perennial pastures 

 

In addition, the study examined how farmers assessed carbon sequestration under 

perennial pastures and aimed to address the following: 

(iv) what changes farmers observed during the establishment of perennial 
pastures and how well they accepted the concept of soil carbon sequestration. 
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7.1 The relationship between root mass and soil carbon  
 

The root mass significantly controlled soil carbon under perennial pastures. However its 

involvement in the soil carbon stock balance was complex and varying according to 

spatial unit (i.e. surface soil under the plants, surface soil between the plants, deeper soil 

under the plants, and deeper soil between the plants). 

Both soil carbon and root mass were accumulated in the surface soil rather than in 

deeper soil at all study sites, regardless of plant species (Chapters 3, 4), confirming 

earlier studies (e.g. Chan et al., 2002; Venzke Filho et al., 2004; Malone et al., 2009; 

Sanderman et al., 2011). However, the relationship between soil carbon and root mass 

with regard to horizontal distribution was unexpected. Soil carbon stock in the soil 

between plants and that in the soil under plants did not differ considerably, although 

highly developed roots were observed in the soil under plants, which were expected to 

store larger amounts of soil carbon. Hence, in the soil under plants, although highly 

developed roots are involved in the balance between carbon input and output, this 

involvement was complex.  

In Chapter 3, the study indicated that root development as a carbon input predicted by 

root mass and soil decomposition as a carbon output predicted by soil pH were balanced 

with regard to the soil carbon stock in each unit space (i.e. surface soil under the plants, 

surface soil between the plants, deeper soil under the plants, and deeper soil between the 

plants). In each unit space, the extents of the influence of the factors (root mass and soil 

pH) on soil carbon were different, which may result in the measurement of variable 

carbon stocks and thus inconsistent results in many soil carbon assessments (Table 7.1).  
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The time since the establishment of the pasture was another predictor of soil carbon 

stock (Chapter 4). Investigations using farm pasture chronosequences were expected to 

minimise the apparent influence of geographical factors, such as climate, soil type and 

texture (Sanderman and Amundson, 2003; Baldock et al., 2004; Mclauchlan et al., 

2006; McLeod et al., 2013; Sanderman et al., 2013; Orgill et al., 2014). In a 

chronosequence of perennial pastures, the carbon stock was found to increase in 

accordance with the root mass as the pasture age increased, regardless of perennial 

pasture species. However, during the initial 10 years of establishment, perennial 
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Table 7.1  Relationship between root mass, soil pH and total carbon in each 
unit space (i.e. surface soil under the plants, surface soil between the plants, 
deeper soil under the plants, and deeper soil between the plants). 
 S: Significant relationship   NS: Non significant relationship 
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pastures was likely to store less soil carbon than annual pasture, although the root mass 

was higher than that in annual pastures.  

Furthermore, other edaphic and plant factors (i.e. soil pH, soil moisture and plant 

species including the difference between C4 and C3 plants, and annual plants) were 

observed to influence both carbon input and output processes (Table 7.2).  

 

 

 

 

  Decomposition Process 
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Root to soil carbon 
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total carbon) 

 
Particulate carbon to humus 
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particulate carbon / humus) 
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Table 7.2  Relationship between soil pH, soil moisture, plant species (root mass) and total carbon, 
carbon fractions (particulate carbon and humus)  
S: Significant relationship   NS: Non significant relationship NA: Not Available 
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(i) Soil carbon variation with soil depth  
 

The vertical distribution of soil carbon was influenced by root mass and soil pH 

(Chapter 3). Because there was abundant root mass located in the surface soil, the 

carbon stock in the surface soil was largely controlled by the root mass, whereas in 

deeper soil, soil pHmost likely played a key role (Table 7.1). 

The relationship between root mass and soil carbon was best described by a logarithmic 

relationship, which showed a plateau for most variables in the surface soil and 

suggested that greater root mass did not always correspond with increased soil carbon. 

This is likely because different factors affect the soil carbon stock between the deeper 

soil and the surface soil.  

In the deeper soil, factors influencing both carbon input and carbon output were found 

to be different from those factors that are active in the surface soil. A smaller amount of 

root mass is accumulated in the deeper soil compared to the surface soil which was 

hypothesised to primarily originate from the roots (Rasse et al., 2005) and this root 

derived carbon could be resistant to decomposition because of the high concentrations 

of relatively stable compounds such as aliphatic material (Lorenz and Lal, 2005). On the 

other hand, in an study of root derived lignin at depths, it was showed that lignin 

concentration decreased at all soil depths to reach a similar level after 12 months,  

suggesting that microbial communities in all subsoil depths had capability to degrade 

lignin (Baumann et al., 2013). The absence of fresh organic carbon, which is an 

essential source of energy for soil microbes, in the deeper soil helps ensure the stability 

of the organic carbon (Fontaine, 2007). In addition, the environmental conditions for 

carbon decomposition may be different (Rumpel and Kögel-Knabner, 2011) in the 

deeper soil. For example, the physical protection that arises from physico-chemical 

interactions with soil minerals, such as clay (Jobbagy and Jackson, 2000; Eusterhues et 

al., 2003; Rasse et al., 2005), and soil aggregation might protect carbon from 

decomposition (Rumpel and Kögel-Knabner, 2011) and thus slow the decomposition 

process (Pregitzer et al., 1998; Gill et al., 1999; Gill and Burke, 2002). Here, it was 

proposed that soil carbon in the deeper soil was mainly influenced by microbial 

processes associated with stably stored and relatively slow decomposition of soil 

carbon. The potential for microbiological activities driving the soil carbon equilibrium 
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in the deeper soil was also indicated by the relationship between soil pH and total 

carbon. Although the extent to which soil pH influences soil carbon was the same 

throughout the soil depths, the relationship between soil pH and total carbon exhibited 

significant depth effects. In the deeper soil, there was a positive relationship between 

soil pH and total carbon, which could be associated with increased microbial biomass 

(Kemmitt et al., 2006; Rousk et al., 2009). 

 

In contrast, no significant relationship between soil pH and total carbon in the surface 

soil was observed. The abundant root mass in the surface soil may return more soil 

carbon and increase the microbial biomass, whereas the surface soil may simultaneously 

experience relatively high soil carbon decomposition as a result of temperature, 

moisture and O2 access, which all affect microbiological activity. 

Overall, although root mass appeared to influence total carbon at both depths, soil pH 

influenced total carbon only in the deeper soil (Table 7.1). Therefore, the vertical 

distribution of soil carbon could be explained as follows: the surface soil was more 

likely to be influenced by root mass, whereas the deeper soil was more likely to be 

affected by soil pH.  

 

(ii) Horizontal distribution   
 

The total carbon stock did not show any significant difference in the soil between the 

plants and in soil under the plants which was in contrast to the hypotheses based on 

previous studies (Chiu et al., 2002; Sanchez and Bursey, 2002) (Chapter 3). However, 

the relationship between root mass and total carbon indicated that when the same 

amount of root mass was present, the total carbon in the soil under the plants was lower 

than that in the soil between the plants. This was probably due to the result of a different 

process or environment of soil carbon loss in the soil under the plants. Because of the 

higher fresh organic carbon input from roots under the plants which is also expected to 

maintain soil moisture especially in a dry season under Mediterranean climate, this unit 

space might have enhanced soil microbiological activity (Taylor et al., 2002; Fontaine, 

2007; Rumpel and Kögel-Knabner, 2011), which resulted in the loss of soil carbon 

stock by microbial decomposition. The enriched microbiological activity in soil under 
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the plants could be also described by a significant relationship between soil pH and total 

carbon, whereas no significant correlation was observed in the soil between the plants. 

The horizontal distribution of soil carbon could be explained as follows: for the soil 

between the plants it was more likely to be explained by root development alone 

whereas in the soil under the plants it was more likely to be attributable to soil pH, 

which may influence microbiological activities. 

 

7.2 The relationship between soil carbon and age of perennial pastures 
 

Perennial pasture age had a significant influence on soil carbon stock, which is in 

agreement with the hypotheses regarding root development, and this phenomenon was 

observed regardless of perennial pasture species. During the early stages of 

establishment (up to approximately 10 years), the level of soil carbon stock in the 

perennial pastures was lower than that in annual pastures. Hence the comparison of soil 

carbon stock in perennial pasture and annual pasture could be influenced by perennial 

pasture age. Inconsistent results (Chapter 2, Table 2.1) could be partly explained by 

what stage of establishment the perennial pasture is when it is compared with annual 

pastures. Furthermore, the result indicated that although soil carbon stock increased 

with pasture age, some factors, such as soil pH and plant species (the difference 

between C4 and C3 plants), contributed highly to the resulting soil carbon level (Table 

7.2).  

 

7.3 Edaphic and plant factors that influence soil carbon 

(i) Soil pH 
 

Soil pH has been widely shown to drive microbiological activity (Fierer and Jackson, 

2006; Lauber et al., 2008, 2009; Rousk et al., 2010; Griffiths et al., 2011) and be 

involved in soil carbon processes (Kemmitt et al., 2006; Rousk et al., 2009). In 

assessing soil carbon under kikuyu perennial pastures (Chapter 4), notable differences 

were revealed in the relationship of root mass with total carbon between two kikuyu 
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sites at which the soil pH ranges were different. There was a marginally significant 

relationship between soil pH and total carbon at all the sites (Chapter 3 and Chapter 4). 

This relationship was positive at the site with the higher soil pH range (pH 4.6-5.2) 

(Chapter 4, kikuyu (Gairdner) site and tall wheat grass site), whereas it was negative at 

the site with the lower soil pH range (pH 4.3-4.8) (Chapter 4, kikuyu (Gnowellen) site) 

with an inflection point around pH 4.8 (Table 7.2).  Furthermore, around pH 4.8 range, 

a slightly positive relationship was observed (pH 4.6-5.0) (Chapter 3, veldt grass site). 

At the higher soil pH site, organic carbon was reported to increase as the soil pH 

increased towards the natural value (Rousk et al., 2009), whereas at the lower soil pH 

site, the soil organic carbon decreased as the soil pH increased because the enhanced 

microbiological activity promotes the consumption of soil carbon (Kemmitt et al., 

2006). Hence, soil pH was likely to be a critical factor influencing soil carbon stock by 

affecting the efficiency of decomposition, especially for root-derived organic material to 

soil carbon, through its control over microbiological activity, even when the same 

perennial plants were present and the pasture ages were similar. 
 
By identifying bacterial communities using high throughput 16S-rRNA-based 

sequencing (Chapter 5), soil pH was revealed to be the strongest edaphic predictor of 

bacterial diversity. Soil pH was correlated with the relative abundance of each bacterial 

group, both directly and indirectly, and functioned as a representative edaphic predictor 

by integrating the rest of the edaphic predicators that influence bacterial communities. 

Despite the narrow acidic soil pH range in this study, there was a positive relationship 

between soil pH and bacterial diversity, as reported in other parts of the world (Fierer 

and Jackson, 2006; Jangid et al., 2008; Lauber et al., 2008, 2009; Grifitths et al., 2011). 

A number of mechanisms may explain the relationship between soil pH and bacterial 

diversity, but soil pH appeared to impact bacterial diversity both directly and indirectly 

in this study. Bacterial diversity is altered by changes in the relative abundance of each 

bacterial group because the diversity generally depends on a certain pH range for pH 

homeostasis (Krulwich et al., 2011). The most abundant phyla, excluding Acidobacteria 

(Proteobacteria, Firmicutes, Actinobacteria and Chloroflexi), strongly responded to 

changes in pH, which suggested that soil pH is a direct edaphic predictor of bacterial 

diversity. Conversely, the relative abundance of Acidobacteria did not significantly 

correlate with pH, although in previous studies, the relative abundance of this phylum 



 CHAPTER 7  General discussion 

 
 
 

 
138 

 

was highly influenced by soil pH and was greatest when the pH range was lower (Jones 

et al., 2009; Lauber et al., 2009; Grifitths et al., 2011). Soil pH could influence a number 

of other soil variables, such as carbon and nitrogen; as a result, its influence on the 

entire bacterial community may be highly complicated (Fierer and Jackson, 2006; 

Lauber 2008; Griffiths et al., 2011). For example, in this study, the relative abundance 

of Actinobacteria showed a significant positive relationship not only with soil pH but 

also with total carbon and total nitrogen. Actinobacteria is generally known to perform 

an important role in the carbon cycle (Goodfellow and Williams 1983). Therefore, the 

relative abundance of Actinobacteria could be explained by the altered total carbon and 

total nitrogen in the carbon and nitrogen cycles, which may be indirectly influenced by 

soil pH through mineralisation and immobilisation (Brady and Weil, 2008).  
 
Overall, soil pH was likely to be the strongest edaphic predictor of bacterial diversity, 

influencing bacterial communities both directly and indirectly. Some of these bacterial 

communities were found to be highly involved in soil carbon and nitrogen cycles and 

thus influenced the soil carbon stock by affecting decomposition efficiency. Soil pH 

was likely to predict soil carbon dynamics, especially because of its control over 

microbiological activities relating to the conversion of root-derived organic material 

into soil carbon, and may also predict the bacterial diversity. 

 

(ii) Plant species 
 

In addition to soil pH, plant species, including the photosynthetic differences between 

C4 and C3 plants, influenced the relationship between root mass and total carbon 

(Chapter 4). Although there was no notable difference between C4 and C3 plants in the 

surface soil under the same soil pH range, the total carbon of C4 plant roots was 

observed to be higher than that of C3 plants in the deeper soil, which indicated that the 

root-derived material of C4 plants is more efficiently converted into soil carbon than 

that of C3 plants. This finding was in agreement with studies suggesting that the 

decomposition of carbon derived from C4 plants was faster than that of C3 plants 

(Wynn and Bird, 2007) and that the difference in soil carbon between C4 and C3 plants 

increased with pasture age (Sanderman et al., 2013). Likewise, photosynthetic 

differences were likely to be highly involved in the process of converting root-derived 
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organic matter to soil carbon (Table 7.2). In contrast to the process of converting root-

derived organic matter to soil carbon, the process of transforming particulate carbon 

into humus was likely to be influenced by plant species factors rather than by soil 

properties, such as soil pH. In the relationship between particulate carbon and humus, 

the kikuyu sites exhibited similar relationships, which indicated that there were no 

sampling site effects (i.e. soil pH). However, the relationships between particulate 

carbon and humus in these kikuyu sites were significantly different from those observed 

in two annual pastures, which also showed differences between themselves. These 

annual pastures were dominated by subterranean clover in one site and rye grass in 

another site. Subterranean clover is a legume that is generally known for its nitrogen 

fixation (Peoples and Baldock, 2001), which could enhance the soil carbon cycle (Van 

der Krift et al., 2001; Resh et al., 2002; De Deyn et al., 2009). In the soil carbon 

decomposition process, soil microbes use carbon and nitrogen as energy sources, which 

likely results in differences in the relationship between particulate carbon and humus.  

Another aspect contributing to the effects of plant species was associated with soil 

moisture maintained under plants. In this study, particulate carbon and its 

decomposition to humus were highly influenced by soil moisture. Similar results have 

been reported with regard to the influence of temperature and/or soil moisture on the 

decomposition of organic matter (e.g. Chen et al., 2000; Curiel Yuste et al., 2007; 

Craine and Gelderman, 2011). Soil moisture was assessed in the kikuyu pastures and 

showed a significant relationship with pasture age. This relationship was probably 

correlated with the extensive ground coverage of kikuyu, which is a sub-tropical 

creeping grass (Nie et al., 2008). Hence, creeping grass-type plants such as kikuyu 

might enhance the carbon decomposition process to increase the soil carbon stock by 

maintaining soil moisture to a greater extent than bunch grass-type plants under 

Mediterranean climate. 

Overall, plant species influenced the soil carbon decomposition process in multiple 

ways. Photosynthetic differences of the plants were likely to drive the processing of 

root-derived organic material to soil carbon. Conversely, annual pastures with 

established legume and plant coverage of the ground were highly involved in the 

decomposition process from particulate carbon to humus (Table 7.2)  
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7.4 Other factors 
 

Apart from soil pH, soil moisture and plant species, electrical conductivity (EC) was 

shown to have a significant positive relationship with total carbon in this study 

(Chapters 3 and 4). Electrical conductivity was also found to significantly influence the 

bacterial diversity (Chapter 5), which was consistent with studies suggesting that 

salinity is the major environmental determinant of microbial community composition 

(Lozupone and Knight, 2007; Wang et al., 2011; Schneegurt, 2013). However, the 

studies on the responses of microbial diversity to salinity were performed in highly 

saline aquatic environments, whereas only relatively low EC was observed in the sites 

in this study. EC is related to multiple physical, chemical and biological properties of 

soil, such as moisture content, texture, soil carbon and the mineralogy of the soil matrix 

(Shaw and Mask 2003). Based on the strong relationship observed between EC and soil 

pH, which was supposed to have a direct influence on phylum relative abundance, in 

this study, EC was not necessarily a robust edaphic predictor of bacterial community 

diversity and structure. However, additional studies involving greater variability in the 

EC values would provide critical insight into the relationship between salinity and 

bacterial diversity and its function with regard to the soil carbon cycle. EC assessment 

has been proposed to assess the spatial heterogeneity of soil properties (Anderson-Cook 

et al., 2002), at least in sandy soils, which have fewer nutrients and are non-saline. As 

Terra et al. (2004) stated, EC surveys can be used to differentiate zones of variable soil 

organic carbon content, which may be used as benchmarks to evaluate the field-level 

impact of management practices on carbon sequestration. 

 

7.5 Alignment of bacterial communities and structure with perennial pastures 
 

As discussed above, microbial dynamics play a vital role in the soil carbon 

sequestration associated with root development. South-western Australia is 

topographically unique; it is dominated by nutrient-deficient soils (Hopper et al., 1996; 

Hopper and Gioia, 2004; Moore 2004) and supports a high biodiversity, as shown by its 

status as one of the 25 hot spots in the world (Hopper and Gioia, 2004). In such a 

unique environment, the diversity and structure of soil bacterial community could also 

be unique, with dominant phyla other than Acidobacteria and Actinobacteria, which are 
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reported widely elsewhere. In addition, in the unique soil environment, the responses of 

bacterial communities to environmental change (i.e. perennial pasture establishment) 

might be driven by different factors. Investigating the impact of agricultural practices on 

the diversity and structure of bacterial communities for the first time in south-western 

Australia revealed that the dominant phylum was Firmicutes. This finding was in stark 

contrast to that of studies from other part of the world, which reported Acidobacteria 

and Actinobacteria to be the dominant phyla.  
 

(i) Dominant bacterial groups in the Great Southern region of south-western 
Australia 
 

The dominant OTUs detected in agricultural land (i.e. perennial pastures, annual 

pastures, crops in perennial pastures and tree plantations) were affiliated with the phyla 

Firmicutes, Actinobacteria, Proteobacteria, and Acidobacteria, in this order, with 

Firmicutes as the dominant phylum (Chapter 5). The identification of Firmicutes was in 

contrast to what was expected because of its minor composition rate (2%) compared to 

other abundant phyla, such as Acidobacteria, Proteobacteria and Actinobacteria 

(Janssen, 2006), and its adaptability to environmental conditions, as previously reported 

(Felske et al., 2000; Ahmad et al., 2009; Aislabie et al., 2009; Kuramae et al., 2010, 

2012). Although further research on the traits of Firmicutes is needed, the reason for the 

dominance of this phylum in the environment of south-western Australia was explained 

by the traits of its major class, Bacilli. The common physiological traits of Bacilli that 

are important to their survival include the production of a multi-layered cell wall 

structure, the formation of stress-resistant endospores, and the secretion of peptide 

antibiotics, peptide signal molecules, and extracellular enzymes (McSpadden Gardener, 

2004). The dormant spores of Bacillus, which is the most diverse genus in the class 

Bacilli (Garbeva et al., 2003), are well known for their resistance to extreme 

environments, including those with excessive wet or dry heat, UV or gamma radiation, 

or desiccating or oxidising agents (Nicholson et al., 2000), and can survive for hundreds 

of years or more, because the spores protect the DNA from damage (Setlow, 2007). 

Hence, Firmicutes was proposed to survive and be dominant by forming stress-resistant 

endospores under such environmental conditions that other bacterial groups are not 

likely to adapt well. 
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(ii) Impact of agricultural practices on soil bacterial communities 
 

Soil bacterial communities were highly impacted by agricultural practices in this study. 

For example, although Firmicutes dominated nearly half of the OTUs in the annual 

pastures, its relative abundance decreased as the age of the perennial pasture increased 

in association with increases in the soil carbon and nitrogen. This allowed for increased 

relative abundances of the other major phyla (Actinobacteria, Proteobacteria, 

Acidobacteria and Chloroflexi), which were positively correlated with one another. It 

was assumed that Firmicutes would react as a K-selected phylum, which would favour 

the persistence of individuals under conditions of scarce resources, such as those that 

occur under bare land or annual pasture. In contrast, other major phyla that are able to 

adapt to variable environments with higher resource levels, such as perennial pasture, 

were expected to function as r-selected phyla (Fierer et al., 2007; Thomson et al., 2013). 

In the perennial pastures in this study, the strong correlations between the relative 

abundance of the phylum Actinobacteria and the carbon and nitrogen levels suggested 

that Actinobacteria functions as an r-selected phylum in the process of organic matter 

decomposition. Therefore, it was proposed that the relative abundances of Firmicutes 

and Actinobacteria could be potential indicators of the impact of agricultural practices; 

the K-selected phylum, Firmicutes, is indigenously dominant in nutrient-deficient, 

agricultural soils.  

 

7.6 What changes did farmers observe in establishing perennial pastures and how   
did they accept the concept of carbon sequestration? 
 

Farmers’ knowledge of and experience with perennial pasture establishment in relation 

to soil carbon sequestration plays a critical role in influencing the management practices 

that control soil carbon stock on agricultural land, which can reduce the fluxes of other 

more potent greenhouse gases emitted from the soil. In Australia, the Carbon Farming 

Initiative (integrated with the Emissions Reduction Fund since 12 December 2014) 

provides an opportunity for farmers to participate in a carbon offset market (Parliament 

of the Commonwealth of Australia, 2011). However, this carbon offset scheme has had 

little acceptance relative to the prescribed target, likely because it was a voluntary 

scheme and the risks of potential additional costs outweigh the benefits that are directly 
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associated with agricultural production, which can be challenging for farmers (Liddicoat 

et al., 2010; Kragt et al., 2012). It was shown that farmers’ major drivers for 

establishing perennial pastures were economic benefits (e.g. increased production) and 

private environmental benefits (e.g. improvement of degraded land) rather than public 

environmental benefits (e.g. carbon sequestration for mitigating climate change), as 

expected. Furthermore, farmers who own larger areas of perennial pastures were more 

likely to be influenced by the interest in carbon sequestration. The adoption of new 

ideas is strongly affected by risk-related issues (Marra et al., 2003; Greiner et al., 2009) 

and the opportunity to contribute to public environmental benefits, though carbon 

sequestration represents an opportunity to receive subsidy payment (Govaerts et al., 

2009).   

Through the management of larger areas of perennial pastures, these farmers might have 

gained extensive experience, and the more experience farmers have, the more 

confidence they may have in controlling uncertainties and risks. These factors could 

potentially delay their adoption of new ideas (Marra et al., 2003; Greiner et al., 2009). 

Farmers who established larger perennial pastures were more interested in carbon 

sequestration because of the potential to earn extra income through the carbon offset 

scheme. Because perennial pastures were still considered a relatively new management 

system and constitute only a limited area in western Australia (Moore et al., 2006), 

farmers who had already established larger areas of perennial pasture may be more 

likely to adopt a new concept such as carbon sequestration and the carbon offset 

scheme. Conversely, despite the expectation that the adoption of carbon sequestration 

was influenced by economic and private environmental benefits, farming experience 

and farmers’ observations regarding their land were major factors influencing farmers to 

increase their interests in carbon sequestration. The farmers who had more farming 

experience were more likely to become interested in carbon sequestration. In addition, 

the farmers who noticed more changes on their land showed more interest in this idea. 

Those farmers who did not observe results from this new practice were relatively 

conservative or hesitant to embrace the new concept. In other words, if farmers could 

experience a practical improvement, management practices supporting public 

environmental benefits, such as carbon sequestration for mitigating the impact of 

climate change, would be far easier to achieve. In addition, the low rate of adoption was 
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found to arise from the misconnection between the farmers’ management practices and 

the consequences of these practices, and the gap between farmers’ points of view and 

those of scientists might delay the adoption. Farmers were consistently interested in 

increasing soil carbon to improve soil health, which also contributes to carbon 

sequestration, but they were unlikely to understand the extent to which they had 

contributed to carbon sequestration until they experienced and observed some benefits 

in their perennial pastures. This was probably because farmers’ awareness and 

understanding were restricted to what they could see and did not appear to be linked 

with their management practices (Ingram et al., 2010). In addition, farmers considered 

the new concepts or schemes promoted by scientists to be irrelevant to their immediate 

environment (Bosch et al., 1996; de Bruyn and Abbey, 2003).  

Farmers’ decision to adopt soil management purely for carbon sequestration may not be 

immediate. However, providing an easy access to relevant information would enable 

them to engage in the policy objectives in the context of environmental demands. 

 

7.7 Conclusions  
 

This study contributed to understanding the potential role of perennial pastures in 

carbon sequestration and its influencing factors in a Mediterranean climate in the Great 

Southern and southern Wheatbelt region of south-western Australia (Table 7.3).  

Investigations using a chronosequence of perennial pastures revealed that perennial 

pastures increased soil carbon to a greater extent than did annual pastures after 

approximately 10 years of establishment, regardless of the perennial plant species 

present in these sites. The lower level of carbon stock at the early stage of perennial 

pastures compared to annual pasture could be partly because of the influence of soil 

disturbance during the land use change to establish perennial pastures. Furthermore, this 

may explain inconsistencies in previous studies comparing carbon stock between 

perennial pastures and annual pastures.  

Thus, the need to consider perennial pasture age was identified to be important when 

investigating soil carbon stock compared with other land use.  
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CHAPTER OBJECTIVE and  HYPOTHESIS 

INVESTIGATION 
 

FACTOR INFLUENCING 
SOIL CARBON 

SEQUESTRATION 

MAIN FINDINGS 

Chapter 3 
Spatial distribution 
 

 
OBJECTIVE 
Investigate spatial variability of soil carbon stock in 
respect to root development for understanding carbon 
dynamics and for designing accurate soil carbon 
assessment  

 
 Root development 
 Vertical distribution 
 Horizontal distribution 

(soil under the plants 
and soil between the 
plants) 

 Soil pH and other 
edaphic factor 

 
 Significant relationship of root mass and soil carbon both 

localised in the surface soil. 
 No significant difference in soil carbon stock between the soil 

under the plants and soil between the plants 
 Soil carbon was influenced by soil pH.  
 Vertical distribution of soil carbon was likely to be influenced 

by root mass and soil pH with more influence of root mass in 
the surface soil but soil pH in the deeper soil. 

 The main factor determining soil carbon stock in the soil 
under the plants was likely to be soil pH rather than root 
development alone. 

 
HYPOTHESIS 
 Root mass would be highly correlated with soil 

carbon and reflected in heterogeneity in distribution of 
soil carbon stock.  

 Higher increases in soil carbon stock would occur 
under the plants where higher root mass occurs. 

Chapter 4 
Duration of pastures 

 
OBJECTIVE 
Investigate how perennial pasture establishment 
influence soil carbon, including how pasture age 
contribute to root development and soil carbon 
decomposition that is supposed to be influenced by 
factors such as soil pH and plant species which is 
supposed to influence microbiological activities. 
 

 
 Perennial pasture age 
 Root development 
 Different stage of 

carbon decomposition 
(Carbon fractions) 

 Annual pasture and 
perennial plant species 

 Soil pH and other 
edaphic factors 

 
 Pasture age had significant influence carbon stock in 

accordance with root development regardless of perennial 
pasture species.  

 An initial 10 years of establishment was likely to store less 
soil carbon than annual pasture, although root mass was 
higher than annual pastures.  

 Soil pH and photosynthetic plant species differences were 
likely to be highly involved in the process of converting roots 
derived organic matter to soil carbon. 

 The decomposition process from particulate carbon to 
humus was highly influenced by plant species factors 
including the effect of plant coverage predicted by soil 
moisture and establishment of legume. 

 
HYPOTHESIS 
 Soil carbon increases with perennial pasture age and 

is higher than that in annual pasture. 
 Soil carbon stock is highly correlated with root 

development. 
 Some soil properties such as soil pH and plant 

species are vital in influencing soil carbon through the 
process of decomposition. 

 

 

Table 7.3  Summary of main findings with research objective, hypothesis and investigated factors influencing soil carbon sequestration. 
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Chapter 5 
Soil bacterial 
communities 

 
OBJECTIVE 
Investigate how bacterial community and diversity 
changed associated with soil carbon in perennial 
pastures. 
Also to identify bacterial communities on agricultural 
land in south western Australia as global genetic 
resources.  
 

 
 Soil bacterial 

communities 
 Soil pH and other 

edaphic factors  
 Impact of agricultural 

practices on bacterial 
communities  

 
 Firmicutes was the dominant phylum, a pattern distinct from 

that in most agricultural soils in other parts of the world. 
  The establishment of agricultural management, the relative 

abundance of other bacterial groups, such as Actinobacteria, 
increased in association with increases in the soil carbon, 
nitrogen and pH. 

 Overall, the soil pH was the strongest predictor of soil 
bacterial communities, with a direct influence on bacterial 
communities and an indirect effect as an integrated soil 
factor.  

 
 

 
HYPOTHESIS 
 Bacterial communities on agricultural land in south 

western Australia are different from those described 
in the literature based on globally distributed survey. 

 Bacterial communities’ dominance is strongly 
correlated with soil pH. 
 

 
Chapter 6 
Farmers’ experience 

 
OBJECTIVE 
Evaluate what sort of changes farmers noticed on their 
land and their circumstances since they established 
perennial pastures, as well as what extent and how the 
concept of carbon sequestration and carbon offset 
scheme was accepted by farmers. 

 
 Farmers’ background  
 Farmers’ interest in 

carbon sequestration 

 
 Major drivers for perennial pastures were economic benefits 

(e.g. production increase) and private environmental 
benefits (e.g. improvement of degraded land) rather than 
public environmental benefits (e.g. carbon sequestration for 
mitigating climate change). 

 Farmers who own larger areas of perennial pastures were 
more likely to be driven by carbon sequestration to establish 
perennial pastures. 

 Farmers appeared to have been working for increasing 
carbon whether it is aimed for soil health improvement but 
were not likely to link it to accept a new idea.  

 Access to relevant information through learning groups 
might assist farmers to increase their interest in carbon 
sequestration and being part of carbon offset scheme. 

 

 
HYPOTHESIS 
 Farmers introducing perennial pasture are initially 

driven by economic benefits and private environmental 
benefits rather than by public environmental benefits.  

 Once farmers observe positive changes associated 
with establishment of perennial pastures, they are 
interested in carbon sequestration and investigate 
being involved in a carbon offset scheme. 
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In the carbon input process of converting root derived organic matter to soil carbon, the 

influence of soil pH and plants species including C4 and C3 plants were likely to be 

highly involved. Conversely, the carbon output process of decomposition from 

particulate carbon to humus was influenced by plant species, including plant coverage 

and legume species. 

The extent of which these factors influence soil carbon stock varied vertically and 

horizontally under the bunch grass-type perennial plants. Although soil carbon had been 

expected be distributed heterogeneously due to the uneven ground cover of plants, this 

study found total carbon was not significantly different in soil under and between the 

plants even though root mass was significantly higher in the soil under the plants. This 

result indicated soil carbon stock, a balance of soil carbon input and output, was 

complex and varying with factors influence definitely according to spatial unit. The 

vertical distribution of soil carbon in the surface soil was more likely to be influenced 

by root mass, whereas in the deeper soil, soil pH was an important predictor of in 

decomposition processes. Similarly, the main factor determining soil carbon stock in the 

soil under the plants was likely to be soil pH rather than root development alone.  

This study showed that even bunch grass-type perennial pasture that does not entirely 

cover the ground surface has the potential to increase soil carbon in soil between the 

plants as well as soil under the plants. However, this investigation of spatial variability 

was conducted in perennial pastures less than ten years which could be still be 

influenced by land use change. Further research would be needed to clarify the role of 

factors such as root mass and soil pH in each vertical and horizontal unit spaces for an 

accurate assessment of carbon sequestration especially regarding to the carbon capacity 

in soil depth (Hoyle et al., 2013). 

The study of soil bacterial communities supported these carbon dynamics under the 

perennial pastures. Findings of this study showed that bacterial community structure in 

highly weathered soils of south-western Australia was not consistent with those 

commonly found elsewhere. However, bacterial diversity differed with perennial 

pasture age, with an increase in relative abundance of Actinobacteria reflecting the 

change in soil pH, total carbon and total nitrogen. This indicated that bacterial 

abundance shifted from the indigenously dominant Firmicutes, a K-selected phylum, to 
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r-selected phyla, such as Actinobacteria, because of the modification of the soil 

properties by perennial pastures and also indicated that the response of bacterial 

communities to agricultural land use and management were predictable. Soil pH was the 

strongest predictor of soil bacterial communities in this study, as repeatedly identified in 

other studies. Further research on other land uses in this region would enhance 

understanding of the relationship of bacterial communities and soil properties which 

would also add deep insight of carbon dynamics for carbon sequestration. 
 
The adoption of carbon sequestration by farmers in perennial pastures could be further 

increased if farmers had longer experience in perennial pastures and observed more 

positive changes such as soil colour and increases in fauna. The survey indicated that 

although farmers were driven by economic benefits as well as private environmental 

benefits in establishing perennial pastures, their interest in carbon sequestration was 

not influenced by economic benefits. Access to the relevant information through 

learning groups might assist farmers to be involved in the carbon offset scheme. 

This research recognised some important knowledge relating to carbon dynamics 

under the perennial pastures. At the same time a number of issues that require further 

investigation were identified to enhance implementations of soil management for soil 

carbon sequestration, as below: 

 
(i) Inconsistent relationships for soil carbon assessment of perennial pastures 

compared to annual pastures, and the low level of soil carbon stock at the 

early stage of perennial pasture establishment remain. Further research to 

explore how fast and how much soil carbon is stored in perennial pastures 

would provide information that could increase farmers’ interest in carbon 

sequestration and carbon off set schemes. 

 

(ii) The spatial variability and factors influencing carbon input/output balance in 

longer established bunch grass-type perennial pastures requires further 

investigation. In this study, it was found that carbon stock was not different 

in soil under and between the plants, although root mass was more highly 

accumulated under the plants. However, this study was conducted at the 
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early stage of perennial pasture establishment (one year) which might be still 

under the influence of the previous land use and land use change including 

the soil disturbance. As bunch grass-type perennial pasture is a typical 

perennial pasture used in south-western Australia, understanding this spatial 

distribution would provide more accurate assessment of soil carbon which 

would further contribute to appropriate soil management for carbon 

sequestration. 

 
(iii) The factors influencing soil carbon in this study were attributed to root 

development and soil pH and the extent of the influence of these factors on 

soil carbon varied spatially. Among several soil properties, soil pH was 

likely to be the dominant factor associated with carbon input and output with 

evidence that it could be a major predictor of soil bacterial community 

structure. In this study, investigation using different lime applications to 

explore the relationship of soil pH and root mass associated with total carbon 

was not completed because of the short period of field trial. Longer 

monitoring to determine how root mass and total carbon changed in relation 

to soil pH change for the different forms and amounts of lime application 

would be beneficial in identifying appropriate soil management practices for 

carbon sequestration. 

 
(iv) The soil bacterial study showed the dominant phylum was Firmicutes in 

examples of nutrient-deficient soils in the Great Southern region of south-

western Australia. This was in contrast to the results in other studies in other 

part of the world. This study site sits in one of the world’s 25 biodiversity 

hotspots and indicates that bacterial communities in this area may also have 

unique characteristics. Further investigation of bacterial communities under 

different land management practices would enhance the understanding of 

extent to which bacterial diversity and community structure is an ecosystem 

response in these highly weathered soils. 

 
(v) The survey study showed most farmers who participated were keen to 

increase soil carbon for overall soil health but not for carbon sequestration. 
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Farmers mentioned that they did not have enough information, although all 

the information about carbon offset schemes was available on the internet 

and more and more farmers use computers and internet to collect 

information. In this study, it was assumed this was because farmers’ 

awareness and understanding were restricted to what they could see locally. 

Further investigation to explore why farmers have little access to the 

information about carbon offset schemes would help to identify ways of 

providing information that supported further awareness of these schemes 

among farmers. 
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Gnowellen site

Annual pasture 0-10 cm 13.9 ± 1.69 6.7 ± 0.84 7.1 ± 0.86 3.9 ± 1.11 4.5 ± 0.09 4.7 ± 0.23 4.1 ± 0.77

10-20 cm 6.9 ± 1.30 3.7 ± 1.04 3.2 ± 0.48 0.5 ± 0.08 4.7 ± 0.26 4.1 ± 0.41 2.8 ± 0.33

20-30 cm 4.4 ± 0.49 2.2 ± 0.06 2.2 ± 0.44 0.1 ± 0.02 5.2 ± 0.43 6.0 ± 2.52 3.4 ± 0.09

Perennial pasture 6 years 0-10 cm 11.4 ± 1.76 7.6 ± 1.59 3.8 ± 0.68 3.9 ± 0.40 5.0 ± 0.05 4.3 ± 0.71 4.3 ± 0.44

(kikuyu) 10-20 cm 6.2 ± 0.39 3.6 ± 0.29 2.6 ± 0.32 1.4 ± 0.51 4.9 ± 0.15 3.2 ± 0.88 3.6 ± 0.14

20-30 cm 3.4 ± 0.28 2.0 ± 0.28 1.4 ± 0.12 0.5 ± 0.22 4.9 ± 0.12 2.9 ± 0.44 3.1 ± 0.43

10 years 0-10 cm 16.4 ± 1.14 9.9 ± 1.21 6.5 ± 0.07 6.4 ± 1.38 4.8 ± 0.09 5.1 ± 0.53 5.6 ± 0.05

10-20 cm 8.1 ± 0.78 4.5 ± 0.39 3.6 ± 0.39 0.9 ± 0.24 4.7 ± 0.09 3.8 ± 0.65 3.6 ± 0.42

20-30 cm 7.3 ± 0.86 4.1 ± 0.55 3.2 ± 0.34 0.5 ± 0.23 4.8 ± 0.08 3.0 ± 0.18 3.3 ± 0.70

15 years 0-10 cm 15.5 ± 1.24 8.8 ± 1.57 6.6 ± 0.33 4.1 ± 0.20 4.7 ± 0.08 4.8 ± 0.16 5.0 ± 1.21

10-20 cm 7.0 ± 0.43 4.2 ± 0.39 2.8 ± 0.06 1.0 ± 0.15 4.6 ± 0.07 4.0 ± 0.26 3.8 ± 0.52

20-30 cm 4.6 ± 0.62 2.7 ± 0.37 1.9 ± 0.27 0.3 ± 0.04 4.6 ± 0.05 3.9 ± 0.92 3.5 ± 0.46

20 years 0-10 cm 19.1 ± 0.43 12.3 ± 0.36 6.8 ± 0.78 4.7 ± 0.35 4.3 ± 0.06 5.4 ± 0.46 5.8 ± 0.60

10-20 cm 11.1 ± 2.10 5.7 ± 1.07 5.4 ± 1.04 1.1 ± 0.41 4.3 ± 0.03 4.0 ± 0.58 2.4 ± 0.05

20-30 cm 6.3 ± 1.85 3.7 ± 1.08 2.6 ± 0.79 1.2 ± 0.63 4.4 ± 0.06 3.9 ± 0.77 2.0 ± 0.12

EC Soil moisture

(Mg ha-1) (Mg ha-1) (Mg ha-1) (mg cm-3) (mS m-1) (%)

Total carbon Particualte 
carbon

Humus Root mass Soil pH
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APPENDIX 1 (Chapter 4) 
 
The mean value of soil properties at each depth (0-10, 10-20 and 20-30 cm)  
All values represent means ± SEM. 
 
 
(1) Gairdner site 
 

 
 
 
 
(2) Gnowellen site 
 

 

 
 
 
 
 
 
 
 
 

Gaidner site

Annual pasture 0-10 cm 22.5 ± 0.78 12.5 ± 0.43 7.3 ± 0.29 0.6 ± 0.10 4.6 ± 0.06 5.5 ± 0.73

10-20 cm 11.7 ± 0.95 6.0 ± 0.67 4.2 ± 0.25 0.0 ± 0.01 4.6 ± 0.06 3.8 ± 0.43

20-30 cm 6.7 ± 0.49 3.4 ± 0.26 2.3 ± 0.19 0.0 ± 0.00 4.7 ± 0.06 3.0 ± 0.25

Perennial pasture 8 years 0-10 cm 17.9 ± 0.70 8.7 ± 0.29 6.8 ± 0.34 1.4 ± 0.52 5.0 ± 0.04 3.9 ± 0.10

(kikuyu) 10-20 cm 8.7 ± 0.43 4.3 ± 0.12 3.1 ± 0.29 0.2 ± 0.04 4.9 ± 0.05 2.9 ± 0.08

20-30 cm 6.0 ± 0.39 2.9 ± 0.15 2.1 ± 0.15 0.1 ± 0.03 5.0 ± 0.04 2.5 ± 0.15

15 years 0-10 cm 29.2 ± 1.23 15.6 ± 0.67 10.7 ± 0.46 3.6 ± 1.03 4.9 ± 0.07 4.5 ± 0.22

10-20 cm 13.2 ± 0.89 6.6 ± 0.59 4.5 ± 0.21 1.3 ± 0.23 4.8 ± 0.05 3.2 ± 0.13

20-30 cm 8.5 ± 0.87 4.2 ± 0.51 3.1 ± 0.22 0.6 ± 0.27 4.7 ± 0.07 2.8 ± 0.24

22 years 0-10 cm 32.0 ± 2.72 17.8 ± 1.64 10.5 ± 0.74 2.8 ± 1.04 5.1 ± 0.08 5.4 ± 0.22

10-20 cm 11.7 ± 0.75 5.9 ± 0.38 3.9 ± 0.47 0.9 ± 0.37 4.9 ± 0.12 4.0 ± 0.33

20-30 cm 8.3 ± 0.93 4.4 ± 0.59 2.6 ± 0.18 0.6 ± 0.20 4.9 ± 0.14 3.3 ± 0.17

EC

(Mg ha-1) (Mg ha-1) (Mg ha-1) (mg cm-3) (mS m-1)

Total carbon Particualte 
carbon

Humus Root mass Soil pH
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(3) Arthur River site 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Arthur River 

Perennial pasture 1 year 0-10 cm 25.9 ± 2.43 3.7 ± 0.52 5.2 ± 0.07 12.4 ± 2.22

(tall wheat grass) 10-20 cm 6.4 ± 0.56 0.7 ± 0.27 5.0 ± 0.13 6.7 ± 1.84

20-30 cm 4.0 ± 0.76 0.0 ± 0.01 4.9 ± 0.17 5.3 ± 1.25

5 years 0-10 cm 23.6 ± 1.71 4.0 ± 0.63 5.2 ± 0.21 20.0 ± 6.24

10-20 cm 4.0 ± 0.32 1.1 ± 0.23 4.8 ± 0.20 12.4 ± 3.77

20-30 cm 2.3 ± 0.29 0.6 ± 0.21 4.7 ± 0.24 12.5 ± 3.80

7 years 0-10 cm 29.6 ± 1.57 4.8 ± 0.61 5.1 ± 0.05 13.6 ± 3.57

10-20 cm 4.6 ± 0.21 1.4 ± 0.38 5.1 ± 0.08 6.1 ± 1.19

20-30 cm 2.6 ± 0.16 0.5 ± 0.14 5.3 ± 0.06 5.9 ± 1.38
9 years 0-10 cm 37.2 ± 2.49 4.5 ± 0.80 5.0 ± 0.03 10.7 ± 0.39

10-20 cm 11.1 ± 1.93 1.5 ± 0.07 4.8 ± 0.12 5.1 ± 0.36
20-30 cm 6.2 ± 1.12 0.5 ± 0.17 5.0 ± 0.12 4.4 ± 0.45

EC

(Mg ha-1) (mg cm-3) (mS m-1)

Total carbon Root mass Soil pH



 APPENDIX 

 
 
 

 
153 

 

APPENDIX 2 (Chapter 5)   
 
Relationship between extractable elements and Chao1 diversity in land use for annual 
pastures (n=11), perennial pastures (n=15), crop sown in perennial pasture (n=5) and 
tree plantation (n=2) in south-western Australia.  
P values were calculates for the difference of regression slopes difference from zero.  
r2 was obtained by fitting linear regression. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Extractable 

elements
   P    r2

Soil pH 0.01 0.18

log EC < 0.001 0.33

Na 0.001 0.29

S 0.002 0.27

Cu 0.004 0.24

Al 0.7 0.004

Ca 0.1 0.07

Fe 0.03 0.14

K 0.2 0.04

Mg 0.02 0.15

Mn 0.08 0.09

P 0.7 0.004

Zn 0.05 0.12
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APPENDIX 3 (Chapter 6)      
The questionnaire sheet used in the survey. 
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