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Abstract 

Environmental factors such as climate and parent material (including soil depth) can 

have a large influence on organic carbon (OC) stocks in soil, yet unlike vegetation type, 

fertiliser use and grazing pressure, these cannot be changed by land management. The 

relative effects of these environmental and land management factors were compared 

under native and introduced perennial pastures in the Monaro and Boorowa regions, 

and under crops and pastures in the Coleambally region of New South Wales (NSW), 

Australia. This thesis is comprised of three components: i) a field survey of 72 sites 

with a range of soil properties (clay content, pH, CEC, total N, Colwell P and available S) 

compared with total OC (to 0.70 m) and OC fractions (particulate OC, resistant OC and 

humic OC to 0.30 m) as determined by mid infrared spectroscopy, ii) a five year 

replicated grazing trial on a fertilised native pasture in the Monaro region where OC 

stocks were compared (to 0.30 m), and iii) a soil incubation laboratory experiment to 

determine if an upper limit to OC accumulation in soil was achieved with increasing C 

input. This thesis tests the following hypotheses, that 1) within a given climate, parent 

material dominates management in determining OC in soil under perennial pastures 

because parent material determines the soil properties that influence plant production 

and OM protection, 2) within a given climate and parent material, there is more OC in 

soil under introduced compared with native perennial pastures due to higher soil 

nutrient status associated with soil nutrient management programs and greater OM 

supply to soil under introduced perennial pastures and 3) for a given soil type, soil with 

a high OC concentration will continue to accumulate OC in a relatively stable form if 

both C and nutrient inputs are maintained. 

Climate, parent material, soil depth and soil fertility significantly influenced the stock 

of OC in soil, while the type of vegetation (native vs introduced pastures and crop vs 

pasture) did not. Higher OC stocks were associated with higher spring and summer 

rainfall and lower annual temperatures. There were significant correlations between 

soil factors associated with parent material and OC concentration, including a negative 

correlation between SiO2 content and humic OC concentration (P<0.05), and positive 

correlations between cation exchange capacity (CEC) and total OC, particulate OC and 

resistant OC concentration (P<0.01). Organic carbon was also positively correlated with 
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total nitrogen (N) and available sulfur (S), suggesting that for a given climate and 

parent material, maintaining adequate pasture nutrition may increase the stock of OC 

in soil. The replicated grazing trial further demonstrated the potential for management 

to increase OC in soil. The cell grazing treatment had a significantly (P<0.05) greater 

stock of OC in soil compared with the ungrazed treatment: 32.9 vs 25.6 Mg C/ha 

(1.8 se) to 0.30 m, although neither of these treatments were statistically different to 

the tactical grazing treatment (29.5 Mg C/ha). While the relationship between grazing 

management and OC in soil is complex, a combination of factors are proposed for the 

greater stock of OC in soil under grazed pastures including; differences in plant 

shoot/root allocation, root growth and root turnover with defoliation under grazing, as 

well as lower plant productivity where grazing is excluded due to shading and nutrient 

tie-up.  

The field survey from the Monaro region revealed a considerable range in OC 

concentration within a parent material class, for example basalt-derived soil: 37.7 to 

93.1, deep granite-derived soil: 24.9 to 88.5 and shallow granite-derived soil: 12.3 to 

34.0 mg/g in the 0 to 0.05 m soil. Therefore the 146 day laboratory based soil 

incubation experiment using 13C-enriched perennial ryegrass investigated whether an 

upper limit to OC accumulation was approached with increasing C and nutrient inputs 

in basalt- and granite-derived soil. The absence of asymptotic behaviour suggested 

that OC accumulation was not approaching an upper limit for either soil at C inputs 

ranging from 5.4 to 40.6 Mg C/ha. Despite increasing microbial activity (as evidenced 

by increasing soil respiration and microbial biomass C), as well as a significant (P<0.05) 

narrowing of the C:N ratio, there was substantial 13C recovery at the end of the soil 

incubation. This supports the hypothesis that the increases in OC accumulation were at 

least partly due to the conversion of plant residues into microbial detritus which is a 

major component of the relatively stable pool of OC in soil.  

This thesis confirms that climate and parent material are major drivers of OC stocks in 

agricultural soil. The data in this thesis suggests that there is potential for OC 

accumulation in soils under perennial pastures in southern NSW with soil nutrient 

management programs that ensure adequate N and S and by managing grazing 

intensity and duration. Finally, the data demonstrated that with sustained C and 
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nutrient inputs, the stable fraction of OC in soil can increase linearly. However, the 

large stock of OC already in soil under perennial pastures, and the influence of 

environmental factors on this stock, may mean that modest increases in OC due to 

land management factors go undetected. 
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Chapter One: Introduction 

Agricultural systems depend on the accumulation and cycling of organic carbon (OC) in 

soil to improve nutrient storage and mineralisation (Janzen, 2006; Lal, 2009; 

McLauchlan, 2006; Murphy, 2015), enhance soil permeability and available moisture 

(Hudson, 1994), improve soil stability and hence protect soil from erosion (Bronick and 

Lal, 2005). The accumulation of OC in soil is also important for the provision of 

ecosystem services, such as mitigating climate change (Jose, 2009; Keesstra et al., 

2016; Lal, 2004b; Power, 2010). In Australia, studies have estimated that the 

conversion of native land to agriculture over the past 50 years has decreased the stock 

of OC in soil by up to 60 % in the surface 10 cm of the soil profile (0 to 0.10 m) (Dalal 

and Chan, 2001; Luo et al., 2010). This historic decline in OC indicates a considerable 

opportunity to reverse this trend and hence increase OC in soil through management 

practices that maximise plant production, thus organic matter (OM) supply, and 

minimise physical soil disturbance, thus slow OM decomposition. Land management 

practices such as reduced tillage, improved species selection, perennial pastures, 

pasture rotations and improved management of farm inputs (irrigation, nutrients and 

lime) have been suggested to increase the accumulation of OC in Australian 

agricultural soil by between 0.1 and 0.6 Mg C/ha/yr (Sanderman et al., 2010). Many of 

these management options are also likely to increase agricultural productivity, 

profitability and resilience under a changing climate. Therefore if land management 

can optimise the balance between OM supply and loss through decomposition there 

will be production, environmental and social benefits both at the local and global scale 

(Janzen, 2015). The purpose of this thesis is to understand the influence of 

environmental factors on OC stocks, and given these, determine the potential of 

management to increase OC accumulation in soil under perennial pastures. 

Well-managed perennial pastures are thought to represent the maximum opportunity 

for agricultural soils to accumulate OC (Chan et al., 2011; Conant et al., 2003; Lal, 

2004b; Luo et al., 2010; Paustian et al., 1997a; Sanderman et al., 2010). In Australia, 

dryland pastures under agricultural management (excluding the rangelands) cover an 

estimated 720,182 km2 which is more than three times the area of land occupied by 
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dryland cropping (ACLUMP, 2010). Despite this, few studies have examined the 

influence of management on the stock of OC in soil under perennial pastures, and for 

those that have there was either no effect of management or the results were 

inconclusive. For example, little difference in OC stocks occurred under annual vs 

perennial and rotationally vs continuously grazed pastures (Badgery et al., 2014; Chan 

et al., 2011; Chan et al., 2010; Davy and Koen, 2013; Robertson et al., 2016; 

Sanderman et al., 2015). However, there is conflicting evidence regarding the impacts 

of introduced perennial pastures on OC stocks when compared with native pastures, 

with either no difference reported (Chan et al., 2010; Davy and Koen, 2013; Schwenke 

et al., 2013; Wilson et al., 2011) or a greater stock of OC in soil under introduced 

perennial pastures (Chan and Mead, 1988). One possible explanation is the overriding 

influence of environmental factors, such as climate and parent material on the stock of 

OC under perennial pastures. An example where management increased the stock of 

OC by between 0.3 and 0.7 (mean 0.4) Mg C/ha/yr (to 0.30 m) was the application of 

phosphorus (P) to introduced perennial pastures in south eastern Australia (Chan et 

al., 2010). This suggests that management that maximises the growth potential of 

perennial pastures, such as soil nutrition and grazing, for a given climate and parent 

material, may increase OC accumulation in soil.  

Perennial pastures are also reported to increase OC accumulation in the subsoil 

compared with annual crops and pastures (Bruand and Gilkes, 2002; Gregory et al., 

2013; Janzen et al., 1997; Lal, 2004b; Lavania and Seshu, 2009; VandenBygaart et al., 

2011). However, in Australia few studies have measured OC in soil deeper than the 

current convention of 0.30 m. Those that have indicate that there is as much OC 

located in soil below 0.30 m, as there is above (Gregory et al., 2013; Young et al., 

2005). Organic matter that is located in the subsoil is less vulnerable to decomposition, 

largely due to less microbial activity and lower fluctuations in soil moisture and 

temperature, and is less susceptible to soil erosion compared with OM located in the 

surface soil layers (Blanco-Canqui and Lal, 2008; Chappell et al., 2013; Lal, 2004b; 

Skjemstad et al., 1996). Furthermore, subsoils are thought to have a considerable 

capacity to protect OC due to a typically greater clay content and lower concentration 

of OC (Six et al., 2002; Stewart et al., 2007). Therefore information on the stock of OC 
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in both surface and subsoil layers is required to assess the potential of perennial 

pastures and their management to increase OC throughout the soil profile.  

Perennial pastures represent a significant land use in New South Wales (NSW), with 

more than 80 % of agricultural land under native or introduced perennial pasture 

(Garden et al., 2000). Furthermore, based on the historic decline in soil OC relative to 

native ecosystems, southern NSW has been identified as an area with potential to 

increase OC accumulation in soil (Luo et al., 2010; Zhao et al., 2013). This thesis will 

compare the relative effects of environmental (climate, parent material and soil depth) 

versus land management (type of pasture, soil nutrient status and grazing 

management) factors on the stock of OC in soil under perennial pastures in southern 

NSW, and investigate if soil with a high OC concentration can continue to accumulate 

OC.  

1.1 Scope of research  

Aim 

The aim of this thesis is to assess the influence of environmental factors such as 

climate, parent material and soil depth on OC in soil, and identify land management 

options to increase OC accumulation under perennial pastures in southern New South 

Wales, Australia.  

Objectives 

The objectives of this thesis were to determine, within the perennial pasture context 

of southern NSW; 

1. The influence of environmental factors (climate, parent material and soil depth) 

and land management on the concentration and stock of OC in soil, 

2. The influence of environmental factors (climate, parent material and soil depth) 

and land management on the type (that is, fraction) of OC accumulated in soil, 

3. The extent to which grazing management can increase the accumulation of OC 

in soil, and 

4. If there is a soil-defined upper limit to C sequestration in soil. 
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Research plan 

This thesis is comprised of three components (Figure 1.1): i) a field survey across three 

regions (Monaro, Boorowa and Coleambally) in southern NSW (Figure 1.2), ii) a 

replicated grazing trial in the Monaro region and iii) a soil incubation laboratory 

experiment, and a literature review. First, a field survey of 52 sites across two regions 

(Monaro and Boorowa regions) was undertaken to compare the influence of climate, 

parent material, soil depth and vegetation type (native vs introduced perennial 

pasture) on soil properties and the stock of total OC to 0.70 m (Part A, Figure 1.1). The 

field survey component was then expanded to include a third region (20 sites in the 

Coleambally region) to compare the influence of environmental factors and land use 

(Monaro and Boorowa: native vs introduced perennial pasture and Coleambally: 

pasture vs crop) on soil properties and the stock of OC fractions (particulate OC, 

resistant OC and humic OC) to 0.30 m (Part B, Figure 1.1). Second, total OC, total N and 

labile OC stocks (to 0.40 m) were compared under three grazing treatments at the 

conclusion of a five year replicated grazing trial in the Monaro region. The three 

grazing treatments were: i) ungrazed (grazing exclusion), ii) tactically grazed (set 

stocking with biannual rest periods) and iii) cell grazed (intense stocking with frequent 

long rest periods). The grazing trial occurred on a native pasture where critical P and S 

targets were addressed with a soil nutrient program. Third, a laboratory-based soil 

incubation (146 day) experiment was conducted to a) investigate if soil with a high OC 

concentration continued to accumulate OC with increasing C and nutrient inputs and 

b) compare the rate of OC accumulation between soils with contrasting mineralogy 

and commencing OC concentrations. 
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Figure 1.1 Experimental components used to assess the influence of environmental factors such as climate and parent material on the 

concentration and stock of OC in soil, and identify land management options to increase OC accumulation under perennial pastures in southern 

New South Wales, Australia. 
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Figure 1.2 Location of the three study regions where the field survey was 

undertaken: Monaro region, Boorowa region and Coleambally region, with mean 

annual rainfall. 
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1.2 Study regions 

Three study regions with contrasting climates were selected in southern NSW, 

Australia; the Monaro, Boorowa and Coleambally regions (Figure 1.2).  

Land use 

The Monaro and Boorowa regions are located on the southern tablelands of NSW 

where the primary land use is livestock grazing (sheep and cattle) on dryland perennial 

pastures. The Coleambally region is located in the Riverina district of south western 

NSW, where historically irrigated crops (including rice, wheat, corn, barley, soy beans 

and canola) were grown. However, reduced water allocations over the past decade 

have meant livestock grazing on dryland annual and perennial pastures has become 

more common.  

Climate 

The Monaro and Boorowa regions are classified as Cfa (temperate, without dry season, 

warm summer) using the Köppen-Geiger climate classification (Peel et al., 2007), while 

the Coleambally region is classified as BSh (arid, steppe, hot mean annual 

temperature). Despite similar land use and climate classification, the Monaro and 

Boorowa regions are distinct in their elevation and weather pattern. The Monaro 

region is located 800 to 1000 m above mean sea level and has a mean annual 

maximum temperature of 18.1°C and minimum of 4.0°C, mean annual rainfall of 

530 mm and has a summer dominant rainfall pattern (Bureau of Meteorology, 2016b). 

The Boorowa region is located 550 m above mean sea level and has a mean annual 

maximum temperature of 20.7°C and minimum of 6.2°C, mean annual rainfall of 

613 mm and an equi-seasonal rainfall pattern (Bureau of Meteorology, 2016a). The 

Coleambally region is located 120 m above mean sea level with a mean annual 

maximum temperature of 24.1°C and minimum of 11.4°C and a mean annual rainfall of 

401 mm (Bureau of Meteorology, 2016c).  

Geology 

The Monaro and Boorowa regions are located in the southern part of the Lachlan Fold 

Belt. The underlying geology consists of metamorphosed Palaeozoic sediments. Local 

geology in the Monaro region consists of granitic rocks, Ordovician meta-sediments, 
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basalt and intrusive plugs of Berridale Batholith (Taylor and Roach, 2003). The 

southern half of the Monaro region (south of Cooma to Nimmitabel and Bungarby) is 

underlain by basalt. Granite and metasediments are present in the western and far 

southern part of the Monaro region (Berridale to Dalgety and Bombala) and there is a 

granite range in the east of the region (Kybeyan Range). Granitoid intrusions of 

batholith occur around Berridale and Bombala. Local geology in the Boorowa region 

consists of three geological groups: the Hawkins Volcanics (Silurian), the Kenyu 

Formation Sediments and Volcanics (Ordovician) and the Wyangala Granites (Siluro-

Devonian) (Vaze et al., 2004). The Coleambally region is located on an alluvial plain 

consisting of 100 to 200 m of non-indurated sediments, plains, prior streams and 

aeolian clay deposits (Brown and Stephenson, 1991; Hornbuckle et al., 2008).  

Soils 

Soils were classified according to the World Reference Base for Soil Resources (WRB) 

(IUSS Working Group WRB, 2015) and the Australian Soil Classification System (ASC) 

(Isbell, 2002). In the Monaro region, 19 sites with granite-derived duplex soils (WRB: 

Lixisols and Acrisols; ASC: Chromosols and Kurosols) and 13 sites with basalt-derived 

gradational soils (WRB: Phaeozems and Nitisols; ASC: Dermosols) were sampled. 

Granite-derived soils were divided into deep granite-derived soil (13 sites) where the C 

horizon (the soil layer composed of unconsolidated material underlying the solum) was 

deeper than 0.50 m and shallow granite-derived soil (6 sites) where the C horizon was 

within 0.50 m of the soil surface. In the Boorowa region, 20 sites with deep granite-

derived duplex soils (WRB: Lixisols and Acrisols; ASC: Chromosols and Kurosols) were 

sampled. In the Coleambally region, 20 sites were located on the typically weakly self-

mulching Coleambally clays (Hornbuckle et al., 2008) and were Vertisols and Calcisols 

(WRB; ASC: Vertosols).  
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1.3 Thesis outline 

The thesis structure is presented in Figure 1.3. Chapters Three to Six are the 

experimental chapters in this thesis and each are presented as papers.  

Chapter Two presents a review of the factors that 

influence OC in soil and the opportunities for OC 

accumulation under perennial pastures. This review 

highlights the limited information regarding OC 

accumulation under native and introduced perennial 

pastures in a temperate environment, as well as 

uncertainty of a soil defined upper limit to OC 

accumulation.  

Chapter Three presents the results from a field survey 

of 52 sites sampled to 0.70 m under perennial 

pastures in the Monaro and Boorowa regions. The 

influence of environmental factors such as parent 

material and climate, and land management factors 

such as pasture type (native and introduction 

perennial pasture), soil fertility and grazing 

management on the stock of total OC in soil is 

compared.  

Chapter Four builds on the results from Chapter Three 

by investigating the sensitivity of the type of OC, that 

is the OC fraction (particulate OC, resistant OC and 

humic OC) in soil (0 to 0.30 m) to climate, parent 

material and management at 72 sites (Monaro, 

Boorowa and Coleambally regions). 

Chapters Three and Four therefore identify the 

potential of soil nutrient management programs and managing grazing intensity and 

duration to increase the rate of OC accumulation in soil. The following two 

experimental chapters address these findings.  

Figure 1.3 Thesis structure 
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Chapter Five examines the effect of three grazing treatments on OC determined at the 

conclusion of a replicated grazing trial in the Monaro region. The grazing treatments 

were applied to a fertilised native pasture where available P and S were maintained at 

optimum levels for pasture production.  

Chapter Six investigates the theory of C saturation using a 146 day laboratory based 

soil incubation experiment. Soils with contrasting mineralogy and commencing OC 

concentrations from the Monaro region were incubated with high C and nutrient 

inputs with the aim of increasing the accumulation of stable OC in soil.  

Chapter Seven is the General Discussion and presents the key findings of this thesis as 

they relate to the research questions and hypotheses introduced in Chapter Two. The 

potential to influence OC accumulation in soil under perennial pastures in southern 

NSW is examined as the focus of this thesis. Implications for policy and planning are 

presented, as are future research directions for this topic. 

Chapter Eight is the conclusion and integrates and synthesizes the opportunities for OC 

accumulation under perennial pastures in southern NSW. 
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Chapter Two: A review of the factors that influence the accumulation of organic 

carbon in soil under perennial pastures. 

2.1 Introduction 

Carbon cycles through the landscape in different forms. In agricultural systems, this 

flow involves the uptake of carbon dioxide (CO2) from the atmosphere by plants during 

photosynthesis; some of this C is transferred to the soil as OC through litter, root 

residues and root exudates. Carbon is also added directly to the soil as C-rich 

amendments, for example compost and biochar. Carbon in the soil is ultimately 

transferred back to the atmosphere as CO2 when OM is mineralised or combusted 

(Figure 2.1). The sequestration of C in soil occurs where the supply of OM from 

biomass exceeds the loss of OC through the decomposition of OM by micro-organisms 

or removal by soil erosion. 

There are numerous reviews of OC accumulation in agricultural soil, and each to some 

extent note the potential for OC accumulation in soil under pastures (Allen et al., 2010; 

Bronick and Lal, 2005; Conyers et al., 2015; Lal, 2004b; Lal et al., 2003; Luo et al., 2010; 

McLauchlan, 2006; Murphy, 2015; Paustian et al., 1997a; Paustian et al., 1997b; 

Sanderman et al., 2010; Wong et al., 2010). However, few discuss the opportunities for 

improved management of pastures to increase the rate of OC accumulation in soil. 

One important exception is Conant et al. (2001) whose review found that pasture 

management, such as: fertiliser application, improved grazing management, irrigation 

and legumes can increase OC in soil.  This review focuses on the contribution of OM 

from perennial pastures in agricultural systems, and the processes that may lead to an 

accumulation of OC in soil. Firstly, this review introduces the OC components in soil, 

the stock of OC in Australian agricultural soil and the influence of climate and soil 

properties on OC stocks. Then, within the context of these environmental factors, the 

opportunities and limitations of OC accumulation under pastures with varying 

management are discussed. In particular, this review highlights the limited information 

regarding OC accumulation under native compared with introduced perennial pastures 

in a temperate environment, as well as uncertainty as to whether there is a soil 
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defined upper limit to OC accumulation. At the conclusion of this review, the potential 

for OC accumulation under perennial pastures in south eastern Australia is highlighted. 

  

 

Figure 2.1 Carbon cycles through the soil and around the landscape in different 

forms. 
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2.2 Soil organic carbon: components, decomposition and relevance for land 

management  

Soil contains C in organic forms derived from plants and animals, and inorganic forms 

such as carbonate minerals. This review refers only to the organic form of carbon (OC) 

in soil. Carbon is a measurable component of OM in soil, conventionally measured on 

the <2 mm soil fraction and OM is typically 58 % C, by weight (Page et al., 1982). 

Organic matter in soil is composed of biologically derived organic materials that vary in 

chemical composition, stage of decomposition and physical properties and includes 

partially decomposed organic residues, microbes, microbial detritus, char and charcoal 

(Baldock and Skjemstad, 1999). There are measurable components of OC in soil and 

these components are commonly classified into conceptual pools based on their 

vulnerability to decomposition (Jenkinson et al., 1990; Skjemstad et al., 1996; 

Skjemstad et al., 1998). The three conceptual pools commonly used to describe OC in 

soil based on their turnover time are: active (months to years), slow (years to 

centuries) and passive (centuries) (Skjemstad et al., 1998). Categorising OC into 

components helps to understand the mechanisms influencing the stock and flux of OC 

in soil (Chilcott et al., 2007; Gregorich and Janzen, 1995; Janzen, 2005; Sherrod et al., 

2005; Skjemstad et al., 2004). This is particularly useful when evaluating the potential 

of management to increase OC accumulation in soil as OC components vary in their 

sensitivity to land management (Janzen, 2005). For example, ‘active’ OC components 

such as microbial biomass carbon (Sparling, 1992), light fraction C (Soil Science Society 

of America, 2008), potassium permanganate oxidisable C (Blair et al., 1995), particulate 

OM (Cambardella and Elliott, 1992) and water soluble polysaccharides (Forsyth, 1950) 

are generally more sensitive to land management than total OC in soil. In reality, OM in 

soil exists with varying degrees of stability and not in discrete pools, and as such, is a 

‘continuum of progressively decomposing organic compounds’ (Lehmann and Kleber, 

2015). All photosynthetically fixed C has the potential to be oxidised and returned to 

the atmosphere (Kleber, 2010; Page et al., 2013). Therefore while experimentally the 

measurable OC components are useful, functionally it is important to understand that 

OM in soil is continuously changing due to decomposition by the soil organisms 

(Lehmann and Kleber, 2015; Page et al., 2013).  
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Decomposition of OM is the biological process during which soil organisms, primarily 

microbes, break down OM (Jastrow et al., 2007). Carbon that is not incorporated into 

microbial products or structural units is respired as CO2. The fate of OM in soil is largely 

determined by i) OM attributes such as surface area and nutrient concentration, ii) soil 

factors such as temperature, moisture, aggregation, clay content, clay mineralogy and 

soil pH, and iii) the characteristics of the decomposer community including microbial 

ecology and enzyme kinetics (Baldock et al., 2004; Kleber, 2010). Vegetation type and 

source of the plant residue, for example leaf, stem or root, largely defines the initial 

surface area and nutrient concentration of OM (Jenny, 1941; Quideau et al., 2001; 

Raich and Tufekciogul, 2000). Clay content, mineral surface area and reactivity affect 

the amount of OM that is protected through adsorption within clay mineral 

assemblages (Greene et al., 1973), thereby restricting microbial access and protecting 

the OM from further decomposition (Baldock and Skjemstad, 2000; Krull et al., 2003). 

The physical occlusion of OM in soil aggregates protects OM by limiting microbial 

access to OM, reducing oxygen diffusion and enhancing organo-mineral associations 

(Golchin et al., 1994a; Golchin et al., 1994b; Golchin et al., 1995; Grandy and 

Robertson, 2007; Oades, 1988; Tisdall and Oades, 1982). Biochemical alteration of OM 

during decomposition is another important protection mechanism, where 

decomposed OM and the associated microbial products may be less vulnerable to 

further microbial attack and more likely to bond with clay minerals (Cadisch and Giller, 

1997; Six et al., 2002).  

2.3 Soil carbon stocks 

Globally, the amount of OC stored in the 0 to 1 m soil layer is estimated to be 1416 Gt 

(Scharlemann et al., 2014). When compared with the stock of C stored in phytomass 

(497 Gt) and in the atmosphere (816 Gt) any change in the size of the soil OC pool may 

have a considerable influence on atmospheric C (Scharlemann et al., 2014). For 

example, land use change has led to a decline in the global soil OC pool and is 

estimated to have contributed 186 Gt of CO2 (51 Gt of C) to the atmosphere (Smith et 

al., 2016). When this loss of soil OC is combined with the historic loss of C from 

phytomass due to land use change, it represents the second largest anthropogenic 

source of C to the atmosphere after the burning of fossil fuels (Scharlemann et al., 



Chapter Two: Literature review 

15 

 

2014). The land use change contributing to the majority of CO2 emissions from soil is 

the conversion of native ecosystems to cultivated and continuously cropped land. 

Under these cropping conditions it is estimated that globally, up to two thirds of the 

OC stock in some surface soils (for example, 0 to 0.10 m) has been oxidised and 

returned to the atmosphere as CO2 (Lal, 2004b). Hence, soil is an important sink and 

source of C globally, with land use and land management influencing both the stock 

and flux of C.  

Agricultural soil represents an important stock of C, and in Australia these soils are 

estimated to store 12.76 Gt of OC in the 0 to 0.30 m layer (Viscarra Rossel et al., 2014) 

(Table 2.1). Similar to global estimates, the decline in OC from agricultural soil has 

been considerable in Australia, largely due to cultivation and continuous cropping in a 

dry climate on typically old and weathered soils (Dalal and Chan, 2001). Luo et al. 

(2010) meta-analysis of 20 published field studies estimated that OC concentration in 

Australian cropping soil has decreased by 51 % in the surface 0.10 m as a consequence 

of over 40 years of cultivation. This figure was as high as 73 % (range 1 to 73 %) when 

the surface 0.30 m was considered. There are several confounding explanations for the 

decrease in OC concentration in soil with cultivation and continuous cropping, 

including: i) reduced OM supply to soil, ii) increased rate of OM decomposition 

associated with OM incorporation, nutrient inputs and altered soil aeration, moisture 

and temperature, iii) dilution of OC concentration due to deep tillage and OM 

incorporation to depth (>0.30 m), iv) reduced capacity to protect OM in soil due to 

structural degradation and v) increased soil erosion by wind and water (Dalal and 

Chan, 2001). The aforementioned range in OC decline is likely to be due to a 

combination of these factors, as well as the influence of soil type and climate on plant 

production and OM decomposition. This historic decline in OC from Australian 

agricultural soil means that there may be considerable opportunity for land 

management practices that maximise plant production and minimise physical soil 

disturbance to increase OC to pre-agriculture levels, or beyond (Lal, 2004b; Luo et al., 

2010; Paustian et al., 1997a; West and Post, 2002).  
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Table 2.1 Estimates of the stocks of soil OC in Australia by agricultural land use and their uncertainties expressed as 95 % confidence intervals 

(CI) from Viscarra Rossel et al. (2014). The mean OC stock in Mg C/ha and total OC stock in Gt for that land use are presented for 0 to 0.30 m soil 

layer. Extensive grazing includes grazing in the rangelands and forestry refers to production forests.  

Land use 
Mean OC stock 

(Mg C/ha) 

Lower 95% 

CI 

Upper 95% 

CI 

Total OC 

stock (Gt) 

Lower 95% 

CI 

Upper 95% 

CI 
Area (km

2
) 

Improved grazing 45.9 38.3 54.3 3.246 2.707 3.839 707,006 

Dryland cropping 35.4 29.6 41.7 0.897 0.750 1.058 253,186 

Irrigated cropping 44.3 36.8 52.6 0.059 0.049 0.070 13,306 

Dryland horticulture 67.1 53.7 82.3 0.022 0.018 0.027 3,190 

Irrigated horticulture 64.7 51.0 80.2 0.008 0.006 0.010 1,187 

Forestry 56.9 45.0 70.3 0.029 0.023 0.036 4,984 

Extensive grazing  24.4 18.3 31.4 8.528 6.402 10.988 3,678,668 

Total    12.8 9.9 16.0 4,656,543 
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2.4 Influence of climate and soil properties on carbon capture and protection in 

agricultural soil 

The concentration or stock of OC in soil reflects the balance between OM supply and 

OM loss by decomposition and erosion. This OM balance is the result of complex 

interactions between environmental factors such as climate and soil type, vegetation 

and land management. Climate and soil type explain a considerable proportion of the 

variability in soil OC within a given land use or management strategy largely due to the 

influence of these environmental factors on biomass production (OM supply) and rate 

of decomposition (OM loss) (Burke et al., 1989; Jobbágy and Jackson, 2000; Rabbi et 

al., 2015; Viscarra Rossel et al., 2014). The maximum amount of in situ OM supply to 

agricultural soil is mostly determined by net primary productivity (NPP); that is, the net 

flux of C from the atmosphere into plants. In Australia, NPP in agricultural systems is 

mostly limited by water and nutrient availability and thus largely defined by climate, 

soil type and plant species (Lam et al., 2013). Once in the soil, the fate of OM is 

regulated by soil temperature and moisture, the decomposer community and the 

degree of OM protection against decomposition. Generally, the concentration of OC in 

soil increases with an increase in precipitation and clay content, and decreases with an 

increase in temperature (Burke et al., 1989; Jobbágy and Jackson, 2000). Climate 

largely regulates OC in the surface soil layer, while clay content largely determines OC 

in deeper soil layers (Jobbágy and Jackson, 2000).  

Soil properties including clay content, mineralogy, aggregation, soil depth and chemical 

properties define the soil’s capacity to accumulate and protect OM in soil. Some of 

these soil properties such as texture, mineralogy and depth are inherent soil attributes 

that cannot easily be changed, while other properties such as structure and chemistry 

can be influenced by land management to some extent. The soil properties that 

influence OM protection will now be discussed. 

2.4.1 Clay content and mineralogy 

The concentration of OC in soil generally increases with an increase in the proportion 

of clay and silt sized particles (that is, particles less than 0.02 mm in diameter) due to 

their influence on nutrient and water holding capacity and OM protection (Bird et al., 

2003; Chan et al., 2003; Conant et al., 2003; Davy and Koen, 2013; Grandy and 
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Robertson, 2007; Hassink and Whitmore, 1997; Luo et al., 2010; Motavalli et al., 1994; 

Oades, 1995; Rees et al., 2005; Zinn et al., 2007; Zinn et al., 2005). Organic carbon in 

soil can be adsorbed within clay mineral assemblages, forming organo-mineral 

associations and restricting microbial access (Baldock and Skjemstad, 2000). The 

capacity of soil to protect OM has been categorised based on clay content (that is, the 

percentage of soil particles less than 0.002 mm in diameter); with soil with less than 

10 % clay suggested to offer only limited OM protection, while 10 to 25 % clay content 

indicates moderate protection and 25 to 45 % indicates high protection (Baldock et al., 

2009). Clay mineralogy also influences the extent to which this OM protection occurs 

(Table 2.2). Specifically, the mineral surface area and reactivity of clays are important 

for determining OC accumulation in soil (Baldock and Skjemstad, 2000; Krull et al., 

2003; Krull et al., 2001). Sorption of OM onto clay minerals occurs through polyvalent 

cation bridges, H-bonding, intermolecular forces (Van der Waals forces) and 

interactions with hydrous oxides and alumino-silicates (Jastrow et al., 2007). Therefore 

greater complexation is associated with clay minerals that have a high cation exchange 

capacity (CEC) and surface area, for example 2:1 clays such as smectite and illite; and 

clay minerals with highly reactive soil surfaces, for example allophane and iron 

oxyhydroxides (Baldock et al., 2009; Baldock and Skjemstad, 2000; Kaiser and 

Guggenberger, 2000; Kalbitz et al., 2005; Keil et al., 1994; Mayer, 1994a; Mayer, 

1994b; Shepherd et al., 2001; Six et al., 2002; Torn et al., 1997). This positive 

relationship between soil OC and clay content generally exists regardless of climate 

and land management. For example, soil with high clay content (more than 40 % clay) 

in northern Queensland contained more than three times the OC stock compared with 

soil with low clay content (less than 10 % clay) under native forests (Bird et al., 2003). 

Similarly, in central New South Wales, soil with high clay content (more than 55 % clay) 

under crops and pastures contained almost twice the OC stock compared with low clay 

soil (less than 35 % clay) (Young et al., 2005). However, in some cases this positive 

relationship between soil OC and clay content may be less apparent due to interacting 

climate and soil factors. 
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Table 2.2 Properties of the common types of secondary minerals and characteristics of their occurrence in soils (adapted from Churchman and 

Lowe, 2012). Capacity to protect OC through organo-mineral associations is determined by specific surface area (SSA m
2
g

-1
); low (<15), moderate 

(15-79) and high (>80) (adapted from Baldock and Skjemstad, 2000; Feng et al., 2013a). In the field the shrink-swell capacity of smectite minerals 

may reduce their protective capacity (Baldock et al., 2009).  

Group 
Common soil 

mineral 

Chemical 

formula 

SSA 

(m
2
g

-1
) 

CEC 

(cmol
+
/kg) 

Capacity 

to protect 

OC 

Characteristics in soil Occurrence in soil 

Silicates        

Kaolin Kaolinite Al2Si2O5(OH)4 6-40 0-8 Low Very small euhedral 
particles, associated 
with Fe 

Widespread; common 
in weathered soils 

Mica Illite K0.6(Ca,Na)0.1

Si3.4Al2 

FeIIIMg0.2O10 

(OH)2 

55-195 10-40 Moderate Occurs as aggregates 
of small monoclinic 
grey to white crystals 

Widespread; common 
in weakly weathered 
soils 

Smectite Montmorillonite 

 

M2+
0.25Si4Al1.5

Mg0.5 

O10(OH)2 

15-160 
Inter 
layer 
~800 

45-160 High Often occur as ferri-
beidellites in soil, but 
heterogeneous 

Where drainage 
retarded and pH high 
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Al-Si Allophanes Al:Si 2:1 - 1:1; 
variable 
between 
imogolite 
and 
allophane 

700-
1500 

 

pH-variable High Nanocrystalline: very 
small spherules 
(nanospheres or 
nanoballs); closely 
associated with OM 

From tephra and in 
podosol illuvial B 
horizons, and some 
other strongly leached 
sediment 

Non-silicates        

Al hydroxide, 
oxyhydroxide, 
oxide 

Gibbsite Al(OH)3 unknown pH-variable Moderate Hexagonal crystals Where Si low, common 
in strongly leached soils 

Fe 
oxyhydroxide, 
oxide 

Goethite αFeOOH 14-77 pH-variable Moderate Yellow to yellow-
brown colour 

Widespread; most 
common iron oxide 

 Hematite αFe2O3 35-45 pH-variable Moderate Bright red colour Soils in warmer climates 
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2.4.2 Soil aggregation 

Stable soil aggregates are known to improve soil structure (Bronick and Lal, 2005). The 

concentration of OC in soil positively correlates with the degree of soil aggregation due 

to the benefit of improved soil structure on plant growth (OM supply) and the physical 

protection of OM from microbial enzyme attack and decomposition (OM loss) (Golchin 

et al., 1994a; Jastrow et al., 2007; Oades, 1988; Six et al., 2002; Tisdall and Oades, 

1982). The physical occlusion of OM in aggregates compartmentalises OM and soil 

organisms, reduces the diffusion of oxygen within the aggregate thereby limiting 

microbial activity and enhances organo-mineral associations (Grandy and Robertson, 

2007; Six et al., 2002). Thus, OM that is occluded in soil aggregates decomposes slower 

than OM that is not occluded (Golchin et al., 1995). The degree of OM protection can 

depend on the size of aggregates; with OM occluded in microaggregates (less than 

250 µm in diameter) reported to be more protected from decomposition than OM 

occluded in macroaggregates (greater than 250 µm in diameter) (Chan et al., 2002; 

Conteh and Blair, 1998; Grandy and Robertson, 2007). This is largely due to the more 

readily oxidisable forms of OM being located within macroaggregates, and the greater 

susceptibility of macroaggregates to structural degradation (Grandy and Robertson, 

2007). However, the formation of macroaggregates is faster under favourable soil 

conditions, such as minimum physical disturbance of soil, compared with 

microaggregate formation (Jastrow et al., 2007; Wright and Hons, 2005). In addition, 

interactions between aggregates of different sizes are important as the protection of 

OM associated with microaggregates is further enhanced when they are enveloped 

within macroaggregates (Chan et al., 2002; Conteh and Blair, 1998; Grandy and 

Robertson, 2007; Six et al., 2002).  

2.4.3 Soil depth 

The depth of the soil profile can influence biomass production through plant access to 

soil moisture and nutrients, while the location of OM in the soil profile influences the 

rate and extent of OM decomposition and removal by erosion. Organic matter that is 

located in the surface soil layers (0 to 0.20 m) is more susceptible to decomposition 

compared with OM located deeper in the soil profile largely due to greater microbial 

activity and fluctuations in soil moisture and temperature in this layer (Blanco-Canqui 
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and Lal, 2008; Lal, 2004b; Skjemstad et al., 1996). In addition, OM that is occluded in 

aggregates and complexed with minerals in the subsoil is further protected from 

decomposition (Blanco-Canqui and Lal, 2008). Organic matter can be located deep in 

the soil profile due to translocation, leaching or direct deposition (from roots). Despite 

the considerable opportunity for subsoil OC accumulation and protection, few studies 

measure and report the concentration or stock of OC deeper than the conventional 

0.30 m soil depth. Studies that have measured OC in the subsoil (that is, deeper than 

0.30 m) indicate that subsoil OC stocks may be more than twice the surface soil layer 

(0 to 0.30 m) OC stocks (Table 2.3), with considerable capacity to accumulate and 

protect more OC (Bruand and Gilkes, 2002; Gregory et al., 2013; Harrison et al., 2011; 

Helfrich et al., 2010; Jobbágy and Jackson, 2000; Lal, 2004b; Lavania and Seshu, 2009; 

Luo et al., 2010; Moni et al., 2010; Zinn et al., 2005). 
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Table 2.3 Subsoil (>0.30 m) OC stocks (Mg/ha) reported in the literature. The methods are categorised as: ‘measured’ where OC concentration 

was measured and OC stocks calculated, or ‘modelled’ where typically geospatial statistics were used to estimate OC stocks based on 

georeferenced soil profile information. The percent (%) of OC below 0.30 m is also reported. The term ‘nr’ indicates where the OC stock for a 

given soil layer was not reported. 

Location Management system Method 
Depth 

(m) 

OC stock (Mg/ha) (%) OC 

stock
1
 

>0.30m 

Reference 

0 to 0.30m Total Profile 

Australia        

Eastern Australia 
(based on climate) 

Dry Modelled  1.0 34.6 nr 54 (Gray et al., 2015a) 
Moist   42.8 nr 45 
Wet   62.4 nr 43 
Total Eastern Australia   35.3 nr 50 

Western Australia Remnant native forest Measured 0.85 60 69 13 (Bruand and Gilkes, 2002) 
Cultivated Crop   54 61 11 

Western Australia Pine plantation, annual 
crop and pasture 

Measured 5.0 56 163 66 (Harper and Tibbett, 2013) 

Other regions        

Amazon region 
(based on soil type) 

i) Acrisol Modelled 1.0 44 85 41 (Batjes and Dijkshoorn, 1999) 

ii) Cambisol   56 95 41 

Belgium  Grassland Modelled 1.0 70 117 40 (Lettens et al., 2004) 
Cropland   51 89 43 

Belgium Grassland Modelled 1.0 64 82 44 (Meersmans et al., 2009) 
Cropland   46 82 35 
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Germany Cambisol (Beech Forest) Measured 1.4 94 119 21 (Rumpel et al., 2002) 
Podzol (Spruce Forest)  0.8 672 812 17 

Spain  Semi-arid (Granada region) Measured 2.0 40 to 493 803 >50 (Diaz-Hernandez, 2010) 

United Kingdom Permanent Pasture Modelled 1.5 56 149 38 (Gregory et al., 2013) 
Cultivated Crop   49 116 43 
Permanent Pasture   66 204 33 
Cultivated Crop   73 191 38 

USA (Kansas) Perennial grassland Measured 1.0 724 1824 60 (Culman et al., 2010) 
 Cultivated crop   504 1394 64 

USA No-till crop Measured 1.0 107 169 37 (Gál et al., 2007) 
 Mouldboard plough   84 159 47 

USA (Forest) Very gravelly sandy loam Measured 1.05 1455 2165 33 (Harrison et al., 2003) 
 Loamy sand  1.80 996 1876 47 

USA Cultivated crop Measured 1.0 68 175 61 (Liebig et al., 2005) 
 Switch grass   70 194 64 

Global estimates        

Global (based on 
soil type) 

Acrisols Modelled 1.0 51 94 46 (Batjes, 1996) 
Cambisols   50 96 48 
Chernozems   60 125 52  
Podzoluvisols   56 73 23  
Ferralsols   57 107 47  
Gleysols   77 131 41  
Phaeozems   77 146 47  
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Global (based on 
land use and 
vegetation type) 

Crop Modelled 1.0 nr 1127 59  (Jobbágy and Jackson, 2000) 
Temperate grassland   nr 1177 59 
Tropical grassland   nr 1327 64  
Shrublands   nr 897 67  
Forests   nr 93 - 186 507  

1 Percent (%) of OC stock below 0.30 m is the value reported in the paper. Where this was not determined it was calculated using the OC stock for the total profile and for >0.30 m. 
2 0 to 0.24 m and >0.24 m (Rumpel et al., 2002). 3 0 to 0.20 m and >0.20 m (Diaz-Hernandez, 2010). 4 0 to 0.20 m and >0.20 m (Culman et al., 2010). 5 0 to 0.32 and >0.32 m 
(Harrison et al., 2003). 6 0 to 0.20 m and >0.20 m (Harrison et al., 2003). 7 0.20 to 1.0 m (Jobbágy and Jackson, 2000). 
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2.4.4 Soil chemical properties 

The chemical attributes of soil such as pH, electrical conductivity (EC), the composition 

of exchangeable cations and the concentration of available nutrients influence plant 

growth and the characteristics of the soil organism community and their capacity to 

decompose OM. Soil pH (CaCl2) influences the availability of nutrients essential for 

plant growth, as well as elements such as aluminium (Al) that may be toxic for root 

development. From a plant growth perspective, a soil pH of between 5.0 and 8.0 

(CaCl2) is desirable for most agricultural crops and pastures. However, there are 

complex interactions between soil pH and the concentration of OC in soil. Increasing 

OC concentration in soil has been correlated with a decrease in soil pH due to the 

contribution of organic acids such as carboxylic acid functional groups in OM (Conyers 

et al., 2012) and acidic soil conditions retarding microbial activity thereby slowing OM 

decomposition (Motavalli et al., 1995). Furthermore, soil pH conditions below 4.8 

increase the solubility of Al in solution and Al, a common component of clay silicates, 

complexes organic molecules providing protection from decomposition (Baldock et al., 

2009). Similar to acidic soils, both saline and sodic soil conditions can limit plant 

growth through poor nutrient and water availability (reducing OM supply) and also 

inhibit microbial activity (reducing OM decomposition) (Wong et al., 2010). However, 

soil dispersion caused by high exchangeable sodium content may increase the OM 

available for decomposition due to the loss of soil aggregation. Other elements such as 

calcium (Ca) and manganese (Mn) can protect OM by acting as bridging agents, 

flocculating and condensing organo-mineral complexes and forming covalent bonds 

between clays and OM (Clough and Skjemstad, 2000; Golchin et al., 1994b; Jastrow et 

al., 2007; Oades, 1988).  

Climate and soil properties (including the localised distribution of water in the 

landscape) influence NPP and therefore the potential upper limit of OM supply to soil 

from in situ plant growth. The spatial heterogeneity of these factors, as well as soil 

organisms and OC components influence the accumulation and decomposition of OM 

in soil (Schmidt et al., 2011). Within this context, land management that maximises 

NPP and improves soil properties such as aggregation and nutrient status may increase 

OC accumulation in soil. However, more information is required to assess the influence 
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of environmental factors on the concentration and OC fractions in soil (Hobley et al., 

2015), particularly under perennial pastures.  

2.5 Attributes of pastures that may lead to an increase in soil organic carbon  

The type of vegetation influences the stock and permanence of OC in soil through the 

quantity of biomass and the physical (surface area and depth distribution) and 

chemical (nutrient concentration) attributes of plant residues. Plants vary in the 

quantity of biomass produced and the architecture of above and below ground 

components, as illustrated by Natura (1995) in Figure 2.2. In addition to the physical 

attributes of plant residues, the accumulation of OC in soil depends on the proportions 

of macromolecules in plant residues, for example cellulose, hemicellulose and lignin 

(Kononova, 1966; Martens, 2000) and the concentration of nutrients, primarily N in 

plant residues (Aber and Melillo, 1980; Cheshire and Chapman, 1996; Hendrickson, 

1985; Oades, 1988). The proportions of these macromolecules and the concentration 

of C and N vary depending on the species, maturity, plant organ and growth conditions 

(Abiven et al., 2005; Sariyildiz and Anderson, 2003). For example, in a laboratory 

incubation study of roots, stems and leaves from five crop species, Abiven et al. (2005) 

reported lower (20 to 30 %) C mineralisation, higher polyphenol and higher lignin in 

roots compared with stems and leaves. The implications of this may be an 

overestimation of root decomposition and an underestimation of the importance of 

OM supply from roots where contributions from different plant components are not 

considered (Abiven et al., 2005). 

Most of the OM in soil is derived from above ground plant residues and root residues 

and exudates (Rasse et al., 2005; Rees et al., 2005). Above ground biomass largely 

refers to plant leaves and stems, and these plant components can be measured 

relatively easily in terms of biomass (Poorter and Nagel, 2000). In contrast, the 

measurement of below ground biomass (roots) is more difficult and few studies have 

quantified the mass of C contributed from plant roots and how this varies with species 

and management (Bolinder et al., 2007; Gill et al., 2002; Rasse et al., 2005). A 

considerable proportion of above ground biomass is removed when crops are 

harvested; whereas pastures may contribute comparatively more OM from above 

ground plant residues, as well as livestock (excrement) sources. Grazing management 
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(intensity and duration of grazing) may also influence below ground (root) 

contributions to soil (Chen et al., 2015). Therefore, pasture management, including: 

species selection, pasture sward composition, soil nutrition and grazing management 

(timing, frequency, duration and intensity), may theoretically influence the above and 

below ground contributions of OM to soil, and hence OC accumulation(Jastrow et al., 

2007).  

 

 

 

Figure 2.2 An example of the variation in the above and below ground attributes of 

plants (adapted from Natura, 1995). Plants include: 1. Kentucky Blue Grass (Poa 

pratensis), 2. Lead Plant (Amorpha canescens), 3. Missouri Goldenrod (Solidago 

missouriensis), 4. Indian Grass (Sorghastrum nutans), 5. Compass Plant (Silphium 

laciniatum), 6. Porcupine Grass (Stipa spartea), 7. Heath Aster (Aster ericoides), 8. 

Prairie Cord Grass (Spartina pectinata), 9. Big Blue Stem (Andropogon gerardii), 10. 

Pale Purple Coneflower (Echinacea pallida), 11. Prairie Dropseed (Sporobolus 

heterolepis), 12. Side Oats Gramma (Bouteloua curtipendula), 13. False Boneset 

(Kuhnia eupatorioides), 14. Switch Grass (Panicum virgatum), 15. White Wild Indigo 

(Baptisia leucantha), 16. Little Blue Stem (Andropogon scoparius), 17. Rosin Weed 

(Silphium perfoliatum), 18. Purple Prairie Clover (Petalostemon purpureum), 19. June 

Grass (Koeleria cristata), 20. Cylindric Blazing Star (Liatris cylindracea) and 21. 

Buffalo Grass (Buchloe dactyloides).  
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2.5.1 Below ground: organic matter contributions from roots 

With the exception of the soil surface where litter and the mineral soil interact, the 

majority of OM in soil is thought to be from root derived OM (Boone, 1994; Milchunas 

et al., 1985; Norby and Cotrufo, 1998; Puget and Drinkwater, 2001; Rasse et al., 2005). 

Below ground contributions of OM to soil are through fine root turnover and plant and 

mycorrhizal exudates (Sanderman et al., 2010). The collective term for these root-

derived contributions to soil is ‘rhizodeposition’ (Rees et al., 2005). Accumulation of OC 

in soil is largely dependent on root abundance, depth, distribution, architecture, 

chemistry and root/shoot ratios (Jastrow et al., 2007). The concentration and ratio of 

nutrients, for example C, N, P and S, in plant residues influences the availability of 

these nutrients in soil and hence the formation of relatively stable soil OM (Kirkby et 

al., 2011). Typically these nutrients are higher in concentration in fine roots compared 

with leaves and stems (Gordon and Jackson, 2000; Jackson et al., 1997; Meier et al., 

1985). Photosynthate allocation to plant roots varies with plant age and activity, and 

peaks during the vegetative stage, primarily to facilitate an increase in root exudation 

(Caldwell, 1979; Rees et al., 2005). For many agricultural plants, approximately 50 % of 

all photosynthetically fixed C is translocated below ground for root growth, exudation 

and autotrophic respiration (Nguyen, 2003; Rees et al., 2005). Up to 20 % of 

photosynthetically fixed C is released into the soil through root exudation, and as a 

consequence of rapid microbial decomposition of exudates, this C only contributes 

approximately 2 to 5 % of the total amount of soil OC (Hütsch et al., 2002). The 

remaining photosynthetically fixed C exists as root material and under pastures it is 

estimated that 65 % of roots die and detach every year (Bolinder et al., 2007; Gill et al., 

2002). Detached plant roots are reported to have a mean residence time more than 

twice that of shoot derived C; mean 2.3 (Kätterer et al., 2011) and range 1.5 to 3.7 

times (Rasse et al., 2005). This is mostly due to the OM protection mechanisms 

discussed earlier in this review; that is, physico-chemical protection and organo-

mineral associations (Grandy and Robertson, 2007; Rasse et al., 2005). Therefore, 

there is potential to select plants with fast and deep growing fibrous roots capable of 

exploring a large volume of soil, such as many perennial grasses, to increase the rate of 

OC accumulation in soil. 



Chapter Two: Literature review 

30 

 

Plants vary in the extent of root exuviation throughout the growing season (Rees et al., 

2005) and it is generally assumed that perennial grasses contribute more OM to soil 

compared with annual crops and grasses (Bolinder et al., 2007; Culman et al., 2010; 

Jarecki and Lal, 2003). There are three main reasons for this: i) perennial species can 

take advantage of out of season rainfall, ii) perennial systems have minimal soil 

disturbance and iii) perennial grasses are suggested to have greater below ground 

contributions of OM to soil. Annual species typically have high root production early in 

their growth cycle until flowering, and then either maintain established roots, or 

reduce root production and exuviate older roots (Rees et al., 2005). Organic matter 

supplied by annual plants is typically distributed in the surface soil layers and therefore 

may be vulnerable to decomposition and loss by soil erosion (Ingram et al., 2008).  

In contrast, perennial grasses have a longer vegetative stage and require root functions 

(to varying extents) throughout the year. Perennial grasses typically have a higher root 

turnover compared with annual grasses; growing new roots for exploration of the soil 

once an area is depleted in available nutrients (Baker et al., 2007). Therefore perennial 

grasses are likely to translocate a higher proportion of C below ground (Rees et al., 

2005; Saggar et al., 1997), produce more roots over the growing season and have a 

higher root to shoot ratio compared with annual grasses (Bolinder et al., 2007). In a 

comparison of eight studies, Rees et al. (2005) reported that the fine roots of perennial 

grasses account for 50 to 80 % net biomass production compared with less than 20 % 

for annual grasses. For example, annual root derived C input to soil from perennial 

ryegrass is approximately 2.8 Mg C/ha (Kuzyakov, 2001) compared with 1.3 Mg C/ha 

for wheat (Keith et al., 1986) and 1.2 Mg C/ha for oats (Bolinder et al., 1997). In 

another example, Liebig et al. (2005) suggested that greater root contributions to the 

0.30 to 0.90 m soil layer from switch grass (Panicum virgatum L.) accounted for the 

12.1 Mg C/ha difference in OC stocks when compared with continuous cropping. The 

higher proportion of C allocated below ground and root turnover under perennial 

grasses is likely to lead to a greater mass of C contributed to soil compared with annual 

grasses. 

However, despite the noted differences in root contributions to soil, the limited 

studies that have compared OC in soil under perennial and annual pastures within the 
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Australian context show no significant difference (Chan et al., 2011; Chan et al., 2010). 

One reason for this may be that differences in biomass production (thus, OM supply) 

between annual and perennial pastures are seasonally, not annually, different (Chan et 

al., 2010; Hill et al., 2003). While perennial pastures may produce a more constant 

supply of biomass throughout the year, annual pastures contribute the whole plant 

(leaves, stem and root residues) annually, thus the net supply of OM to soil may be 

similar. Alternative reasons for little or no difference in soil OC detected between 

annual and perennial pastures include: the depth of observation as changes in OC 

stocks may be occurring deeper than 0.30 m (Baker et al., 2007), the variability in soil 

OC under pastures (Conant and Paustian, 2002), the large background levels of OC 

under pastures (Chan et al., 2010), and differences in pasture management, for 

example the annual pastures may have had higher nutrient inputs (Chan et al., 2010). 

For these reasons, more information is needed on the influence of pasture type and 

nutrient management on soil OC to depth in order to better assess the potential of 

pasture management to influence OC accumulation.  

2.5.2 Above ground: organic matter contributions, ground cover and soil erosion 

Above ground plant residues also contribute to OC accumulation in soil, and these are 

generally considered to be higher under pastures compared with annual crops where 

the majority of above ground biomass is removed (Guo and Gifford, 2002). In grazing 

systems, OM is also returned to the soil in the form of animal excrement. Plant 

residues and animal excrement make up the litter layer, and this C-rich layer is not 

typically considered as soil OM until it is incorporated into the mineral soil. While litter 

significantly contributes to OC accumulation in the surface soil layer (0 to 0.05 m), 

recent studies indicate that this layer is not a major source of OM in soil when the 0 to 

0.30 m soil depth and beyond is considered (Bird et al., 2008; Bird et al., 2003; Fröberg 

et al., 2007; Rees et al., 2005; Swanston et al., 2005). Nevertheless, standing 

vegetation and plant residues, present as a litter layer, influence the decomposition of 

OM by regulating fluxes in soil temperature and moisture (Sharafatmandrad et al., 

2010) and can reduce the loss of OC by protecting the soil surface from erosion (Facelli 

and Pickett, 1991).  
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Contributions and redistribution of organic carbon by livestock 

While plants supply the majority of OM input to soil (Rees et al., 2005), another source 

of OM under grazed pastures is livestock excrement (dung and urine). For example, 

cattle dung is approximately 10 to 40 % C on a dry weight basis (Bol et al., 2000; 

Eghball et al., 1997) and cattle urine is approximately 1.5 % C or 15,000 mg C/L (Lambie 

et al., 2012). Additionally, livestock excrement contains important nutrients such as N, 

P, S and exchangeable cations that have a demonstrated link to increasing soil fertility 

and pasture production (Aarons et al., 2009; Haynes and Williams, 1993). Between 60 

to 95 % of the nutrients in pasture consumed by grazing livestock pass through the 

digestive tract (Wilkinson and Lowrey, 1973). In particular, P and S are mineralised 

during digestion, while N is typically excreted as an organic form of urea (Haynes and 

Williams, 1993). Livestock excrement is not distributed uniformly across a field, and 

higher quantities are typically deposited close to permanent watering points and 

shade (Franzluebbers et al., 2000; Iyyemperumal et al., 2007; West et al., 1989). For 

example, Franzluebbers et al. (2000) reported that after 15 years of grazing in the 

United States of America, the concentration of total and particulate OC in soil to 0.30 

m increased with proximity (<30 m) to water and shade due to more frequent 

additions of livestock excrement. Similarly, in the United States of America West et al. 

(1989) also demonstrated soil nutrient enrichment within close (<20 m) proximity to 

water points, however, the relationship between OC in soil and distance to water was 

not significant. The heterogeneous spatial distribution of livestock excrement 

highlights the importance of representative soil sampling protocols when monitoring 

soil OC under pastures that are grazed (Franzluebbers et al., 2000; Iyyemperumal et al., 

2007; West et al., 1989). 

Despite containing a considerable concentration of C (as previously mentioned), dung 

and urine rapidly decompose in soil. For example, Bol et al. (2000) reported that more 

than 85 % of C from cattle dung was either respired (>80 %) or leached (4 % collected 

in leachate at 0.30 m) within 6 months under field conditions in England. These fast 

rates of dung decomposition are consistent with other studies which demonstrated a 

short residence time of dung in the field (Dickinson et al., 1981; Hatch et al., 2000; 

Underhay and Dickinson, 1978). Therefore, while livestock excrement has been 
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demonstrated to increase OC in soil in some parts of grazed fields (Franzluebbers et al., 

2000), when considering: the whole field, the 0 to 0.30 m soil layer, the fast rate of 

excrement decomposition (Bol et al., 2000) and the lower input of OM from livestock 

excrement compared with plants (Rees et al., 2005), livestock excreta is only a minor 

source of soil OM.  

Soil erosion: loss of carbon in eroded sediment 

In agricultural systems, maintaining adequate levels of ground cover, both litter and 

herbaceous plants, can considerably reduce soil erosion (Lang, 1991; Murphy and 

Lodge, 2002; Watson et al., 1994). For water erosion, ground cover below 70 % 

substantially increases runoff and soil erosion under improved pastures on the 

southern tablelands of NSW (Costin, 1980), and a similar ground cover threshold 

(75 %) is reported for native pastures on the northern tablelands (Lang and McCaffrey, 

1984). In contrast, a cropped field as part of a no tillage system is estimated to have 

30 % ground cover (Jain et al., 2005) and therefore depending on soil properties, slope 

and seasonal conditions may experience a higher rate of soil erosion compared with 

perennial pasture. Erosion influences soil OC through soil loss and deposition and the 

decomposition of OM in eroded soil. Globally, an estimated 26 Gt of OC has been 

returned to the atmosphere due to soil erosion (Lal, 2004b). Furthermore, between 4 

and 6 Gt of OC is redistributed annually due to soil erosion and of this, between 0.8 

and 1.2 Gt is returned to the atmosphere as CO2 through OM decomposition (Lal, 

2003; Lal, 2005). In Australia, the annual loss of OC due to wind erosion, termed ‘dust 

emission’, is estimated to be 1.59 Mt of C, with 0.11 Mt of this OC from lost from 

agricultural soil (Chappell et al., 2013).  

Erosion influences the flux and stock of OC lost from soil in several ways. There is 

considerable debate in the literature about the fate of OC removed by soil erosion with 

some studies suggesting it may be dynamically replaced (Stallard, 1998), protected 

after deposition (Van Oost et al., 2007) thereby representing a potential C sink 

(Dialynas et al., 2016), or more exposed to mineralisation during erosion and transport 

(Lal, 2004a; Lal, 2005) which may change the prevailing chemistry of the eroded OM 

(Ellerbrock et al., 2016; Sommer et al., 2016). Organic matter is preferentially removed 

from soil during erosion due to its low density and this primarily occurs at the soil 
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surface (with the exception of gully and rill erosion) where the concentration of OC is 

greatest (Gregorich et al., 1998; Lal, 2003). Given this, eroded sediment is estimated to 

be up to five times more enriched with OC than most topsoil (Lal, 2003). Organic 

matter in eroded sediment is then more vulnerable to mineralisation through direct 

exposure and oxidation, or through the degradation of aggregates where OM is 

occluded (Lal, 2003; Lal, 2005; Nguyen et al., 2008). The fate of OM in sediment eroded 

by wind and water is different. Wind erosion degrades macroaggregates thereby 

accelerating OM mineralisation (Elliott, 1986; Li et al., 2014; Singh and Singh, 1996). 

Furthermore, large dust emission events in Australia may transport fine eroded 

sediment (that is, typically less than 22 µm) offshore thereby representing a loss of C 

from the terrestrial system (Chappell et al., 2013). In contrast, sediment that is eroded 

by water is likely to be deposited lower in the landscape and buried, thus slowing the 

decomposition of OM (Dialynas et al., 2016; Li et al., 2014; Stallard, 1998; 

VandenBygaart et al., 2015). Therefore the redistribution of OC in eroded sediment 

may indicate an accumulation of OC that is not necessarily sequestration, or a loss of 

OC from a site where the C has not necessarily returned to the atmosphere as CO2. 

From a land management and rehabilitation perspective, eroded sites may have higher 

capacity to accumulate OC in soil if well-managed compared with an equivalent site 

which was not eroded. 

Despite the importance of erosion, few studies differentiate between OC accumulated 

from plants grown in situ, OC accumulated due to the deposition of eroded sediments 

and OC protected from soil erosion (avoided loss) (Chappell et al., 2012; Li et al., 2014; 

VandenBygaart et al., 2015). The consequence of overlooking these processes may be 

erroneous or misleading interpretations of results when comparing the influence of 

management on the concentration and stock of OC in soil (Gregorich et al., 1998). For 

example, not accounting for soil erosion and sediment deposition led to the rate of OC 

accumulation under cropping with minimum tillage and conservation grassland being 

overestimated by 31 and 196 % respectively when compared with cropping with tillage 

(Li et al., 2014). In such comparisons, the difference in soil OC may represent an 

avoided loss rather than an accumulation of OC. In Australia, it has been estimated 

that ignoring soil erosion increases uncertainty by between 0.08 to 0.27 Mg C/ha per 
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year (Sanderman and Chappell, 2013). This is within the expected OC sequestration 

range of some options for agricultural management (discussed later, Table 2.4). 

2.6 Organic carbon in soil under pastures in Australia; policy, pasture management 

and opportunities 

2.6.1 Policy 

Globally, improved pasture management such as species selection, irrigation, nutrient 

application, lime application and grazing management, has been suggested to increase 

soil OC stocks to 0.30 m on average by 0.54 Mg C/ha per year and ranging between 

0.11 and 3.04 Mg C/ha per year (Table 2.4; Conant et al., 2001). In Australia, modified 

pastures occupy an estimated 72 million hectares (ABARE, 2010), the limited published 

data available indicates that improved pasture management may increase soil OC by 

0.1 to 0.3 Mg C/ha per year (Table 2.4; Sanderman et al., 2010). Thus, pasture-based 

systems represent a considerable sink of soil OC that has implications for national C 

budgets and considerable climate mitigation potential. Currently, there are two 

methodologies approved by the Australian Government for trading C in agricultural 

soils (Clean Energy Regulator, 2016); a measurement-based methodology 

(‘Sequestering carbon in soils in grazing systems’) and a model-based methodology 

(‘Estimating sequestration of carbon in soil using default values’). The model-based 

methodology uses the Full Carbon Accounting Model (FullCAM) to determine the 

default values (C sequestration) associated with land use and management for 

Australia’s National Greenhouse Gas Inventory (Richards, 2001). The estimated flow of 

CO2 between the atmosphere and soil is generated from ecosystem models based on 

satellite imagery, land management, climate and soil data. The default values 

generated by FullCAM assume that increases in pasture production will increase the 

stock of OC in soil. Specifically, under these two methodologies, increases in soil OC 

are associated with land use change; for example, changing from continuous cropping 

to perennial pasture, and/or improved land management practices such as those 

mentioned above. Despite these policy tools and the theoretical increases in soil from 

improved pasture management in Australia, the limited studies report variable soil OC 

results (Sanderman et al., 2010).   
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Table 2.4 The reported rate of C sequestration in soil (Mg C/ha/yr to 0.30 m) for different land use and management.  

Management Location C sequestration rate (Mg C/ha/yr) Reference 

ALL (within Australia)  0.11 to 0.75  

Pasture management  NSW  (Chan et al., 2011) 

Perennial and annual pastures  0.50  

Liming pastures   0.46 to 0.55  

Conservation farming with pasture rotation  0.26  

Pasture phase in crop rotation NSW  0.22 to 0.40 (Helyar et al., 1997) 

Pasture management  NSW   (Chan et al., 2010) 

Nutrient management  0.30  

Rotational grazing  0.35  

Legume in pasture  0.75  

Cultivated crop to pasture  NSW  0.70 (Conyers et al., 2015) 

Cultivated crop to pasture  NSW  0. 50 to 0.70 (Young et al., 2009) 

Introduced perennial pasture Australia 0.50 (Gifford et al., 1992) 

Pasture management  Australia  (Sanderman et al., 2010) 

Nutrient management  0.29  

Pasture improvement (irrigation, legumes) 
 

 0.11  

Cultivated crop to pasture  0.33  
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Pasture management  Global  (Conant et al., 2001) 

Nutrient management  0.30  

Grazing management  0.35  

Earthworm introduction  2.35  

Irrigation  0.11  

Grass species selection 
 

 3.04  

Legume in pasture  0.75  

Cultivated crop to pasture  1.01  

Crop management USA  (Lal et al., 2003) 

Nutrient management  0.05 to 0.15  

Crop and pasture rotation  0.10 to 0.30  

Irrigation  
 

 0.05 to 0.15  

Fallow elimination  0.10 to 0.30  

Conservation tillage and residue management   0.24 to 0.40  
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2.6.2 Pasture management  

In Australia, most of the long-term data on changes in soil OC comes from cropping 

systems where variations in tillage or nutrient management were observed 

(Sanderman et al., 2010). In south eastern Australia, long-term field trials have 

demonstrated increases in soil OC of up to 0.70 Mg C/ha per year in the 0 to 0.30 m 

soil layer under dryland perennial pastures (Chan et al., 2011; Conyers et al., 2015). 

However, the highest sequestration rates were associated with converting cropped 

fields with low OC concentrations to fertilised perennial pastures (Chan et al., 2011; 

Conyers et al., 2015). Of the few long-term trials where OC stocks were compared 

under introduced perennial pastures, there was little difference with improved 

management such as species selection (Schwenke et al., 2013), liming (Chan et al., 

2011) or P application (Kohn et al., 1977). These studies report that if there was a 

difference in the rate of C sequestration with improved management, this may not 

have been detected due to the spatial and temporal variability and large existing 

stocks of OC in soil under perennial pastures. Additionally, reported rates of soil C 

sequestration such as those summarised in Table 2.4 are not necessarily linear and are 

likely to only be maintained for a finite duration of time, typically one or several 

decades.  

Over the past decade field surveys have been increasingly used to better understand 

the relationship between OC in agricultural soil and land management. In south 

eastern Australia, more than 1445 sites have been sampled as part of field surveys and 

686 of these have included dryland perennial pasture sites where the relationship 

between OC stock and pasture management such as soil nutrition has been 

investigated (Badgery et al., 2013; Badgery et al., 2014; Chan and McCoy, 2010; Chan 

et al., 2010; Davy and Koen, 2013; Rabbi et al., 2014; Robertson et al., 2016; Schwenke 

et al., 2013; Wilson et al., 2011; Young et al., 2005). Similar to the limited long-term 

trials, results from these field surveys highlight the variable and often non-significant 

response of soil OC to pasture management; notably little difference in total OC stocks 

under annual vs perennial and introduced vs native pastures (Table 2.5). An example 

where management has increased soil OC is P application to introduced perennial 

pastures, with an estimated increase of between 0.26 and 0.72 (mean 0.41) Mg C/ha 
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per year (Chan et al., 2010). However, there are numerous examples where there was 

no difference detected in OC stocks under established perennial pastures under 

different management (Table 2.5). One possible explanation is that the growth 

potential of introduced perennial pastures may be limited by inadequate soil nutrition 

and pasture sward composition, in particular poor legume representation in the 

pasture for N supply (Badgery et al., 2014).  
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Table 2.5 Summary of field surveys in south eastern Australia where OC stocks (0 to 0.30 m) were compared under different land use and 

management. Note: there is some overlap in the site numbers due to the same data being used in multiple papers for different comparisons. 

Abbreviations include: average annual rainfall (AAR), soil pH in water (pHw), Colwell phosphorus (Col P) and vapour pressure deficit (VPD). 

Agricultural system and 

management comparison 

Sites 

(total) 

Significant 

difference 

(Y/N) 

Comparisons where 

difference in OC stock were 

significant 

Other significant factors 

influencing OC stock 
Location and reference 

Rain-fed crop and pasture     

Crop: continuous, rotation, pasture 
cropping 
Pasture (perennial): low vs high 
nutrient input  
Grazing: continuous vs rotational 

354 N  Climate (AAR), elevation, 
silica content (texture) 

NSW 
(Badgery et al., 2013) 

Crop: continuous, rotation, pasture 
cropping 
Pasture: introduced perennial 

223 Y Pasture>crop (continuous 
and rotation) 

Climate (AAR), soil 
properties (silica content, 
pHw, gravel, Col P) and 
pasture composition 

NSW 
(Badgery et al., 2014) 

Pasture: introduced perennial vs 

native, perennial vs annual, 
phosphate applied vs no 
phosphate, pasture cropping vs 

control (crop or pasture) 
Grazing: continuous vs rotational 
grazing  

44 Y Phosphate applied>no 
phosphate (pasture) 

Climate (AAR), previous land 
use 

NSW and Victoria 
(Chan et al., 2010) 
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Crop: continuous, rotation  
Pasture: introduced perennial, 
native (voluntary mixed pastures) 

200 Y Pasture>crop1 Climate, topography and soil 
properties 

NSW 
(Davy and Koen, 2013) 

Crop: continuous, rotation, stubble 
and tillage management 
Pasture: introduced perennial vs 

annual or mixed 
Grazing: continuous vs rotational 

615 N  Climate (AAR VPD, 
temperature) and soil 
properties (silica content)  

Victoria 
(Robertson et al., 2016) 

Crop: continuous 
Pasture: introduced perennial 
(tropical) and native  

145 Y Pasture>crop2 Climate, soil type and 
duration of land use 

NSW 
(Schwenke et al., 2013) 

Crop: rotation (with cultivation) 
Pasture: introduced perennial, 
native pasture 
Remnant woodland 

20 Y  Woodland>non-woodland Soil type NSW 
(Wilson et al., 2011) 

Crop: continuous 
Pasture: introduced perennial 
(grass) or lucerne  
Grassy woodland 

223 Y Non-crop>crop Soil type NSW 
(Young et al., 2005) 

Rain-fed crop and pasture, irrigated crop (cotton) or pasture   
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Pasture: introduced perennial 
(species comparison), native, 
inputs: irrigated with dairy effluent 
vs mineral fertiliser 
Native forest 

203 Y Introduced >native pasture 
Introduced pasture irrigated 
with dairy effluent> mineral 
fertiliser 

Climate (AAR), previous land 
use  

NSW 
(Chan and McCoy, 2010) 

Crop: continuous, rotation, cotton 
(irrigated) 
Pasture: introduced perennial, 
native  
Grazing: low intensity, continuous, 
rotational  
Wooded: native forest, softwood 
plantation 

1401 Y Native forest and grass> 
introduced pasture ≅ 
grazing systems> softwood 
plantation ≅ crop rotation ≅ 
minimum till > cropping 
(tillage)> irrigated cotton ≅ 
continuous cropping 

Climate and soil properties NSW 
(Hobley et al., 2015) 

Crop: rotation, tillage and stubble 
management, cotton (irrigated)  
Pasture: introduced perennial, 
native 
Grazing: continuous vs rotational  
Organic amendments 

780 Y Pasture and crop 
rotation>continuous crop 
 

Climate (AAR), longitude, 
elevation, soil pH and inputs 
(N fertiliser, soil conditioner, 
organic amendments) 

NSW 
(Rabbi et al., 2014) 

1 Only significant in Slopes region >500 mm AAR (Davy and Koen, 2013). 2 Only significant on Chromosols (Schwenke et al., 2013). 3 Comparison 0 to 0.20 m (Chan and McCoy, 
2010; Young et al., 2005).
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Grazing management is also reported to have a key influence on soil OC accumulation 

in pasture systems. The potential benefits are associated with promoting deep-rooted 

perennial plants, increasing root growth (Johnston, 1961; Figure 2.3), promoting 

legume growth, encouraging root turnover (Chen et al., 2015) and litter return to the 

soil surface, increasing the OM-soil contact through trampling and reducing OM loss by 

minimising soil erosion through maintaining groundcover (Galdino et al., 2015; Palacio 

et al., 2014; Sanjari et al., 2008; Sanjari et al., 2009). For example, Johnston (1961) 

compared lightly grazed and ungrazed pastures in Canada and demonstrated that light 

grazing increased plant diversity, percent basal area (mean basal area 23.78 vs 

20.52 %) and root mass (5.37 vs 3.01 Mg/ha). Controlling animal stocking intensity and 

duration can create a more favourable environment for plant growth, and thereby OM 

supply to soil, by enhancing properties such as increased soil hydraulic conductivity 

and infiltration and by reducing the bulk density of soil (Sanjari et al., 2008; Sanjari et 

al., 2009). However, there is conflicting evidence in the literature regarding the 

impacts of grazing management on soil OC (Table 2.6). There are reports of decreases 

in soil OC with increased grazing intensity (Frank et al., 1995; Golluscio et al., 2009; 

Ingram et al., 2008; McSherry and Ritchie, 2013), increases in soil OC with increased 

grazing intensity particularly when light grazing was compared with no grazing 

(Ganjegunte et al., 2005; Liu et al., 2012; McSherry and Ritchie, 2013) and no 

difference in soil OC regardless of grazing intensity (Kieft, 1994). While Conant et al. 

(2003) reported an increase in root turnover, OM decomposition and soil OC due to 

plant physiological responses to rotational grazing in the United States of America, 

there was no difference in the stock of OC in soil under continuously and rotationally 

grazed pastures in six Australian field surveys (Allen et al., 2013; Chan et al., 2010; 

Pringle et al., 2011; Pringle et al., 2014; Sanderman et al., 2015; Sanjari et al., 2008). 

There are four likely explanations in the literature for the variability in response of soil 

OC to grazing management. Firstly, the definition of the grazing management is 

important as stocking intensity, duration and stock type are all likely to influence the 

impact on soil OC and soil properties. Secondly, grazing management may not happen 

in isolation from other management, such as nutrient management, which may have 

confounding effects. Thirdly, the response of soil OC to grazing management is 

context-specific and likely to be influenced by climate, soil type and pasture 
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composition. Lastly, a comprehensive and sophisticated sampling plan is required to 

detect smaller changes in the stock of OC in soil that could be attributed to grazing 

management. While the relationship between soil OC and grazing management is 

complex, if grazing management can achieve increased biomass production, increased 

root turnover and increased groundcover then soil OC stocks are likely to increase 

(Conant, 2010; Eyles et al., 2015; Lorenz and Lal, 2005; Piñeiro et al., 2010; Smith et al., 

2014). More information is required on the influence of grazing management on the 

stock of OC in soil under replicated field trial conditions.  

 

 

Figure 2.3 Plate from Johnston (1961); fescue (Festuca scabrella) with above ground 

herbage not clipped, and clipped at 4 week intervals to stubble heights of 13 cm, 

8 cm and 4 cm (treatments left to right).  
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Table 2.6 Influence of grazing intensity on OC stocks (Mg C/ha to 0.30 m unless otherwise indicated) under rain-fed pastures. Grazing treatments 

are: ungrazed (UnG), lightly grazed (LG), moderately grazed (MG) and heavily grazed (HG) as reported in the original paper. Grazing management 

was typically for a continuously grazed pasture. Stocking rates converted to DSE/ha; assuming 1 steer (400 kg)/ha was equivalent to 8 DSE/ha.  

Location System Stock Grazing treatment 
Duration 

(years) 

OC stock 

(Mg C/ha) 

Signif 

diff 

(Y/N) 

Estimated rate of 

change in OC 

stock
1
 (Mg/ha/yr) 

Reference 

Canada Festuca 

campestris 
Rydb., 
grassland 

Cattle UnG 
MG2 
HG2 

58 UnG 
MG 
HG 

14 
14 
14 

N nd (Li et al., 2012) 

Inner Mongolia Desert 
Steppe 

Sheep UnG 
LG (0.9 DSE/ha) 
MG (1.8 DSE/ha) 
HG (2.7 DSE/ha) 

6 UnG 
LG  
MG 
HG  

54 
48 
47 
48 

N nd 
 

(Liu et al., 2012) 

 Typical 
Steppe 

Sheep UnG  
LG (1.5 DSE/ha)  
MG (4.5 DSE/ha)  
HG (9.0 DSE/ha) 

5 UnG 
LG 
MG 
HG 

46 
55 
48 
53 

Y + 1.80 (UnG vs LG) 
+ 0.40 (UnG vs MG) 
+ 1.40 (UnG vs HG) 

 

North 
American Great 
Plains 

Panicum 

virgatum 
L., tallgrass 
community 

Cattle UnG  
MG3 

>25  UnG  
MG  

833 

773 
N nd 

 
(Derner et al., 1997) 
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North 
American Great 
Plains 

Mixed 
prairie 
pasture 

Cattle UnG  
MG (7.2 DSE/ha)  
HG (20.8 DSE/ha) 

78 UnG  
MG  
HG  

72 
64 
74 

N nd (Frank et al., 1995) 

North 
American Great 
Plains 

Mixed 
prairie 
pasture 

Cattle UnG  
LG (1.3-1.8 DSE/ha)  
HG 4.5 DSE/ha) 

21 UnG  
LG  
HG  

114 

144 

114 

Y + 0.14 (UnG vs LG) 
 

(Ganjegunte et al., 
2005) 

North 
American Great 
Plains 

mixed-
grass 
prairie 

Cattle UnG  
LG (1.3-1.8 DSE/ha)  
HG (4.5 DSE/ha) 

21 UnG  
LG  
HG  

47 
54 
43 

Y + 0.33 (UnG vs LG) 
- 0.19 (UnG vs HG) 

(Ingram et al., 2008) 

North 
American Great 
Plains 

Mixed-
grass 
prairie 

Cattle UnG  
LG5 
HG5 

12 UnG  
LG  
HG  
 

58 
67 
66 

Y + 0.75 (UnG vs LG) 
+ 0.67 (UnG vs HG) 

(Reeder and 
Schuman, 2002) 

 Short-grass 
steppe 

Cattle UnG(1) vs LG  
UnG(2) vs HG 

LG6
 

HG6  

56 UnG(1)  
LG  
UnG(2)  
HG  

37 
38 
37 
42 

Y + 0.09 (UnG vs HG)  

South America 
(Patagonia) 

Shrub–
grass 
steppe 

Sheep UnG  
HG (1 DSE/ha) 

6 to 50 Nr7  Y - 0.607 (UnG vs HG) (Golluscio et al., 
2009) 

United 
Kingdom 

Upland 
grassland 

Sheep UnG  
LG (4 DSE/ha) 

7 UnG  
LG  

628 

598 
N nd (Medina-Roldán et 

al., 2012) 
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1 Estimated rate of change in OC stock was only calculated if a significant difference was reported. To calculate the rate of change in OC stock (Mg C/ha/yr) the difference in OC 
stock (Mg C/ha) between the grazing and ungrazed treatment was divided by the duration (years) of treatment. Where there was no significant difference reported, not 
determined (nd) is indicated. 2 Stocking rate was reported as animal unit months (AUM)/ha and annual net primary production utilisation (NPPU): MG; 2.4 AUM/ha and 60% NPPU 
and HG; 4.8 AUM/ha and 80% NPPU (Li et al., 2012). 3 Stocking rate not reported. OC stock values for beneath plant (Derner et al., 1997). 4 0 to 0.05 m (Ganjegunte et al., 2005). 5 
Stocking rate not reported. LG; 5 to 15 % mean utilisation and HG; 35 to 45 % mean utilisation. 6 Stocking rate not reported. LG; 20 to 40 % mean utilisation and HG; 60 to 75 % 
mean utilisation. 7 OC stock for grazing treatments not reported (nr), only C sequestration rate. 0 to 0.05 m (Golluscio et al., 2009). 8 0 to 0.10 m (Medina-Roldán et al., 2012). 
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2.6.3 Opportunities for carbon sequestration in the permanent pasture zone: 

introduced and native perennial pastures 

Perennial pastures are an important component of livestock grazing systems in 

Australia. In NSW, introduced pastures (perennial and annual) occupy an estimated 

43.8 million hectares (438,000 km2) while native pastures (excluding rangelands) 

occupy 1.4 million hectares (14,000 km2) (Chan et al., 2009; Hill and Donald, 1998). For 

the majority, these pastures are not cropped, the native grasslands have never been 

cultivated and the perennial pastures contain an annual legume component such as 

subterranean clover (Trifolium subterraneum L.) (Garden et al., 2000). Permanent 

pastures are commonly described as land used to grow grasses or other herbaceous 

forage for more than 5 years, and as such the perennial pastures mentioned hereafter 

are permanent pastures. The few field surveys that have compared OC accumulation 

under introduced and native pastures have variable results, with some field surveys 

reporting no difference (Chan et al., 2010; Davy and Koen, 2013; Schwenke et al., 

2013; Wilson et al., 2011) and others reporting more OC in soil under introduced 

pastures (Chan and McCoy, 2010). For example, Chan and McCoy (2010) reported 

67.2 Mg C/ha to 0.20 m under a fertilised kikuyu (Pennisetum clandestium Hochst. 

Chiov.) pasture compared with 44.2 Mg C/ha under an adjacent unfertilised native 

pasture (Bothriochloa spp.). The inconsistent results between studies comparing 

introduced and native pastures may be explained by reasons including: native pastures 

are often located on less arable land with less favourable soil conditions for OC 

accumulation (Davy and Koen, 2013), differences in soil OC may occur below the 

commonly observed 0 to 0.30 m soil depth, and inherent problems with paired site 

analysis (Chan et al., 2010; Murphy et al., 2003; Wilson et al., 2011; Wong et al., 2008). 

That is, while paired sites minimise variables such as climate, parent material, aspect, 

topography and soil type, they assume that OC stocks were historically similar which 

may not always be the case (Chan et al., 2010). Given the importance of both 

introduced and native based perennial pastures in NSW for livestock grazing and 

potential climate change mitigation due to the extensive area they occupy (Chan et al., 

2009; Hill and Donald, 1998), more information is required on their influence on soil 

OC.  
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In the southern tablelands of NSW it is estimated that introduced and native pastures 

occupy over 1.48 and 1.38 million hectares respectively (collectively 2.86 million 

hectares), which is 43 and 40 % respectively of the total land area in this region 

(Garden et al., 2000). While both native and introduced pastures are comprised of 

perennial grasses, there are several reasons why there may be differences in the stock 

of OC in soil under these pasture types. Firstly, soil under many native pastures has 

never been tilled, while the preparation and establishment of introduced pastures 

typically involves tillage and may include cropping prior to sowing (Garden et al., 

2000). Therefore it is likely that soil under a native pasture has not experienced the 

loss of OC associated with tillage. Secondly, introduced pastures are typically selected 

to increase herbage mass production and feed quality for livestock forage. Commonly, 

introduced perennial pastures on the southern tablelands of NSW are temperate C3 

species, for example phalaris (Phalaris aquatica L.) and cocksfoot (Dactylis glomerata 

L.) (Garden et al., 2000). Given their selection to increase above ground biomass 

production, introduced pastures may supply more OM to soil from above ground plant 

residues. In contrast, native grasses are reported to have a greater root biomass and 

higher C:N ratio of roots compared with introduced grasses, and thus may have 

greater and more persistent root contributions to soil (Wilsey and Polley, 2006). 

Furthermore, below ground partitioning of C in plants varies with metabolic pathway, 

with C4 grasses allocating more C to roots compared with C3 grasses (Ganjegunte et 

al., 2005). Native pastures in southern NSW commonly consist of both C3 grasses; for 

example, wallaby grass (Rytidosperma spp), weeping grass (Microlaena stipoides 

(Labill) R.Br.), spear grasses (Austrostipa spp.) and poa grass (Poa sieberiana Vickery), 

and C4 grasses; for example, kangaroo grass (Themeda triandra Forssk.) and red grass 

(Bothriochloa macra (Steud.) S.T. Blake). The C3 and C4 grasses occupy different niches 

within the landscape, for example Rytodisperma spp. are typically found on a southerly 

aspect, while Themeda triandra is typically found in sunny positions and on a northerly 

aspect. The advantage of a pasture composed of both C3 and C4 grasses is a greater 

supply of OM to soil and more groundcover as a result of the pasture mix being able to 

maintain year-round growth, particularly under drought conditions. From an OM 

supply perspective, C4 grasses produce more biomass and have lower soil moisture 
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requirements compared with C3 grasses and therefore are likely to produce more 

biomass and persist longer during drought (Taylor et al., 2014).  

Lastly, two significant drivers of above and below ground biomass are plant nutrition 

(Paustian et al., 1997a) and grazing management (Conant et al., 2003). In southern 

NSW, land holders are more likely to fertilise introduced pastures compared with 

native pastures (Garden et al., 2000). Provided the fertilised introduced pastures have 

adequate soil nutrition they may produce more biomass compared with unfertilised 

native pastures, and thus contribute more OM to soil. Soil nutrients also influence the 

relative stability of OM in soil; with relatively stable OM requiring a stoichiometric 

mixture of nutrients including C, N, P and S (Kirkby et al., 2011). Livestock grazing of 

pastures influences the supply of OM to soil through facilitating faster shoot turnover 

and root sloughing, supplying manure and trampling surface litter (Ganjegunte et al., 

2005; Ingram et al., 2008; Rees et al., 2005; Sanjari et al., 2008; Sanjari et al., 2009; 

Southorn, 2002). In southern NSW, the average carrying capacity of introduced 

pastures is estimated to be almost twice that of native pastures; 7.7 vs 4.3 dry sheep 

equivalents (DSE) per hectare (Garden et al., 2000). While this indicates a greater 

removal of above ground biomass by the livestock grazing on introduced pastures, it 

may also suggest greater root sloughing, manure contributions and trampling thereby 

supplying more OM to soil.  

Perennial pastures occupy over 2.8 million hectares (28,000 km2) in the southern 

tablelands of NSW; however, there is little information on what constitutes best 

management of perennial pastures for OC accumulation or protection. There are 

several reasons why there may be differences in the stock of total OC and OC 

components under introduced and native perennial pastures, including: below ground 

C allocation, root biomass, C:N ratios of roots, as well as soil and grazing management. 

Baseline information on the stock of OC in soil under these perennial pastures systems 

will inform land management to improve the OC storage potential in the southern 

tablelands of NSW.  
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2.7 Organic carbon accumulation in soil: are there upper limits? 

Land management practices that maximise plant productivity and minimise physical 

soil disturbance are likely to increase OM supply, and where this increase in OM is 

greater than the rate of OM decomposition, soil OC will increase (Christopher and Lal, 

2007; Lal, 2004b; Luo et al., 2010; Paustian et al., 1997a; West and Post, 2002). While 

there are several field trials where increased OM supply continued to increase soil OC 

(Huggins et al., 1998a; Kong et al., 2005; Paustian et al., 1997b; Paustian et al., 1995), 

there are numerous long-term trials where there was no increase in soil OC with 

continued OM input (Campbell et al., 1991; Gulde et al., 2008; Huggins et al., 1998a; 

Huggins et al., 1998b; Reicosky et al., 2002; Rumpel, 2008; Soon, 1998). Two concepts 

have been introduced to explain disparities such as these: the concept of achieving a 

new steady state of soil OC (West and Six, 2007) and C saturation defined by soil 

properties (Six et al., 2002). These concepts have practical implications for identifying 

soil and land use combinations with OC sequestration potential (Angers et al., 2011; 

Chan et al., 2008a). These two concepts will now be discussed. 

2.7.1 The concept of achieving a new steady state of soil organic carbon  

The rate of OC sequestration in soil reflects the net increase in soil OC, while the term 

‘sequestration duration’ refers to the time over which positive changes in soil OC occur 

(West and Six, 2007). The rate and duration of OC sequestration are influenced by the 

initial soil OC concentration, localised soil water interactions, climate and land 

management and are important when evaluating the potential change in soil OC (West 

and Six, 2007). That is, soil with a high clay content that has been under long-term 

cropping in a region that receives high amounts of low intensity rainfall (that is, a high 

potential NPP) will have a greater capacity to increase soil OC compared with soil with 

a high sand content under permanent pasture (Baldock et al., 2009; West and Six, 

2007). For these reasons, long-term field trials in south eastern Australia demonstrate 

that the highest sequestration rates are associated with converting cropped fields with 

low OC concentrations to fertilised perennial pastures (Chan et al., 2011; Conyers et 

al., 2015). Within a climatic zone, the capacity of soil to accumulate OC under a given 

management practice is calculated by multiplying the rate of change by the 

sequestration duration (West and Six, 2007). However, in reality the rate of change is 
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not constant and declines until the soil reaches a new ‘steady state’ (Johnson, 1971) of 

OC; where the supply of OM to soil is approximately equal to soil respiration (West and 

Six, 2007). Odum (1969) described this fundamental concept in his review of 

ecosystem development. That is, as OM accumulates in soil the rate of OM decay also 

increases until it approaches the rate of C input from photosynthesis. At this point the 

soil is at a steady state of OC. Given this, a steady state of OC in soil will be determined 

by the soil, climate and vegetation factors that influence the NPP of the system and 

the rate of OM decay. 

There is limited literature on the duration or likelihood of achieving a new higher 

steady state of OC with improved management of perennial pastures, with most 

studies focusing on cropping systems (Lam et al., 2013; West and Post, 2002; West and 

Six, 2007). In fact, the rate of OC sequestration in soil under pastures with different 

management varies considerably both spatially and temporally (Conant et al., 2001). 

Typically, soil under long-term perennial pastures has greater soil aggregation (Tisdall 

and Oades, 1982), minimal soil disturbance and less fluctuations in soil temperature 

and moisture compared with cropped soil (Drury et al., 1999; Six et al., 1998). Thus, 

with the exception of grazing management (Sanjari et al., 2008), changes in pasture 

management may not change the physical properties of soil, but instead may influence 

the amount of OM supplied and the nutrient content of this OM and the soil. These 

two factors are suggested to increase the sequestration duration. West and Six (2007) 

analysed published long-term data and reported that the average sequestration 

duration with improved management of pastures was 33 years compared with 21 

years for changing from a tilled to a minimum tillage cropping system, and 26 years for 

improved crop rotation. This agrees with Lam et al. (2013) whose meta-analysis of 

Australian published data demonstrated that improved crop management including: 

conservation tillage, residue retention, pasture phases and N application increased soil 

OC for at least 20 years, with the majority in the first 10 years, and longer 

sequestration duration (31 to 40 years) where pastures were included in rotation. 

Given the theoretical potential to increase OM supply with improved pasture 

management, more information is required to determine whether long-term perennial 
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pastures have reached a steady state of soil C, and whether or not this is likely to be 

different under native and introduced perennial pastures.  

2.7.2 The carbon saturation concept 

Achieving a steady state of soil OC is not necessarily synonymous with the upper limit 

to OC accumulation in soil. Carbon saturation is where with increased OM supply the 

whole soil, or a defined soil fraction, reaches a new higher steady state of OC (Six et al., 

2002). This is based on the soil properties and processes that are important for OC 

protection including: soil texture, structure, mineralogy and chemistry (Six et al., 2002; 

Stewart et al., 2007; Stewart et al., 2008b). This concept challenges soil OC models that 

are based on linearity between soil C inputs and soil OC concentration (West and Six, 

2007). As mentioned previously, a large proportion of soil OC is associated with the 

fine fraction of soil; that is, silt and clay sized particles (Baldock and Skjemstad, 2000; 

Kahle et al., 2002a; Kahle et al., 2002b). As clay minerals and silt particles have a finite 

surface area, the fine fraction is more likely to reach C saturation than the whole soil 

where OC can readily accumulate in the form of particulate or ‘unprotected’ OM 

(Gulde et al., 2008; Hassink and Whitmore, 1997; Stewart et al., 2008b). The physical 

occlusion of OM within soil aggregates (Golchin et al., 1994a; Golchin et al., 1994b; 

Golchin et al., 1995; Grandy and Robertson, 2007; Oades, 1988; Tisdall and Oades, 

1982) and the biochemical alteration of OM during decomposition (Cadisch and Giller, 

1997; Six et al., 2002) also offer protection from further decomposition and increases 

the opportunity for OM to bond with clay minerals (Six et al., 2002). Thus, the capacity 

to increase soil OC concentration is largely determined by the clay content and clay 

mineralogy, as well as soil OC concentration and the quantity, continuity and chemical 

composition of OM supplied to soil.  

The C input required to achieve soil C saturation is commonly estimated by comparing 

the current soil OC concentration with the storage capacity of the fine fraction or the 

whole soil, thereby calculating the C saturation deficit (Angers et al., 2011; Hassink and 

Whitmore, 1997), or by using asymptotic regressions between increases in soil OC 

concentration and C input (Stewart et al., 2008b). Based on these estimates, the 

literature indicates that some soil OC fractions will exhibit C saturation behaviour, 

while others may not (Chung et al., 2008; Chung et al., 2010; Gulde et al., 2008; Kong 



Chapter Two: Literature review 

54 

 

et al., 2005; Stewart et al., 2008b). This may be explained by limitations of the 

regression models (Feng et al., 2013a), differences in the specific surface area of clay 

minerals (Feng et al., 2013a) or may be due to reasons independent of texture and 

mineralogy, such as the accumulation of biochemically stabile OC (Stewart et al., 

2008a). It has been demonstrated that where adequate OM and soil nutrients are 

available, relatively stable OM can be formed irrespective of soil type and OC 

concentration (Kirkby et al., 2013) and this may negate soil approaching C saturation. If 

this is the case, so long as OM and nutrient inputs to the soil are maintained, then even 

soil with a high OC concentration may continue to accumulate OC. Thus, the potential 

of land management to influence the accumulation of biochemically stabilised OC 

warrants more attention. 

2.8 Conclusion: The need for information on soil organic carbon under perennial 

pastures 

Well-managed perennial pastures are thought to represent the maximum opportunity 

for agricultural soils to accumulate OC (Conant et al., 2003; Ingram et al., 2008; Lal, 

2004b; Paustian et al., 1997a; Sanderman et al., 2010; Sherrod et al., 2005). However, 

there is little information on what constitutes a well-managed pasture in terms of C 

sequestration and whether long-term perennial pastures are likely to have reached a 

new higher steady state of soil C. Despite a considerable research effort over the past 

two decades and two Australian Government approved soil OC methodologies, there 

currently remains substantial uncertainty on i) the influence of environmental factors 

and pasture type (introduced vs native) on the stock and fractions of OC in soil, ii) the 

role of nutrient management and grazing management in increasing the rate of OC 

accumulation in soil under perennial pastures and iii) whether or not there is a soil 

defined upper limit to OC accumulation. A better understanding of these issues is 

required to assess the role and actual potential of pasture based systems to mitigate 

climate change. Therefore, the aim of this thesis is to assess the influence of 

environmental factors such as climate, parent material and soil depth on OC in soil, 

and identify land management options to increase OC accumulation under perennial 

pastures in southern New South Wales, Australia.  
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2.8.1 Research questions and hypotheses 

To evaluate the environmental and land management factors influencing OC in soil 

under perennial pastures, this research asks the following questions: 

Research question 1. What is the influence of environment and land management 

factors on OC in soil under perennial pastures in southern New South Wales?  

- How important are environmental factors such as climate, parent material and soil 

depth on OC in soil under perennial pastures? 

- What is the distribution of OC through the soil profile and what is the OC content 

of the subsoil (0.30 to 0.70 m) under perennial pastures?  

- How does OC concentration, stock and fraction in soil differ between native and 

introduced perennial pastures? 

- How does soil nutrient status relate to OC in soil under perennial pastures? 

- What is the influence of grazing intensity and duration on OC in soil under 

perennial pastures? 

Hypothesis 1. Within a given climate, parent material dominates management in 

determining OC in soil under perennial pastures because parent material determines 

the soil properties that influence plant production and OM protection.  

Hypothesis 2. Within a given climate and parent material, there is more OC in soil 

under introduced compared with native perennial pastures due to higher soil nutrient 

status associated with soil nutrient management programs and greater OM supply to 

soil under introduced perennial pastures. 

Research question 2. What is the capacity of soil with a high OC concentration to 

accumulate OC under high C and nutrient input conditions?  

- How does the relationship between C input to soil and increase in OC differ with 

soil type and the commencing concentration of OC?  

- How does the theory of C saturation relate to soil with a high OC concentration in 

a laboratory-based incubation experiment? 

- What is the capacity to accumulate OC in subsoil with high C and nutrient inputs? 
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Hypothesis 3. For a given soil type, soil with a high OC concentration will continue to 

accumulate OC in a relatively stable form if both C and nutrient inputs are maintained.  

The following four experimental chapters (Figure 1.3) aim to address these issues for 

perennial pastures in southern New South Wales: 

Chapter Three: a field survey of 52 sites sampled to 0.70 m under perennial 

pastures in the Monaro and Boorowa regions of southern NSW. The influence of 

environmental factors such as climate, parent material and soil depth, and land 

management factors such as pasture type (native and introduced perennial 

pasture), soil fertility and grazing management on the stock of total OC in soil is 

compared. 

Chapter Four: investigates the sensitivity of the type of OC (that is, OC fractions: 

particulate, resistant and humic) in the 0 to 0.30 m soil layer to climate, parent 

material and soil depth and land management at 72 sites (Monaro, Boorowa and 

Coleambally regions).  

Chapter Five: compares soil OC stocks under three grazing treatments (cell 

grazing, tactical grazing and grazing exclusion) on a native perennial pasture at 

the conclusion of a grazing trial at Berridale (southern NSW) as an example of the 

potential for grazing management to influence OC accumulation in soil.  

Chapter Six: presents a laboratory based incubation experiment to evaluate the 

relationship between OM and nutrient inputs, soil respiration and OC 

concentration in two contrasting soil types, and assess whether or not soil with 

high OC concentration approached an upper limit to OC accumulation. 

Understanding the influence of these environmental factors on OC in soil will help to 

identify management options to increase the accumulation and permanence of OC in 

soil under perennial pastures. Furthermore, identifying soil with a large potential to 

accumulate OC could maximise the mitigation benefits of C sequestration and help 

prioritise resources to achieve increases in soil OC.  
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Chapter Three: Sensitivity of soil carbon to management and environmental factors 

within Australian perennial pasture systems 

 

The work in this chapter has been published: 

Orgill, S.E., Condon, J.R., Conyers, M.K., Greene, R.S.B., Morris, S.G., Murphy, B.W., 

2014. Sensitivity of soil carbon to management and environmental factors within 

Australian perennial pasture systems. Geoderma 214–215, 70-79. 

 

Minor changes have been made to the text, figures and tables to ensure the units and 

terminology are consistent throughout this thesis.  
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3.1 Introduction 

Sequestration of carbon (C) in agricultural soils has been recognised as a potentially 

important tool to mitigate climate change (Intergovernmental Panel on Climate 

Change, 2007). Globally, perennial pastures are an important land use. Evaluating the 

sensitivity of soil OC stocks under perennial pastures to environmental factors such as 

parent material (soil texture, soil type, soil depth and soil fertility) and climate (Blanco-

Canqui and Lal, 2008; Lal, 2004b; Sherrod et al., 2005; Sparling, 1992) will aid C 

inventory efforts and may help to identify parts of the landscape where land 

management practices are likely increase OC accumulation in soil. Sequestration of C 

in soil occurs when C inputs from biomass exceed C losses through the decomposition 

of organic matter (OM) by micro-organisms. Parent material and climate factors such 

as rainfall, temperature and evaporation, influence the water and nutrient content of 

the soil, thereby determining the quantity of biomass grown (Blanco-Canqui and Lal, 

2008; Lal, 2004b; Sherrod et al., 2005) and the activity of soil microbes (Six et al., 2002; 

Sparling, 1992). For perennial pasture systems, land management factors such as the 

type of pasture, soil nutrient status and grazing management may offer opportunities 

to increase soil OC stocks (Lal, 2004b), but the extent to which these land management 

practices influence OC is unknown, particularly in deep mineral soil horizons. 

Pastoral systems in southern New South Wales (NSW), Australia are predominantly 

sheep and cattle grazing on native and introduced perennial grass pastures which have 

a leguminous annual component. Introduced perennial pastures were established in 

southern NSW throughout the 1950s and 60s following the release of Australian 

Phalaris (Phalaris aquatica L.) and Currie Cocksfoot (Dactylis glomerata L.) (Donald, 

1970; Garden et al., 2000; Garden et al., 2001). It has been hypothesised that the 

greater herbage mass produced from the introduced species, compared with native 

species, may increase OC accumulation in soils (Oades, 1995; Six et al., 2002; Stewart 

et al., 2007). In Australia, research on the influence of perennial pastures on OC stocks 

in soil has primarily focused on introduced pastures and pasture improvement with 

phosphate fertilisers (Chan et al., 2010; Crocker and Holford, 1991). However, little is 

known of the significance of OC accumulation deeper than 0.30 m in soil or the time 

period required for systems to reach a new steady state of soil OC when a native 
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perennial pasture is replaced by an introduced perennial pasture. Reports using 

international data estimated that increases in annual OC accumulation following 

pasture improvement would peak at 5 years and continue at a declining rate for up to 

45 years (West and Six, 2007). Assuming this is correct, it is likely that the mass of OC 

in soil under introduced pastures sown in the 1950-60s in southern Australia has now 

reached a steady state. 

This chapter compares average OC stocks under native and introduced perennial 

pastures in agricultural systems where OM input is solely supplied by biomass grown 

on-site. The objective of this study was to quantify the effects of soil depth, parent 

material, climate and management practices (type of pasture, soil nutrient status and 

grazing management) on the stock of OC in soil. Ultimately, this study aimed to 

determine the potential of management to increase OC accumulation under set soil 

and climate conditions. It was hypothesised that within a given climate, parent 

material dominates management in determining OC in soil under perennial pastures 

because parent material determines the soil properties that influence plant production 

and OM protection.  

3.2 Materials and Methods 

3.2.1 Study sites 

Two study regions were selected in southern NSW, Australia (Figure 3.1) to compare 

the influence of climate, namely rainfall amount and distribution and winter 

temperatures, on the concentration of OC in soil and therefore soil OC stocks. The 

Monaro region covers approximately 16,000 km² and includes the headwaters of the 

Snowy and Murrumbidgee Rivers. The Boorowa region covers approximately 2,600 

km² and is located on the south west slopes of NSW. Both regions are classified as Cfa 

(temperate, without dry season, warm summer) using the Köppen-Geiger climate 

classification (Peel et al., 2007) with an average annual rainfall of 500 mm in the 

Monaro region and 610 mm in the Boorowa region. However, the Monaro region is 

located 800 to 1000 m above sea level and receives most of its rainfall in summer 

(December to February), compared with the Boorowa region which is located 550 m 

above sea level and has a relatively uniform rainfall pattern (Figure 3.2). In the Monaro 



Chapter Three: Field Survey (Part A) 

60 

 

region, average minimum temperatures are less than 5°C for at least one month longer 

than the Boorowa region and on average 4°C colder in winter (Bureau of Meteorology, 

2012a; 2012b).  

 

Figure 3.1 Monaro (southern sites) and Boorowa (northern sites) study regions and 

site locations, southern NSW. Basalt-derived soil (square), deep granite-derived soil 

(triangle) and shallow granite-derived soil (circle).  
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Figure 3.2 Average monthly rainfall, minimum and maximum temperatures for 

Monaro and Boorowa regions. Average monthly temperature: Monaro region 

maximum (●), Monaro region minimum (○), Boorowa region maximum (▲) and 

Boorowa region minimum (∆). Average monthly rainfall: Monaro region (dark grey 

columns) and Boorowa region (light grey columns). Observations for the Monaro 

region are from the Bureau of Meteorology station 70278 (Cooma Visitor’s Centre) 

1973 – 2012 (temperature and rainfall). Observations for the Boorowa region are 

from the Bureau of Meteorology station 70220 (Boorowa Post Office) 1947 - 2012 

(temperature) and 1882 – 2012 (rainfall). 
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Soils were classified using field description and laboratory analysis according to the 

World Reference Base for Soil Resources (WRB) (IUSS Working Group WRB, 2015) and 

the Australian Soil Classification (ASC) (Isbell, 2002). In the Monaro region, 19 sites 

with granite-derived duplex soils (WRB: Lixisols and Acrisols; ASC: Chromosols and 

Kurosols) and 13 sites with basalt-derived gradational soils (WRB: Phaeozems and 

Nitisols; ASC: Dermosols) were selected. Granite-derived soils in the Monaro region 

were divided into two categories: 13 sites were deep granite-derived soils where the C 

horizon was deeper than 0.50 m and 6 sites were shallow granite-derived soils where 

the C horizon was within 0.50 m of the soil surface. In the Boorowa region, deep 

granite-derived duplex soils (WRB: Lixisols and Acrisols; ASC: Chromosols and Kurosols) 

were sampled at 20 sites. In both regions, the granite-derived soils were 

predominantly Lixisols (IUSS Working Group WRB, 2015; ASC: Chromosols), that were 

characterised by coarse sandy loams (10 to 20 % clay) over light to medium clays (35 to 

55 % clay). These soils are naturally acidic, with low water holding capacity and low 

fertility in the A horizon, and a highly bleached and acidic A2 horizon. The granite-

derived soils typically had a moderate to well-structured A1 horizon, a poorly 

structured and bleached A2 horizon and a poor to moderately structured B horizon. In 

contrast, the basalt-derived Phaeozems and Nitisols (IUSS Working Group WRB, 2015; 

ASC: Dermosols) sampled in the Monaro region were typically well-structured 

throughout the profile, with clay loams (30 to 35 % clay) over light to medium clays (35 

to 55 % clay) resulting in characteristically high water holding capacity and relatively 

high fertility, particularly available phosphorus (P).  

Paired study sites (100 m distance) were selected following extensive field 

reconnaissance and interviews with land managers. These paired sites comprised of 

long-term (>12 years) native and introduced pasture of known land use history. The 

paired sites had the same parent material, and similar soil and landscape attributes. At 

most sites, the native pastures were typically composed of wallaby grasses 

(Rytidosperma spp.1), spear grasses (Austrostipa spp.), weeping grass (Microlaena 

stipoides (Labill.) R.Br.), and also snow grass (Poa sieberiana Vickery) in the Monaro 

region. Introduced pastures were typically comprised of phalaris (Phalaris aquatica L.) 
                                                      
1 Formerly Austrodanthonia spp. 
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and cocksfoot (Dactylis glomerata L.). Both native and introduced perennial pastures 

included exotic annual species such as subterranean clover (Trifolium subterraneum 

L.). Only native pastures were sampled on shallow granite-derived soil as introduced 

pastures are not commonly sown on this soil type.  Annual dry matter production (DM 

kg/ha/yr) figures generated using the GrassGro® pasture growth model (Moore et al., 

1997) for introduced and native perennial pastures on deep granite-derived soil in the 

Monaro and Boorowa regions are presented in Table 3.2.  

In order to provide an indication of the soil OC stocks pre-agriculture, four remnant 

sites (representing the native state of vegetation and soil type) that had not been 

under agricultural use or management for at least 30 years, were selected. In the 

Monaro region, two remnant sites were sampled; one each on basalt and deep 

granite-derived soil. The basalt-derived site was a cemetery established circa 1840 on 

native grassland. The deep granite-derived site was remnant woodland located 

adjacent to an old link road used in the late 1800s which is now surrounded by pine 

plantation. In the Boorowa region, two remnant sites were selected; one was a road 

side reserve protected because of threatened flora and the other was on private land 

in a location that was fenced out in the late 1970s to protect biodiversity. Table 3.1 

provides a summary of the parent material and vegetation of study sites within each 

region. 
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Table 3.1 Description of study sites in the Monaro and Boorowa regions. Parent material: basalt (B), deep granite (DG) and shallow granite (SG). 

Vegetation type: native pasture (N), introduced pasture (I) and remnant vegetation (R). Soil type - World Reference Base for Soil Resources (IUSS 

Working Group WRB, 2015): Phaeozems (PH), Nitisols (NT), Lixisols (LX) and Acrisols (AC). Vegetation species recorded at the time of sampling 

from the most common (sp 1) to third the most common (sp 3) in the sampling area.  

Parent 

material 

Vegetation 

type 

ID Sites 

(n) 

Soil 

type 

Veg sp 1 Veg sp 2 Veg sp 3 

Monaro        

Basalt Introduced MonBI 6 PH (3), 
NT (3) 

Phalaris 
(Phalaris 

aquatica L.) 

Subterranean 
clover (Trifolium 

subterraneum L.) 
Broad-leaf weeds 

Native MonBN 6 PH (3), 
NT (3) 

Snow grass 
(Poa 

sieberiana 
Vickery) 

Wallaby grasses 
(Rytidosperma 

spp.) 

Spear grasses 
(Austrostipa spp.) 

Remnant MonBR 1 PH Kangaroo 
grass 

(Themeda 

triandra 

Forssk.) 

Snow grass (P. 

sieberiana) 
Broad-leaf weeds 

Granite - 
Deep 

Introduced MonDGI 6 LX (4), 
AC (2) 

Phalaris (P. 

aquatica L.) 
Cocksfoot (D. 

glomerata L.). 
Subterranean clover 

(T. subterraneum) 
Native MonDGN 6 LX (3), 

AC (3) 
Wallaby grasses 
(Rytidosperma 

spp.) 

Snow grass (Poa 

sieberiana) 
Subterranean clover 

(T. subterraneum) 
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Remnant MonDGR 1 AC Ribbon gum 

(Eucalyptus 

viminalis) 

Black wattle 
(Acacia 

melanoxylon) 

Broad-leaved 
peppermint (E. dives) 

Granite -
Shallow 

Native MonSGN 6 LX (6) Spear grasses 
(Austrostipa 

spp. 

Wallaby grasses 
(Rytidosperma 

spp.) 
Broad-leaf weeds 

Boorowa        

Granite - 
Deep 

Introduced BooDGI  9 LX (8), 
AC (1) 

Cocksfoot (D. 

glomerata 

L.). 

Phalaris (P. 

aquatica L.) 
Subterranean clover 

(T. subterraneum) 

Native BooDGN 9 LX (8), 
AC (1) 

Wallaby 
grasses 

(Rytidosperm

a spp.) 

Weeping grass 
(Microlaena 

stipoides) 
Broad-leaf weeds 

Remnant BooDGR 2 LX (1), 
AC (1) 

Weeping 
grass 

(Microlaena 

stipoides) 

Broad-leaf weeds 
Wallaby grasses 

(Rytidosperma spp.) 
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Table 3.2 Annual dry matter production (DM kg/ha/yr) for introduced and 

native perennial pastures on deep-granite derived soil in the Monaro and 

Boorowa regions. Dry matter production values were generated for grazed 

pastures using the GrassGro® pasture growth model (Moore et al., 1997) and 

are the percentiles (30, 50 and 70 %, with 50 % as the median) across 54 years 

of runs (1962 to 2015). Soil with a high nutrient status has adequate nutrients 

for pasture growth, whereas soil with a low nutrient status is deficient in one 

or more critical nutrients.  

Region/ perennial 

pasture type 
Soil nutrient status 

Dry Matter (DM kg/ha/yr) 

Percentile 

30% 50% 70% 

Monaro     

Introduced  High 6910 8635 10795 

 
Low 4620 5825 7260 

Native  High 6800 8580 9990 

 
Low 3675 4685 5300 

Boorowa 

 

   

Introduced High 6560 8380 9520 

 
Low 4920 6010 6790 

Native High 6000 7640 8900 

 
Low 4240 5570 6310 

 

3.2.2 Land management information 

Management information, including nutrient management, soil conditioner and 

amendment (for example, lime and gypsum) application, soil disturbance and grazing 

management, was provided by landholders for each site for the 15 years prior to 

sampling (that is, since 1995). The native pasture sites had never been cultivated, and 

introduced pasture sites were established between 1955 and 1998, with a mean 

establishment age of 31 years and median establishment age of 29 years. Sites varied 

in soil nutrient management programs; from low input systems where mineral 

fertilisers were not used to systems that applied phosphorus (P) and sulfur (S) in 

mineral forms. In general, mineral phosphate fertilisers such as single superphosphate 

(SSP) are applied to pastures on granite-derived soil (typically 125 kg/ha), while 

gypsum is applied to address inherent S deficiencies on basalt-derived soil (typically 

125 kg/ha). However, most land holders reported below-average applications of 

mineral fertilisers for more than 10 of the 15 years covered by the management survey 

period due to below-average rainfall. Land management history, including grazing and 
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soil (kg of N, P, S and lime applied per hectare) management is presented in 

Appendix 1. 

For all pasture sites, information on grazing management, including annual stocking 

rate (DSE/ha), livestock type, livestock class and duration of grazing was collected. In 

the Monaro region, sites were not selected to discriminate between grazing 

management (that is, rotational vs continuous grazing). In the Boorowa region 10 sites 

(5 pairs) were selected, including native and introduced perennial pasture pairs that 

were continuously grazed (that is, without rest, CG) and 8 sites (4 pairs) that were 

rotationally grazed (RG) in order to encourage pasture regeneration and growth. The 

duration of the average annual period without grazing varied between RG sites and 

years, and ranged from 4 to 50 weeks per year.  

3.2.3 Soil sampling 

Sites were sampled according to protocols developed by McKenzie et al. (2000) and 

later modified by Sanderman et al. (2011). Soil samples were collected in late 

winter/early spring (August and September 2009) in the Monaro region and in autumn 

(April 2010) in the Boorowa region. Soil sampling was done on a 40 x 40 m sampling 

area, located in a representative area of the paddock. At each site, soil sampling points 

were selected randomly using probability sampling on a square grid, where each 

square on the grid was sampled only once. Soil cores (either 40 mm diameter for 

chemical analysis or 155 mm diameter for bulk density) were taken to a depth of at 

least 0.70 m and divided into seven soil layers at depth intervals of 0-0.05, 0.05-0.10, 

0.10-0.20, 0.20-0.30, 0.30-0.40, 0.40-0.50 and 0.50-0.70 m. Chemical analyses were 

conducted on soil samples (composite of sixteen 40 mm cores) from each site collected 

using a hydraulically driven core sampler. Soil from layers of each core was combined 

in the field to produce one representative sample from each depth interval. One 

composite sample from each layer, at each site, underwent chemical analyses. 

Additionally, at each site, four cores were collected using a Proline soil auger with a 

155 mm diameter core for bulk density (BD) measurements (McKenzie et al. 2000). 

Bulk density was determined on each core with samples dried at 105°C for at least 
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48  hours  as described by Dane and Topp (2002). Results were calculated as BD in 

g/cm3 on an oven-dry basis.  

3.2.4 Analytical methods 

Soil samples were oven-dried at 40°C, passed through a 2 mm sieve and ground to 

<0.5 mm using a single puck mill head (Rayment and Higginson, 1992; Method 1B1). 

Gravel and OM that was >2 mm was weighed and discarded. Organic matter that was 

<2 mm was included in the soil sample.  

Samples were tested for inorganic carbon (IC) using hydrochloric acid (HCl) and 

observing the degree of effervescence (Rayment and Lyons, 2011; Method 19D1). No 

samples required pre-treatment for IC prior to total OC analysis. Total OC and total 

nitrogen (TN) were determined on all samples (to 0.70 m) on approximately 2 g of 

finely ground soil using a LECO (CNS 2000) combustion furnace (Merry and Spouncer, 

1988; Rayment and Lyons, 2011; Method 6B2b) and standard soils were used to verify 

the calibration. Results for this chapter report total OC and total N as mg/g on an oven-

dry basis of soil. 

The mass of OC to a given depth in a hectare of soil, referred to as the OC stock (in Mg 

C/ha) was calculated using the BD of the soil. Carbon stock (Mg C/ha) was calculated 

using a depth standard due to a lack of suitable reference sites: 

OC stock (g/100cm2) = (OC concentration (mg/g) / 10) x BD (g/cm3) x depth (cm) x (1 - 

proportion gravel) 

Where, OC stock (g/100cm2) = OC stock (Mg C/ha). 

Labile C (LC) was determined on all samples using the Blair et al. (1995) method which 

involved oxidation with 333 mM KMnO4. Briefly, 25 mL of 333 mM KMnO4 was added 

to soil containing 15 mg OC as determined by the total OC results. Soil solutions were 

tumbled for one hour, centrifuged at 2000 rpm (RCF =800 g) for 5 minutes and the 

supernatants diluted by 1:250 with type I water. Diluted samples were read using a 

split-beam spectrophotometer at 565 nm and the change in the concentration of 

KMnO4 was used to estimate the concentration of labile C. Results are reported as LC 

mg/g on an oven-dry basis of soil.  
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Colwell Phosphorus (P Col) (Rayment and Lyons, 2011; Method 9B2) was determined 

on the 0-0.05, 0.05-0.10, 0.10-0.20 m soil samples. One gram of soil and 100 mL of 

extracting solution (0.5 M NaHCO3, pH 8.5) were shaken end-over-end for 16 hours at 

25°C. The solution was then centrifuged (2000 rpm) prior to automated colorimetric 

analysis. Results are reported as P (Col): mg P/kg on an air-dry basis of soil. 

Available Sulfur (S KCl40) (Rayment and Lyons, 2011; Method 10D1) was determined on 

the 0-0.05, 0.05-0.10, 0.10-0.20 m soil samples. Thirty mL of 0.25 M KCl extracting 

solution at 40°C was added to 4.5 g soil, mixed and equilibrated in an oven at 40°C for 

3 hours. Samples were then centrifuged (3000 rpm) for 20 minutes and set aside to 

cool to 25°C. The S concentration of the supernatant was determined using ICPAES. 

Results are reported as S (KCl40) mg/kg on an air-dry basis of soil. 

Cation exchange capacity (CEC) was determined on all soil samples (Rayment and 

Lyons, 2011; Method 15E1). Four g of sample was weighed into a centrifuge tube and 

40 ml 0.1 M Barium chloride/0.1 M Ammonium chloride extracting solution was 

added. Samples were shaken end-over-end at 25°C for 2 hours, centrifuged (2000 rpm) 

and diluted (1:5) and analysed by ICP-AES. Results are reported as CEC, calcium (Ca), 

magnesium (Mg), potassium (K) and sodium (Na) cmol+/kg on an air-dry basis of soil. 

Soil pH (Rayment and Lyons, 2011; Method 4B1) was measured on all soil samples. 

Twenty g of soil was mixed with 100 ml of deionised water and shaken end-over-end at 

25°C for 1 hour. Five mL of 0.01M CaCl2 was added to the 1:5 soil/water suspension 

and samples were shaken end-over-end at 25°C for 15 minutes. The unstirred 

supernatant was measured using a standardised pH meter. Results are reported as pH 

(CaCl2) on an air-dried basis of soil. 

3.2.5 Statistical analysis 

Data were grouped and analysed to isolate climate (Monaro and Boorowa regions), 

parent material (basalt and granite; deep and shallow soil profiles) and vegetation 

(introduced and native perennial pastures). Statistical summaries of the soil 

physicochemical attributes associated with each soil forming factor and soil layer were 

produced by fitting linear mixed models and estimating the effects of interest by least 

squares. These included fixed effects defined by the climate, parent material and 
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vegetation, soil layer and their interaction. Random effects were defined by the nested 

survey design of soil cores within paddocks within sites. Some of the data were 

observed to have higher variability at the surface or in subsets of the soil forming 

factors. In these cases the linear mixed model specification included a heterogeneous 

variance matrix so that the standard error of the averages would reflect the extra level 

of variability. The average responses at all combinations of parent material, pasture 

class and soil layer were then predicted along with an estimate of standard error. 

Statistical null hypothesis significance tests for specific contrasts of interest were 

conducted by comparison of the observed effect with an estimated least significant 

difference at the 5 % critical value.  

Observation of the remnant vegetation class was at single sites within two of the 

parent material classes. However, the data are from composite samples and can 

therefore be said to represent the average of the area from which they were taken. 

These observations were included in the models and the averages (based on the 

composite samples for the remnant sites) were estimated by adding the main effects 

of parent material, remnant vegetation class and depth.  

Seven of the traits (total OC, TN, labile C, available P, available S, CEC and pH) were 

chosen for correlation analysis in order to assess the direction and strength of 

associations between them. When considering all of the observations, the correlation 

between traits was clearly affected by the underlying factors in the survey (Figure 3.5). 

It was therefore necessary to adjust for effects of parent material and pasture type 

before estimating the correlations so a multivariate linear model was constructed. The 

average value for each trait to 0.20 m was calculated for each paddock. The 52 

(paddock) by 7 (trait) matrix was modelled as a response to parent material and 

pasture class assuming an unstructured covariance matrix. The estimated covariance 

matrix was then transformed to correlation form.  

All data analysis and statistical graphs were constructed in the R environment (R-

Development-Core-Team, 2012), in particular, the ASReml package (Butler et al., 

2009). 
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3.3 Results  

3.3.1 Carbon profiles – concentration of OC to 0.70 m of soil  

At all sites, total OC concentration in soil decreased with increasing soil depth (Figure 

3.3). Basalt-derived soil under native and introduced pastures had a significantly higher 

OC concentration throughout the soil profile (to 0.70 m) compared with granite-

derived soil from both the Monaro and Boorowa regions but the magnitude of the 

difference declined with increasing depth. In the surface soil layers (to 0.20 m), deep 

granite-derived soil from the Monaro region had a significantly higher (P<0.05) mean 

OC concentration compared with shallow granite-derived soil from the Monaro region 

or deep granite-derived soil from the Boorowa region. At depths greater than 0.30 m, 

for granite-derived soils, the mean total OC concentrations in the Monaro region were 

not significantly different from those in the Boorowa region. 

There was considerable variation in total OC concentrations in all surface soil samples 

(range 12.3 to 93.1 mg/g in the 0.05 m soil) from all parent material and region groups 

(Figure 3.3). Total OC concentration for all soil layers (to 0.70 m) varied more at sites 

with deep granite and basalt-derived soils in the Monaro region compared with 

shallow granite-derived soils in the Monaro region and deep granite-derived soils in 

the Boorowa region (Figure 3.3).   
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Figure 3.3 Mean total OC concentration profiles (mg/g) for native (solid dots and 

solid line) and introduced (hollow dots and dashed line) perennial pastures within 

each region and parent material. Each point represents the vertical midpoint of the 

sampling segment. An approximate 95 % confidence region for the native pasture 

profile is indicated by shading. 
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Similar to total OC concentration, labile C concentration in soil decreased with 

increasing soil depth at all sites (Figure 3.4). The proportion of the total OC 

concentration that was labile C also decreased with an increase in depth (Figure 3.3 

compared with Figure 3.4), indicating more stable forms of OC in soil layers deeper 

than 0.20 m regardless of parent material and region. There was a considerable range 

in the concentration of labile C in the surface soil (0.05 m) for all parent material and 

region groups. Deep granite-derived soil from the Boorowa region and shallow granite-

derived soil from the Monaro region had the least variation in labile C for soil layers 

deeper than 0.05 m (Figure 3.4). Basalt-derived soil had the highest concentration of 

labile C throughout the soil profile (Figure 3.4). Deep granite derived soil in the 

Monaro region had higher labile C concentrations compared with similar soil from the 

Boorowa region.  
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Figure 3.4 Mean labile C concentration profiles (mg/g) for native (solid dots and solid 

line) and introduced (hollow dots and dashed line) perennial pastures within each 

region and parent material. An approximate 95 % confidence region for the native 

pasture profile is indicated by shading. 
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3.3.2 Influence of soil chemistry on soil OC concentration 

Table 3.3 summarises the chemical properties of each parent material class and region. 

The surface soil layers (to 0.20 m) from all sites were compared to investigate the 

relationship that total OC concentration (TOC mg/g) had with TN (mg/g), labile C 

(mg/g), available P (Colwell; mg/kg), available S (KCl40; mg/kg), CEC (cmol+/kg) and pH 

(CaCl2) (Figure 3.5). Based on a linear regression model there were high positive 

relationships between total OC and TN (r2=0.97), labile C (r2=0.86), available P (r2=0.64) 

and available S (r2=0.70). However, the correlations as estimated by multivariate 

regression provide a better indication of correlation after allowing for parent material, 

region and vegetation class (Table 3.4). Based on this multivariate linear model, total 

OC concentration in soil is highly and positively correlated with labile C (r=0.85) and 

total N (r=0.80) and moderately and positively correlated with CEC (r=0.51) and 

available S (r=0.52). There was no significant relationship between total OC and 

available Colwell P. Labile C is highly and positively correlated with total N and 

moderately correlated with available S.  
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Figure 3.5 Correlations between average soil chemical traits in the soil layers to 

0.20 m. All sites are represented. Monaro deep granite-derived soil (open triangle), 

Monaro shallow granite-derived soil (open upside down triangle), Monaro basalt-

derived soil (open circle) and Boorowa deep granite- derived soil (cross). 
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Table 3.3 Soil chemical properties to 0.20 m for region and parent material class. The mean for Colwell phosphorus (P), sulfur (S KCl40), CEC 

(cmol
+
/kg), Total Organic Carbon (TOC mg/g), Total Nitrogen (TN mg/g) and pH (CaCl2), with standard error in parentheses. 

Parent material Depth (m) P (mg/kg) S (mg/kg) CEC (cmol
+
/kg) TOC (mg/g) TN (mg/g) pH (1:5 CaCl2) 

Monaro        

Basalt 0 – 0.05 106 (5.4) 104 (8.0) 33.5 (2.6) 63 (3) 5.7 (0.3) 5.1 (0.1) 

 0.05 – 0.10  62 (4.3)  78 (7.8) 33.6 (2.6) 40 (1) 3.4 (0.1) 5.2 (0.1) 

 0.10 – 0.20  43 (4.3)  59 (7.8) 37.0 (2.6) 31 (1) 2.4 (0.1) 5.5 (0.1) 

Deep granite 0 – 0.05  48 (4.7)  67 (7.9)  8.7 (1.7) 42 (3) 3.5 (0.3) 4.6 (0.1) 

 0.05 – 0.10  24 (3.4)  50 (7.7)  6.0 (1.7) 21 (1) 1.8 (0.1) 4.5 (0.1) 

 0.10 – 0.20  17 (3.4)  32 (7.7)  4.9 (1.7) 11 (1) 1.0 (0.1) 4.6 (0.1) 

Shallow granite 0 – 0.05  41 (6.5)  31 (8.7)  5.7 (2.0) 18 (4) 1.5 (0.4) 4.8 (0.2) 

 0.05 – 0.10  22 (4.4)  26 (8.3)  5.4 (2.0) 11 (1) 0.8 (0.1) 4.8 (0.2) 

 0.10 – 0.20  14 (4.4)  19 (8.3)  5.0 (2.0) 7 (1) 0.5 (0.1) 4.9 (0.2) 

Boorowa        

Deep granite 0 – 0.05  23 (3.8)  24 (6.2)  7.1 (1.4) 26 (2) 2.1 (0.2) 5.0 (0.1) 

 0.05 – 0.10  12 (2.7)  15 (6.0)  4.1 (1.4) 12 (1) 0.9 (0.1) 4.7 (0.1) 

 0.10 – 0.20  6 (2.7)  12 (6.0)  3.2 (1.4) 6 (1) 0.5 (0.1) 4.6 (0.1) 
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Table 3.4 Correlation between selected soil chemical traits (0 to 0.20 m) conditional on parent material and vegetation class transformed from a 

multivariate linear model. Values presented are correlation coefficients (r values). Significant values are indicted (* P<0.05; ** P<0.01).  

 Total OC 
(mg/g) 

Total N 
(mg/g) 

Labile C 
(mg/g) 

Colwell P 
(mg/kg) 

S (KCl40) 
(mg/kg) 

CEC (cmol+/kg) pH 
(CaCl2) 

Total OC 1       

Total N 0.80** 1      

Labile C 0.85** 0.74** 1     

Colwell P 0.19 0.02 -0.06 1    

S (KCl40) 0.52** 0.31* 0.60** -0.09 1   

CEC 0.51** 0.21 0.26 0.49** 0.22 1  

pH -0.06 0.29* -0.08 0.31* -0.29* 0.21 1 
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3.3.3 Carbon stocks in the Monaro and Boorowa regions  

Carbon stocks (Mg C/ha) in granite and basalt-derived soil (to 0.70 m) in the Monaro 

region ranged from 35 to 192 Mg C/ha (Table 3.5). In soil layers, OC stocks ranged from 

12 to 54, 12 to 61 and 15 to 51 Mg C/ha in the 0-0.10, 0.10-0.30 and 0.30-0.70 m soil 

layers respectively. In the Boorowa region, OC stocks in granite-derived soil (to 0.70 m) 

ranged from 41 to 71 Mg C/ha (Table 3.5). In these soils, the OC stocks ranged from 16 

to 30, 10 to 19 and 25 to 44 Mg C/ha in the 0-0.10, 0.10-0.30 and 0.30-0.70 m soil 

layers respectively.  

A considerable proportion of the total OC stock (to 0.70 m) for a site was found deeper 

than the traditional soil sampling depth of 0.10 m and the Kyoto soil C protocol depth 

of 0.30 m (Table 3.5). In the Monaro region, an average of 43 % of the total OC stock 

was measured in the subsoil (0.30 to 0.70 m) of basalt-derived soil, and 28 % in both 

the deep granite and shallow granite-derived soils. On average, 33 % of the total OC 

stock was measured in the subsoil (0.30 to 0.70 m) of sites in the Boorowa region.  

As expected, OC stocks followed a similar trend to the total OC concentration (Figure 

3.3) of each soil layer, decreasing with an increase in depth (Table 3.5). However, due 

to the influence and variance of BD values that are used in the OC stock calculation, 

there was additional variance in OC stock of the basalt and deep granite-derived soils 

from the Monaro region (Table 3.5).  
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Table 3.5 Average carbon stock (Mg C/ha) and standard error (se) in all soil layers for each region, parent material and vegetation type including 

continuously (CG) and rotationally grazed (RG), introduced and native perennial pastures in the Boorowa region. Parent material class for granite 

is classified as deep granite [Granite (D)] or shallow granite [Granite (S)]. Average carbon stock (Mg C/ha) and standard error (se) for 0 to 0.70 m 

calculated as the sum of carbon mass from the depth increments. * Denotes no replication for remnant sites. 

Region – 

parent 

material 

Vegetation 

Depth (m) 

0-0.05 0.05-0.10 0.10-0.20 0.20-0.30 0.30-0.40 0.40-0.50 0.50-0.70 0-0.70 

Monaro          

Basalt Introduced 23.6 (1.7) 17.2 (1.7) 29.5 (1.7) 24.8 (1.7) 21.3 (1.7) 18.3 (1.7) 25.6 (1.7) 160.4 (10.8) 

Basalt Native 21.2 (1.9) 14.9 (1.9) 25.4 (1.9) 23.9 (1.9) 23.1 (1.9) 21.1 (1.9) 27.2 (1.9) 156.9 (10.1) 

Basalt Remnant 16.6 (2.8) 11.2 (2.8) 17.6 (2.8) 20 (2.8) 17.1 (2.8) 14.5 (2.8) 19.3 (2.8) 116.3 * 

Granite (D) Introduced 17.4 (1.6) 12.4 (1.6) 14.3 (1.6) 10.7 (1.6) 8.6 (1.6) 6.5 (1.6) 9.8 (1.7) 78.0 (11.4) 

Granite (D) Native 18.8 (1.5) 11.7 (1.5) 13.6 (1.5) 9.4 (1.5) 7.7 (1.5) 5.9 (1.5) 9.0 (1.6) 75.0 (11.1) 

Granite (D) Remnant 12.7 (2.8) 8.0 (2.8) 10.0 (2.8) 7.4 (2.8) 4.0 (2.8) 2.4 (2.8) … 44.6 * 

Granite (S) Native 9.0 (1.1) 6.0 (1.1) 8.8 (1.1) 6.8 (1.1) 5.9 (1.1) 5.8 (1.1) 2.5 (1.5) 43.3 (3.2) 

Boorowa          

Granite (D) Introduced (CG) 15.7 (1.4)  7.7 (1.4)  8.7 (1.4)  6.7 (1.4)  5.6 (1.4)  5.3 (1.4)  8.0 (1.4) 57.8 (3.9) 

Granite (D) Introduced (RG) 13.0 (1.3)  7.0 (1.3)  7.1 (1.3)  4.9 (1.3)  4.1 (1.3)  4.3 (1.3)  7.6 (1.3) 48.0 (3.5) 

Granite (D) Native (CG) 13.4 (1.4)  7.1 (1.4)  7.9 (1.4)  6.1 (1.4)  5.9 (1.4)  4.9 (1.4)  8.3 (1.4) 53.6 (3.9) 

Granite (D) Native (RG) 14.6 (1.3)  7.0 (1.3)  7.5 (1.3)  4.8 (1.3)  4.5 (1.3)  4.3 (1.3)  6.7 (1.3) 49.4 (3.5) 

Granite (D) Remnant 17.3 (2.8) 8.0 (2.8) 8.8 (2.8) 3.6 (2.8) 2.4 (2.8) 2.9 (2.8) 6.1 (2.8) 49.2 * 
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Parent material and region had a significant influence on OC stocks in soil while 

pasture type (introduced vs native perennial pastures) did not (Table 3.5). Average OC 

stock to 0.70 m in basalt-derived soils (159 (11 se) Mg C/ha) was approximately twice 

that of deep granite-derived soils (77 (11 se) Mg C/ha; P<0.05). The Monaro deep 

granite-derived soils had significantly higher OC stocks than the shallow granite-

derived soils (43 (3 se) Mg C/ha; P<0.05). Deep granite-derived soils in the Monaro 

region had on average over 40 % greater OC stock than similar soils from the Boorowa 

region; 76.5 (11 se) v 51.8 (3 se) Mg C/ha to 0.70 m respectively (Table 3.5).  

There was a considerable range in OC stock within each parent material group. Basalt-

derived soils ranged from 115 to 192 Mg C/ha, deep granite-derived soils ranged from 

45 to 130 Mg C/ha and shallow granite-derived soils ranged from 35 to 57 Mg C/ha. 

Due to inherently shallow soil profiles, only two of the six sites located on shallow 

granite-derived soils were sampled to 0.70 m. All sites with shallow granite-derived soil 

were sampled to 0.50 m and when these soil layers are considered the mean OC stock 

ranged from 34 to 55 Mg C/ha.  

As there was no significant difference in the mean OC stocks under native and 

introduced perennial pastures in the Boorowa region (Table 3.5) all sites were grouped 

to compare grazing management. Continuously grazed sites (55.7 [2.7 se] Mg C/ha) 

had a significantly (P<0.05) higher OC stock to 0.70 m compared with RG sites (48.7 

[2.4 se] Mg C/ha). There was no significant difference observed between grazing 

management when only the surface 0.30 m was considered in the statistical analyses. 

3.4 Discussion 

3.4.1 Major drivers of OC stocks in the Monaro and Boorowa regions 

This study has shown that soil properties and OC stocks can vary within a region and 

has highlighted the potential for soil nutrient status of perennial based pastures to 

influence soil OC stocks. Carbon stocks in the Monaro and Boorowa regions were 

strongly influenced by parent material, climate and soil nutrients. These three 

environmental and soil characteristics influence firstly, biomass production (Baldock et 

al., 2007; Chan et al., 2010; Clement et al., 1978; Skinner, 2008) and, potentially, 

below-ground root production (Jastrow et al., 2000; Lal, 2004b) and, therefore, OM 
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supply to the soil. Secondly, these factors influence OM decomposition and, therefore, 

the retention and accumulation of OM in the soil (Sherrod et al., 2005; Sparling, 1992). 

Soil with a greater supply of OM and properties that enhance the protection of OM 

from decomposition generally have a greater stock of OC (Rees et al., 2005). 

Given the recent attention to sequestering C in agricultural soils, the major drivers of 

OC stocks in these two regions are explored in terms of what cannot be managed 

(environmental factors such as parent material and climate) and those that can (land 

management such as vegetation type, fertiliser use and grazing management). 

3.4.2 What we cannot easily change: parent material and climate 

In the Monaro region, basalt-derived soil had a significantly greater concentration and 

stock of OC compared with granite-derived soil. The difference can be attributed to the 

parent material influence on soil water and nutrient holding capacity related to clay 

content and soil depth. The basalt-derived soils had a higher clay content (based on 

field texture) in the A horizon compared with granite-derived soil (>20 vs 10-20 %) and 

were typically well-structured throughout the profile compared with the moderately- 

to poorly-structured granite-derived soil. This relationship between clay content and 

soil OC concentration agrees with West and Six (2007) meta-analysis of data from 66 

agricultural systems. Their results indicated that clay content (20 to 63 % vs 10 to 30 % 

clay) significantly influenced the soil response to C inputs and therefore soil OC 

concentration. The basalt-derived soil also had inherently higher nutrient 

concentrations, particularly P, compared with granite-derived soil (Table 3.3). Walker 

and Adams (1958) reported that the P content of parent material is a major factor 

governing the accumulation of OM in soil. All of these physical and chemical attributes 

affect biomass production and hence the supply of OM to soil (Chan et al., 2010; 

Garden et al., 2001). However, they also influence decomposition and the protection 

of OM in soil (Clough and Skjemstad, 2000; Jastrow et al., 2000; Six et al., 2002). Clay 

particles are more effective than sand and silt particles in protecting OM from 

decomposition in soil (Bird et al., 2003). Clay particles physically protect OM by limiting 

micro-organism access and chemically protect OM by sorbing organic molecules and 

complexing with clay minerals to form organo-mineral associations (Bird et al., 2003; 
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Conant et al., 2003; Oades, 1995; Shepherd et al., 2001; Six et al., 2002; West and Six, 

2007).  

Increasing OM supply to soil through enhanced biomass production and protecting OM 

from decomposition has obvious implications for the accumulation of OC in soil. The 

higher concentration of total OC (Figure 3.3) and labile C (Figure 3.4) and greater stock 

of OC in basalt-derived soil compared with granite-derived soil (Table 3.5) highlights 

the influence of parent material and inherent soil properties, which are not easily 

altered.  

Our observations also indicate that climate, measured by comparing the OC stocks in 

deep granite-derived soil with similar soil properties, pasture compositions and 

management from two regions (Monaro vs Boorowa) of differing rainfall patterns and 

temperatures, influenced OC stocks. Carbon stocks were significantly greater in the 

Monaro region compared with the Boorowa region (Table 3.5). However, there was no 

significant difference in total OC concentration deeper than 0.30 m (Figure 3.3). Given 

the similarity in soil properties and pastures it is reasonable to assume similar potential 

to grow biomass. This is evidenced by similar annual dry matter production estimated 

using the GrassGro® pasture growth model (Moore et al., 1997)  for a given pasture 

system (Table 3.2). Decomposition of OM in soil is largely influenced by soil 

temperature and moisture and correlates positively with these two factors (Conant et 

al., 2011; Jastrow et al., 2000; Kirschbaum, 1995; Sparling, 1992). The mean annual 

rainfall (1995 to 2010) in the Boorowa region was 555 mm with mean annual 

maximum and minimum temperatures of 22 and 7°C compared with 514 mm in the 

Monaro region and 20 and 4°C, respectively (Bureau of Meteorology, 2012a; 2012b). 

The relatively uniform rainfall pattern in the Boorowa region may mean that soil 

moisture is less variable seasonally and therefore more available for OM 

decomposition by soil microbes compared with the strongly summer dominant rainfall 

pattern in the Monaro region (Figure 3.2). Higher labile C concentrations in deep 

granite-derived soil from the Monaro region (Figure 3.4) support this notion. 

Additionally, long-term average climate data indicate that the Monaro region typically 

has average minimum temperatures that are less than 5°C for at least one month 

longer than the Boorowa region and are on average 4°C colder in winter (Bureau of 
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Meteorology, 2012a; 2012b). Therefore, it is proposed that the more variable and 

lower rainfall and colder temperatures in the Monaro region has resulted in less OM 

decomposition and, hence, increased the rate of OC accumulation in the surface 0.30 

m of soil. Future research should include measurements or modelled estimates of NPP, 

and consequential C inputs, so that the attribution of OC differences between OM 

supply and decomposition can be determined when comparing similar soil from 

different climatic regions. 

3.4.3 What we can manage: perennial pasture species, soil nutrients and grazing 

management 

Established (prior to 1995) perennial based pastures were selected for this study as 

they represent an important agricultural land use in southern NSW and they have been 

suggested as representing agricultural systems with maximum C sequestration 

potential (Chan et al., 2010; Lal, 2004b; Post and Kwon, 2000; Sanderman et al., 2010). 

In both regions, introduced perennial pastures were established more than 12 years 

ago (on average 31 years), to increase herbage mass production and feed quality. It 

was hypothesised that there would be a difference in OC stocks under native and 

introduced perennial pastures due to increases in OM supply associated with increases 

in herbage mass production, particularly greater below-ground root production, under 

introduced pastures. West and Six (2007) estimated that C sequestration in soil 

following the establishment of a well-managed introduced perennial pasture would 

peak at 5 years and continue increasing at a declining rate for up to 45 years. However, 

similar to Chan et al. (2010), the results from this field survey showed no difference in 

OC stocks due to pasture type (Table 3.5). Chan et al. (2010) suggested that differences 

in C sequestration between native and introduced perennial pastures were too small 

to detect given the large background mass of OC in soil. However, the absence of 

difference in this study may be explained by the preceding 10 years of dry conditions 

which may have led to underperforming introduced pastures and lower fertiliser 

application rates compared with years with average annual rainfall. Land management 

data for sites sampled in this study also indicated that the rates of fertiliser application 

in that period were lower than the long-term district-practice in both regions. This 

agrees with Garden et al. (2000; 2001) observations of introduced pasture decline in 
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southern NSW following drought and low fertiliser inputs. From a C trading 

perspective, if there was a difference in OC stock due to pasture type and this has been 

reduced due to the drought or pasture decline then the C sequestered was not 

persistent and therefore not suitable for a trading scheme with 25 or 100 year 

permanency rules as is the case in Australia.  

It has also been suggested that perennial pastures may increase the OM content of soil 

beyond that in soil under Australian native forests and grasslands. This may be 

achieved by enhancing soil aggregation, thereby protecting OM from decomposition 

(Oades 1995). Well-managed perennial pastures may increase C sequestration in soil 

by contributing large amounts of above- and below-ground organic residues to the soil, 

supplying residues with greater soil persistence (higher C:N ratios and lignin content), 

reducing soil disturbance, enhancing soil aggregation and creating a drier soil profile 

compared with most agricultural crops and remnant vegetation systems (Chan et al., 

2009; Chan et al., 2010; Lal, 2004b; Post and Kwon, 2000; Sanderman et al., 2010; 

Sparling, 1992). Remnant sites were selected for this study to provide a benchmark for 

pre-agriculture soil OC stocks in the absence of temporal data. While the number of 

remnant sites identified was insufficient to detect a significant difference, and 

acknowledging that the remnant sites selected in this study may not represent a true 

baseline of OC stocks under native ecosystems, the data indicates that perennial based 

pastures under agricultural management may have increased OC stocks relative to 

native vegetation (Table 3.5).  

The results of this study show that the concentration of OC in soil is strongly related to 

the concentration of total N and available S. Soil fertility is an inherent soil property 

largely determined by parent material and can be enhanced by land management 

through the application of nutrients and/or growing plants such as legumes. In this 

study, plant available P and S were measured to evaluate each sites’ potential to grow 

herbage mass and therefore supply OM to soil. Adequate pasture nutrition increases 

herbage mass production (Condron et al., 2012; Dalal and Chan, 2001; Dalal et al., 

1995; Davies et al., 1998; Russell and Willliams, 1982), and this may increase soil OC 

concentration (van Groenigen et al., 2006; Walker and Adams, 1958), or may not 

(Condron et al., 2012; Scott et al., 2012). Nitrogen, P and S are important for 
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biochemically stabilising OC in soil, thus protecting the humified OM from further 

decomposition (Kirkby et al., 2011; Walker and Adams, 1958). The range in OC stock 

within each parent material group (Table 3.5) and the significant correlations between 

total OC and total N and available S (Table 3.4) suggest that managing soil fertility may 

increase soil OC accumulation. This agrees with van Groenigen et al. (2006) whose 

meta-analysis of 80 studies from around the world indicated that soil OC 

concentrations increased under elevated CO2 conditions with N, P and S inputs. 

Interestingly, while Chan et al. (2010) reported that P (Colwell) was the most 

significant factor influencing OC stocks under pastures on similar soil types to the 

granite-derived soils in this study, this field survey indicates a stronger positive 

correlation of OC concentration with available S when parent material is considered 

(Table 3.4).  

Similar to Chan et al. (2010), there was no significant difference observed in OC stocks 

in the surface 0.30 m of soil with different grazing management systems in this field 

survey. However, perennial based pastures that were continuously grazed (CG) had a 

significantly greater stock of OC in the 0 to 0.70 m of soil compared with those that 

were rotationally grazed (RG) (Table 3.5). This highlights the importance of measuring 

OC stocks deeper than 0.30 m to detect management induced changes and suggests 

that grazing management may influence subsoil OC accumulation. It is worthwhile 

noting that all the RG pastures were also low-input sites, where mineral fertilisers had 

not been applied for at least 10 years. Given the relationship between soil OC 

concentration and N and S (Table 3.4, Figure 3.5), it may be that the difference in OC 

stocks between rotationally and continuously grazed pastures is more attributed to soil 

nutrients than the type of grazing management used. Therefore, this simplistic 

assessment of the influence of grazing management (CG vs RG) may be insufficient to 

detect changes in soil OC stocks attributable to grazing management without 

considering potential confounding factors such as soil nutrients. 

3.5. Conclusions 

The mass of OC stored in the soil profile was largely influenced by parent material and 

climate, factors outside immediate control of land managers. The implication of this 

finding is that not all agricultural land has the same potential to be a C sink and this 
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may affect landholders’ ability and willingness to engage in C trading schemes. For a 

given soil and climate, this study showed a positive correlation between OC in soil and 

soil nutrients (N and S) which may suggest that fertiliser management can be used to 

increase OC stocks under perennial pastures. Any increases in OC accumulation in soil 

following a fertiliser program are likely to be as a consequence of increased pasture 

production and therefore, OM supply. Whether it is economically viable to fertilise to 

increase OC stocks will depend on the difference between initial OC stock and the 

maximum potential OC stock for that soil, the amount and cost of fertiliser used and 

the price of C paid if the landholder is engaged in a C trading scheme. In addition, the 

impacts of climate change including the occurrence and severity of drought on 

perennial pastures needs to be considered, as this may limit biomass production and, 

therefore, the potential to sequester C in soil and may compromise the reliability of 

these soils to be a C sink. 

While continuous grazing was associated with greater OC stocks compared with 

rotational grazing management, it was not possible to separate grazing management 

from fertiliser management as the two were confounded in this study. Future studies 

should ensure the experimental design has adequate replication of sites and that 

management factors can be grouped appropriately to improve the likelihood of 

detecting management induced changes in soil OC stocks. The research reported here 

has also highlighted the importance of sampling beyond 0.30 m depth when 

investigating changes in OC stocks in agricultural systems. Failure to do so may lead to 

misleading conclusions relating to the influence of land management on the 

accumulation of OC in soil. It is therefore recommended that, where possible, subsoil 

sampling is considered in soil OC research. 
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Chapter Four: Parent material and climate influence soil organic carbon fractions 

under pastures in south eastern Australia 

 

The work in this chapter has been accepted with revisions for publication: 

Orgill, S.E., Condon, J.R., Conyers, M.K., Morris, S.G., Murphy, B.W., and Greene, R.S.B. 

2017. Parent material and climate influence soil organic carbon fractions under 

pastures in south eastern Australia. Soil Research. 

 

Minor changes have been made to the text, figures and tables to ensure the units and 

terminology are consistent throughout this thesis.  
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4.1 Introduction 

Agricultural soil in Australia is estimated to store 12.76 Gt of organic carbon (OC) in the 

0 to 0.30 m layer (Viscarra Rossel et al., 2014). Over the past 20 years, research has 

increasingly focused on land management options to increase the stock and 

permanence of OC in soil. In particular, the south eastern agricultural zone of Australia 

has been identified as having potential to increase its store of OC in soil (Luo et al., 

2010; Zhao et al., 2013). Pastures are reported to offer a considerable opportunity for 

OC accumulation in agricultural soil (Conant et al., 2001). Globally, improved pasture 

management such as species selection, irrigation, nutrient application, lime application 

and grazing management, has been suggested to increase the stock of OC in soil by an 

average of 0.54 Mg C/ha/yr (0 to 0.30 m), with mean values ranging from 0.11 to 3.04 

Mg C/ha/yr (Conant et al., 2001). In south eastern Australia, long-term field trials have 

demonstrated increases of up to 0.70 Mg C/ha/yr under dryland perennial pastures, 

with the highest sequestration rates associated with converting cropped fields with 

low OC concentrations to fertilised perennial pastures (Conyers et al., 2015). In recent 

years, field surveys have been increasingly used in Australia to investigate how 

differences in OC stocks relate to land use and management (Badgery et al., 2013; 

Badgery et al., 2014; Chan et al., 2010; Davy and Koen, 2013; Orgill et al., 2014; Rabbi 

et al., 2014; Robertson et al., 2016; Schwenke et al., 2013). Results from these field 

surveys highlight the variable and often non-significant response of OC in soil to 

pasture management; notably little difference in OC stocks under annual vs perennial, 

introduced vs native and rotationally vs continuously grazed pastures. One example of 

a significant response to management is the application of phosphorus (P) to 

introduced perennial pastures in south eastern Australia which increased OC stocks by 

between 0.26 and 0.72 (mean 0.41) Mg C/ha/yr (Chan et al., 2010). One explanation 

for little response of OC in soil to pasture management is that the growth potential of 

perennial pastures may be limited by the pasture sward composition or inadequate 

soil nutrition (Badgery et al., 2014).  

Given the diverse chemical composition of OC in soil, it has become increasingly 

common to measure the components of OC in soil that are more sensitive to changes 

due to land management and thus determine the likely permanence of any increase of 
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OC in soil (Baldock et al., 2013; Blair et al., 1995; Chan et al., 2002; Janzen, 2005; 

Skjemstad et al., 1996). The different components of OC can be categorised into 

biologically significant fractions, ordered from most vulnerable to biological 

degradation to least vulnerable, and include particulate OC, humus and char-like 

components (Baldock et al., 2013; Skjemstad et al., 1996). This order of vulnerability of 

OC fractions in soil also reflects the order in which land management most readily 

influences OC in soil. Some of the previously mentioned field surveys in south eastern 

Australia reported correlations between land management and the type of OC. For 

example, more particulate OC has been observed under perennial pastures when 

compared with continuously cropped fields (Badgery et al., 2014; Rabbi et al., 2014; 

Schwenke et al., 2013), although others have reported no difference (Davy and Koen, 

2013). While pastures may increase particulate OC compared with cropped fields, it 

has been argued that increasing these active fractions does not necessarily result in a 

net increase in the total stock of OC in soil (Chan et al., 2002). This may be due to an 

equilibrium between OM supply and decomposition under perennial pastures 

(Paustian et al., 1997b) or may indicate the overriding influence of environmental 

factors on the stock of different OC fractions. Parent material and climate influence 

soil properties, the processes that regulate soil properties and net primary production. 

While climate has been suggested to influence the stock of total OC and OC fractions in 

soil (Rabbi et al., 2014; Robertson et al., 2016), few studies have investigated the 

influence of parent material within a given climate on OC fractions under pastures 

(Hobley et al., 2015). 

This study compares OC in soil under perennial pastures with contrasting parent 

material and climate in south eastern Australia. The objective of this study is to a) 

assesses the influence of these two environmental factors on total OC stock and OC 

fractions, and b) identify opportunities for land management to increase OC 

accumulation in soil. It is hypothesised that within a given climate and parent material, 

there is more OC in soil under introduced compared with native perennial pastures 

due to higher soil nutrient status fertility associated with soil nutrient management 

programs and greater OM supply to soil under introduced perennial pastures. 
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4.2 Materials and Methods 

4.2.1 Study sites 

Three study regions with contrasting climates were selected in southern New South 

Wales (NSW), Australia; the Monaro, Boorowa and Coleambally regions (Table 4.1). 

The Monaro and Boorowa regions are located on the southern tablelands of NSW 

where the primary land use is livestock grazing (sheep and cattle) on dryland perennial 

pastures. The Coleambally region is located in the Riverina district of south western 

NSW, where historically irrigated crops were grown. However, due to reduced water 

allocations (primarily due to the Millennium Drought) the amount of land under 

irrigation has reduced and livestock grazing on dryland annual and perennial pastures 

has become more common. The sites included in this study were largely rain-fed with 

some crops (in rotation) occasionally irrigated. 

Soils were classified according to the World Reference Base for Soil Resources (WRB) 

(IUSS Working Group WRB, 2015) and the Australian Soil Classification System (ASC) (Isbell, 

2002). Soil chemical data are summarised in Table 4.2. In the Monaro region, 19 sites 

with granite-derived duplex soils (WRB: Lixisols and Acrisols; ASC: Chromosols and Kurosols) 

and 13 sites with basalt-derived gradational soils (WRB: Phaeozems and Nitisols; ASC: 

Dermosols) were sampled. Granite-derived soils were divided into deep granite-derived 

soil (13 sites) where the C horizon was deeper than 0.50 m and shallow granite-derived 

soil (6 sites) where the C horizon was within 0.50 m of the soil surface. In the Boorowa 

region, 20 sites with deep granite-derived duplex soils (WRB: Lixisols and Acrisols; ASC: 

Chromosols and Kurosols) were sampled. Soil types for sites in the Monaro and Boorowa 

regions have previously been reported in Chapter 3 (Table 3.1).  

The Coleambally region is located on an alluvial plain consisting of 100 to 200 m of 

non-indurated sediments, plains, prior streams and aeolian clay deposits (Hornbuckle 

et al., 2008). The parent material for this region is alluvium and is referred to from 

here on as ‘plains’ and relates to the typically weakly self-mulching Coleambally clays 

(Hornbuckle et al., 2008). The 20 sites sampled in the Coleambally region were 

Vertisols and Calcisols (WRB; ASC: Vertosols). The plains soil had a uniform and high clay 

content (>35 %) throughout the soil profile with moderate soil structure, strong vertic 
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properties expressed as cracks >5 mm wide at the surface (typically >20 mm) and some 

carbonates in the B horizon.  

Rainfall and temperature data (1980 to 2010) for each site was extracted from the SILO 

climate database (Department of Science Information Technology and Innovation, 

2013).  

4.2.2 Land management  

Paired study sites (<500 m distance) with similar soil and landscape attributes were 

selected in each of the three regions. Deep granite-derived soil from the Monaro and 

Boorowa regions were either Chromosols or Kurosols, and were grouped together as in 

most cases the soil pH (CaCl2) of the upper B2 horizon was close to 4.6 (that is, the threshold 

that differentiates these two soil types). Native and introduced perennial pastures and 

grazing management for sites in the Monaro and Boorowa regions are described in 

Chapter 3. Briefly, sites were rain-fed, native pastures had never been cultivated, and 

introduced pastures were established between 1955 and 1998, with a mean 

establishment age of 31 years (median 29 years). Prior to introduced pasture, sites 

were native pastures some of which were cropped the year before pasture 

establishment. Sites ranged from continuously grazed where stock were present all the 

time, to rotationally grazed where stock were removed and fields rested to encourage 

pasture regeneration. Most landholders reported below-average applications of 

mineral fertilisers for more than 10 of the 15 years covered by the management survey 

period due to below-average rainfall. In general, mineral phosphate fertilisers such as 

single superphosphate (SSP) are applied to pastures on granite-derived soil (typically 

125 kg/ha), while gypsum is applied to address inherent S deficiencies on basalt-

derived soil (typically 125 kg/ha).  

In the Coleambally region, nine pasture and ten cropped sites were sampled. Pasture 

sites had been under annual and perennial pasture for at least 5 years and were 

occasionally irrigated. The main pasture species included: lucerne (Medicago sativa L.), 

fescue (Festuca arundinacea Schreb.), phalaris (Phalaris aquatica L.), annual ryegrass 

(Lolium rigidum Gaudin), balsana clover (Trifolium michelianum Savi.) and 

subterranean clover (Trifolium subterraneum L.). Most pastures were either annually 
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or occasionally fertilised with P fertilisers (SSP; typically 125 kg/ha), P and N fertilisers 

(diammonium phosphate; typically 125 kg/ha), and/or N fertilisers (urea; typically 

125 kg/ha). Cropped sites had been in crop for at least 5 of the 10 years preceding and 

were barley, wheat or fallow at the time of sampling. Stubble management in cropped 

fields depended on seasonal conditions and included: stubble remaining standing, 

stubble incorporated by ploughing or stubble burned. All crops were fertilised with P 

and/or N based fertilisers (diammonium phosphate; ranging from 120 to 200 kg/ha, or 

urea; ranging from 100 to 400 kg/ha). 

A total of five sites across the three study regions (Table 4.2) were selected as remnant 

native vegetation sites to indicate the likely stock of OC in soil pre-agriculture, or 

without agricultural management. These sites had not been used for agriculture for at 

least 30 years (that is, they were ungrazed by domestic livestock) and were 

conservation areas. 



Chapter Four: Field Survey (Part B) 

94 

 

Table 4.1 Summary of climate and landscape data for the Monaro, Boorowa and Coleambally regions. Köppen-Geiger climate classification (Peel 

et al., 2007). Rainfall (mm), temperature (°C) and annual vapour pressure deficit (VPD; mm) values are mean 30 year data (1980 to 2010) for each 

region based on the sites sampled in this study (SILO database; Department of Science Information Technology and Innovation, 2013). Mean 

elevation (m) and slope (%) for sites within each region from the Smoothed Digital Elevation Model of Australia (DEM-S; ANZCW0703014016).  

Attribute Monaro Boorowa Coleambally 

Location -36°14′06″S, 149°07′33″E -34°44′00″S, 148°72′00″E -34°48′00″S, 145°53′00″E 

Köppen-Geiger climate 
classification 

Cfa (temperate, without dry 
season, warm summer) 

Cfa (temperate, without dry 
season, warm summer) 

BSh (arid, steppe, hot mean annual 
temperature) 

Rainfall (mm)    

Annual 548 654 404 

Autumn-Winter  275 401 247 

Spring-Summer 272 252 157 

Temperature (°C)    

Annual 11 14 17 

Autumn-Winter  7 10 13 

Spring-Summer 16 20 23 

Other     

VPD (mm) 0.52 0.71 1.03 

Elevation (m) 958 582 121 

Slope (%) 5 6 0 
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Table 4.2 Summary of major soil attributes in the Monaro, Boorowa and Coleambally regions. Parent material classes: basalt, deep granite 

(Granite D), shallow granite (Granite S) and plains. Vegetation type: introduced pasture (Pasture I), native pasture (Pasture N), remnant 

vegetation (Remnant; single sites) and crop. Soil classes (WRB): Phaeozems (PH), Nitisols (NT), Lixisols (LX), Acrisols (AC), Vertisols (VR) and 

Calcisols (CL). Mean soil chemical attributes (sd) for the 0 to 0.05 and 0.05 to 0.10 m soil: total OC (mg/g), total N (mg/g), cation exchange 

capacity (CEC cmol
+
/kg), Colwell P (P mg/kg), sulfur (S KCl40 mg/kg), soil pH (1:5 CaCl2) and field texture (1: 0-0.05 m, 2: 0.05-0.10 m, 3: 0.10-

0.20 m, 4: 0.20-0.30 m). Soil chemistry for remnant vegetation areas were from single sites.  

Class  Sites 

(n) 

Soil type 

(WRB) 

Soil depth 

(m) 

Total OC 

(mg/g) 

Total N 

(mg/g) 

CEC 

(cmol
+
/kg) 

P 

(mg/kg) 

S 

(mg/kg) 

Soil pH 

(CaCl2) 

Texture 

Monaro - Basalt          

Pasture (I) 6 PH (3), 
NT (3)  

0 – 0.05 68.9 (14.9) 6.5 (1.4) 33 (9) 112 (28) 123 (33) 5.01 (0.4) 1 Clay loam 

  0.05 – 0.10 41.5 (8.2) 3.7 (0.8) 33 (9) 62 (20) 93 (29) 5.09 (0.3) 2 Clay loam 

Pasture (N) 6 PH (3), 
NT (3) 

0 – 0.05 60.4 (17.7) 5.4 (1.5) 33 (9) 98 (27) 102 (37) 5.18 (0.3) 3 Clay loam 

  0.05 – 0.10 39.7 (12.5) 3.3 (0.9) 34 (9) 59 (22) 77 (30) 5.31 (0.3) 4 Light clay 

Remnant 1 PH 0 – 0.05 46.8  3.1 33 117 34 4.68  

   0.05 – 0.10 38.7 2.7 33 81 32 3.87  

Monaro - Granite (D)          

Pasture (I) 6 LX (4), 
AC (2) 

0 – 0.05 39.3 (12.5) 3.7 (1.4) 9 (4) 58 (36) 73 (26) 4.58 (0.2) 1 Sandy loam 

  0.05 – 0.10 20.7 (6.3) 1.8 (0.5) 6 (2) 30 (20) 57 (28) 4.47 (0.3) 2 Sandy loam 

Pasture (N) 6 LX (3), 
AC (3) 

0 – 0.05 44.9 (22.4) 3.6 (1.3) 9 (2) 43 (8) 71 (41) 4.72 (0.2) 3 Sandy loam 

  0.05 – 0.10 22.9 (13.1) 1.9 (1.0) 6 (2) 21 (6) 50 (30) 4.69 (0.2) 4 Coarse sandy clay 

Remnant 1 AC  0 – 0.05 46.7  2.3 6 17 31 4.17  
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   0.05 – 0.10 17.6 1.1 4 9 21 4.03  

Monaro - Granite (S)          

Pasture (N) 6 LX (6) 0 – 0.05 17.6 (8.3) 1.5 (0.8) 6 (1) 41 (20) 31 (7) 4.75 (0.2) 1 Sandy loam 

   0.05 – 0.10 10.8 (1.3) 0.8 (0.2) 5 (1) 22 (11) 26 (8) 4.82 (0.4) 2 Sandy loam 

          3 Sandy loam 

          4 Coarse sandy clay 

Boorowa - Granite (D)         

Pasture (I) 9 LX (8), 
AC (1) 

0 – 0.05 25.0 (5.1) 2.1 (0.5) 8 (3) 31 (13) 24 (10) 5.29 (0.5) 1 Fine sandy loam 

  0.05 – 0.10 11.7 (2.8) 0.9 (0.2) 4 (1) 16 (4) 16 (3) 4.66 (0.4) 2 Fine sandy loam 

Pasture (N) 9 LX (8), 
AC (1) 

0 – 0.05 25.2 (4.3) 2.1 (0.4) 6 (1) 17 (4) 25 (10) 4.75 (0.3) 3 Sandy loam 

  0.05 – 0.10 11.5 (1.3) 0.9 (0.2) 4 (1) 8 (2) 17 (5) 4.58 (0.3) 4 Sandy clay loam 

Remnant 2 LX (1), 
AC (1)  

0 – 0.05 32.1 2.2 10 16 20 5.23  

  0.05 – 0.10 13.9 0.9 5 7 10 5.16  

Coleambally – Plains          

Crop 10 VR (6), 
CL (4) 

0 – 0.05 13.4 (3.6) 1.3 (0.4) 18 (7) 67 (50) 50 (31) 5.76 (0.8) 1 Light clay 

  0.05 – 0.10 10.2 (1.9) 1.1 (0.2) 19 (9) 46 (35) 53 (46) 5.66 (0.8) 2 Light clay 

Pasture (I) 9 VR (6), 
CL (3) 

0 – 0.05 19.5 (5.7) 1.7 (0.4) 25 (8) 69 (30) 52 (10) 5.94 (0.8) 3 Light clay 

  0.05 – 0.10 11.7 (4.1) 1.1 (0.3) 25 (8) 31 (13) 34 (17) 5.86 (0.9) 4 Medium clay 

Remnant 1 CL 0 – 0.05 19.5 1.4 19  128 75 5.09  

   0.05 – 0.10 12.2 0.9 19 79 118 5.64  
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4.2.3 Soil sampling 

Sites were sampled in August 2009 in the Monaro region, October 2009 in the 

Coleambally region and April 2010 in the Boorowa region. The Monaro and Boorowa 

region sites are the same as those reported in Chapter 3. Soil samples were collected 

from a 40 x 40 m representative area within each field. At each site, sixteen cores were 

collected to a depth of at least 0.40 m for chemical analyses and four cores were 

collected for bulk density (BD). Soil cores were divided into four soil layers; 0-0.05, 

0.05-0.10, 0.10-0.20 and 0.20-0.30 m. Samples for chemical analyses were composited 

in the field while cores for BD were analysed separately.  

4.2.4 Analytical methods 

Soil samples were oven-dried at 40°C, passed through a 2 mm sieve and ground to 

<0.5 mm using a single puck mill head (Rayment and Lyons, 2011; Method 17A1). 

Gravel and OM that was >2 mm was weighed and discarded. The oven dried equivalent 

(ODE) mass of soil was measured on subsamples dried at 105°C for 48 hours. Results 

for this chapter are on an ODE of soil mass.  

Bulk density (BD g/cm3) was determined on samples dried at 105°C as described by 

Dane and Topp (2002).  

Soil chemical analyses were conducted according to Rayment and Lyons (2011): 

Colwell Phosphorus (P Col mg/kg; Method 9B2), Sulfur (S KCl40 mg/kg; Method 10D1), 

Cation Exchange Capacity (CEC cmol+/kg; Method 15E1) and soil pH (pH CaCl2; Method 

4B2).  

Samples were screened for inorganic carbon using hydrochloric acid (Rayment and 

Lyons, 2011; Method 19D1). Samples that displayed effervescence were pre-treated 

prior to total OC analysis with sulphurous acid (Sanderman et al., 2011). Total OC (TOC 

mg/g) and Total N (TN mg/g) were determined on finely ground soil using a LECO (CNS 

2000) combustion furnace (Rayment and Lyons, 2011; Method 6B2b). Particulate OC 

(POC), humic OC (HUM) and resistant OC (ROC) fractions were determined using Mid 

Infrared Spectroscopy (MIR) with a spectral range of 7800-400cm-1 at 8cm-1 resolution 

in a Thermo Nicolet 6700 FTIR spectrometer, as described by Baldock et al. (2013). 

Predictions for total OC, POC, HUM, ROC, Total N, pH, Clay, SiO2, Al and Fe from 
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individual soil spectra were generated using PLSR and based on calibrated datasets 

(Baldock et al., 2013).  

4.2.5 Calculating OC stocks 

Carbon stocks (Mg C/ha) based on an equivalent mass of soil to 0.10 and 0.30 m were 

calculated using Equation 1 to calculate the stock to a depth standard (DS) for the soil 

layers and then Equation 2 to calculate stock based on an equivalent soil mass (ESM) 

for either the 0 to 0.10 m (Equation 2a) or 0 to 0.30 m (Equation 2b) soil layer. The 

reference soil mass (for ESM) was calculated as the 10th percentile of soil mass values 

for the 0 to 0.10 or 0 to 0.30 m soil layer of the parent material class in each region. 

The 10th percentile is a mass near the lower end of the observed range (10 % of values 

are below; 90 % are above). 

Equation 1. 

DS OC stock (g/100cm2) = (OC concentration (mg/g) / 10) x BD (g/cm3) x depth (cm) x 

(1 - proportion gravel) 

Where, OC stock (g/100cm2) = OC stock (Mg C/ha). 

Equation 2a.  

ESM OC stock (Mg C/ha 0 to 0.10 m) = DS 0 - 0.05 + (DS 0.05-0.10 x ((ESM ref –Soil Mass 0-

0.05)/ Soil Mass 0.05-0.10)) 

Where, DS 0-0.05 is the sum of OC stock for all soil layers to 0.05 m calculated using 

Equation 1, DS 0.05-0.10 is the OC stock for the 0.05 to 0.10 m soil layer calculated using 

Equation 1, ESM ref is the reference soil mass for the 0 to 0.10 m soil layer, Soil 

Mass 0-0.05 is the actual mass of the 0 to 0. 05 m soil layer and Soil Mass 0.05-0.10 is the 

actual mass of the 0.05 to 0.10 m soil layer. 

Equation 2b.  

ESM OC stock (Mg C/ha 0 to 0.30 m) = DS 0 - 0.20 + (DS 0.20-0.30 x ((ESM ref –Soil Mass 0-

0.20)/ Soil Mass 0.20-0.30)) 
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Where, DS 0-0.20 is the sum of OC stock for all soil layers to 0.20 m calculated using 

Equation 1, DS 0.20-0.30 is the OC stock for the 0.20 to 0.30 m soil layer calculated using 

Equation 1, ESM ref is the reference soil mass for the 0 to 0.30 m soil layer, Soil 

Mass 0-0.20 is the actual mass of the 0 to 0.20 m soil layer and Soil Mass 0.20-0.30 is the 

actual mass of the 0.20 to 0.30 m soil layer. 

An example of calculating OC stocks (Mg C/ha) based on an equivalent mass of soil is 

presented in Appendix 2.1. The OC stocks (Mg C/ha) presented in this chapter are 

based on an equivalent mass of soil and the nominal soil depth layers of 0 to 0.10 and 

0 to 0.30 m are referred to in this chapter.  

4.2.6 Statistical analysis 

The effect of parent material and land use (that is, vegetation type) on OC stock was 

estimated by linear models. Variation in OC stock was described by effects due to 

parent material and vegetation plus the interaction effect where estimable. 

Significance tests were conducted for each effect by F-ratio tests.  

 Estimates of the mean OC stock for each parent material were derived by aggregating 

over the vegetation effects. Standard errors were calculated for each parent material 

because the number of observations varied. Paired comparison tests were conducted 

by calculating the least significant difference at 5 % critical value specific to each 

pairing of the parent material. The mean for each vegetation class within parent 

material was also calculated from the linear models. 

Measured soil chemical factors (TOC, TN, Colwell P, available S and CEC) were 

aggregated over the sub cores from 0 to 0.20 m (the maximum depth over which they 

were measured) and a different set of factors determined by MIR spectra (POC, ROC, 

HUM, TN, soil pH, clay, SiO2 and Al) were aggregated over 0 to 0.30 m (the maximum 

depth over which they were measured). The strength of association between soil 

factors in each set was assessed by estimating correlations. The effects of parent 

material and vegetation on the multivariate data were likely to cause spurious 

correlations between the soil chemical factors if ignored so the correlation matrix was 

estimated by multivariate linear model. The data matrix from each set was modelled in 
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response to parent material and vegetation assuming an unstructured covariance 

matrix. The estimated covariance matrix was then transformed to correlation form. 

All data analysis and graphs were constructed in the R environment (R Core Team, 

2015). 

4.3 Results and Discussion  

4.3.1 Environmental factors: parent material and climate 

Parent material significantly (P<0.05) influenced the concentration of total OC and OC 

fractions in soil (Figure 4.1), and the stock of OC in the 0 to 0.10 and 0 to 0.30 m soil 

(Table 4.3). Basalt-derived soil had a significantly (P<0.05) greater stock of total OC, 

ROC and HUM for the 0 to 0.10 and 0 to 0.30 m soil compared with all other parent 

material (Table 4.3). Deep granite-derived soil (Monaro) had a significantly (P<0.05) 

greater stock of total OC and OC fractions in the 0 to 0.10 and 0 to 0.30 m soil 

compared with shallow granite-derived, deep granite-derived (Boorowa) and plains 

soil (Table 4.3). There was a statistically similar stock of POC in basalt- and deep 

granite-derived soil (0 to 0.30 m) in the Monaro region; 12.8 vs 13.3 Mg/ha (0.8 se) 0 

to 0.30 m (Table 4.3). This suggests that while environmental factors are influencing 

ROC and HUM in soil, POC may be influenced by other factors, such as land 

management.  
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Figure 4.1 Correlation scatterplot of total (TOC), particulate (POC), resistant (ROC) 

and humic (HUM) organic carbon (mg/g) for soil derived from different parent 

material classes: Boorowa deep granite (closed circle), Coleambally plains (cross) and 

Monaro basalt (open circle), deep granite (upside down triangle) and shallow granite 

(triangle).  
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Parent material of soil formed in situ determines soil texture and mineralogy. Soil with 

a high proportion of clay-sized particles, such as basalt-derived soil, is associated with 

high nutrient, water holding and cation exchange capacity (Hudson, 1994) compared 

with soil dominated by sand-sized particles, such as the surface layers of granite-

derived soil. Under the same land use, clay-rich soils may potentially grow more 

biomass and protect more OM through soil aggregation and organo-mineral 

associations leading to a greater stock of OC in soil (Baldock and Skjemstad, 2000). In 

contrast, soils with a high proportion of sand-sized particles may produce a negative 

correlation between the proportion of sand and OC in soil (Badgery et al., 2013; Rabbi 

et al., 2014). There was no apparent relationship between OC and clay content (Table 

4.4a) which may suggest a minimal protective role of clay in these soils. Alternatively, 

this may reflect the poor predictive capacity of the underlying model to interpret the 

MIR spectra for clay content due to limited representation of local samples in the 

validation dataset for clay% (despite being well-represented for OC fractions). Badgery 

et al. (2013) used SiO2 content determined by MIR spectra as a surrogate for the sand 

proportion and reported a significant negative correlation with total OC stock in the 

0.20 to 0.30 m soil. The data in this study demonstrated a significant negative 

correlation between SiO2 content and HUM concentration in the 0 to 0.30 m soil (Table 

4.4a), similar to Rabbi et al. (2014). As confirmed in this study (Table 4.3), humus is 

typically the largest component of OC in soil (Kögel-Knabner, 2002; Stevenson, 1994) 

and is generally associated with clay and silt-sized particles (Baldock and Skjemstad, 

2000). While parent material largely determines soil texture and CEC, increasing OC in 

soil can also increase CEC. In this study, CEC was significantly (P<0.01) and positively 

correlated with total OC, POC, ROC and total N concentration (Table 4.4b). This is likely 

to reflect the positive feedback between the influence of CEC on the supply and 

accumulation of OM in soil and the role of OC in enhancing CEC in soil.  

In addition to parent material and the associated major soil properties, the field survey 

highlights the influence of climate on the stock of OC in soil (Figure 4.2). Total OC stock 

decreased with an increase in temperature. While there was large variability in total 

OC stocks when mean annual rainfall was compared, higher OC stocks were associated 

with higher spring and summer rainfall (Figure 4.2). For example, despite similar 



Chapter Four: Field Survey (Part B) 

103 

 

pasture composition, there was a significantly (P<0.05) greater stock of total OC and 

OC fractions in the deep granite-derived soil from the Monaro region compared with 

similar soil from the Boorowa region (51.5 vs 31.5 Mg C/ha to 0.30 m) (Table 4.3). This 

is likely due to more favourable soil conditions for OM decomposition in the Boorowa 

region; that is, less seasonal variability in soil moisture and temperature as a 

consequence of higher annual rainfall, more even rainfall distribution and warmer 

temperatures (Orgill et al., 2014).  

The interaction of parent material-derived soil properties, climate and OC stocks are 

evident when the plains (Coleambally) and basalt-derived (Monaro) soils were 

compared. Both soils had high clay content (>35 % clay), comparable clay mineralogy 

(mainly smectite and illite; inferred by CEC) and high CEC (>33 cmol+/kg). However, the 

mean stock of OC fractions (Mg/ha) in the 0 to 0.30 m soil was significantly less in the 

plains compared with the basalt-derived soil (Table 4.3). There are three likely 

confounding explanations for this. First, despite similar clay content, the plains soils 

were mostly Vertisols prone to swelling and shrinking with wetting and drying cycles 

which cause vertical cracks in the soil. During dry conditions these vertical cracks can 

accumulate OM deeper than the 0.30 m soil depth observed in this study. Secondly, 

soil in the Monaro region was under long-term perennial pasture (mean >31 years) 

while the sites located in the Coleambally region had a short pasture history (<5 years). 

Lastly, the drier and hotter climate of the Coleambally region compared with the 

Monaro region (Table 4.1, Figure 4.2) suggests a lower net primary productivity, thus a 

lower supply of OM to plains soil. Other studies have reported little difference in OC in 

soil with land management in low rainfall (<500 mm) areas of south eastern Australia 

(Chan et al., 2003; Davy and Koen, 2013).  
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Figure 4.2 Total OC stocks (Mg/ha) for the 0 to 0.30 m soil plotted according to mean 

temperature (°C) and mean annual, spring plus summer and autumn plus winter 

rainfall (mm) for the 1980 to 2010 period.  
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Table 4.3 Mean stock (Mg/ha) of total OC (TOC), particulate (POC), resistant (ROC) and humic (HUM) organic carbon for the 0 to 0.10 and 0 to 

0.30 m soil based on parent material and region with standard error (se). Parent material: basalt- (Basalt), deep granite- (Granite D), shallow 

granite- (Granite S) and plains- (non-indurated sediments) derived soil. Averages within each row that do not have a subscript in common are 

significantly different (P<0.05). 

Carbon stock (Mg/ha) Monaro Boorowa Coleambally 

Basalt Granite (D) Granite (S) Granite (D) Plains 

TOC      

0 – 0.10 m 33.4 (1.7) d 25.5 (1.7) c 12.9 (2.4) a 18.8 (1.4) b 14.0 (1.4) a 

0 – 0.30 m 77.1 (3.3) c 51.5 (3.3) b 27.2 (4.6) a 31.5 (2.7) a 24.5 (2.6) a 

POC      

0 – 0.10 m 6.5 (0.6) c 8.6 (0.6) d 4.4 (0.8) b 4.6 (0.5) b 2.1 (0.4) a 

0 – 0.30 m 12.8 (0.8) c 13.3 (0.8) c 6.4 (1.1) b 5.7 (0.7) b 3.1 (0.6) a 

ROC      

0 – 0.10 m 7.3 (0.3) d 5.6 (0.3) c 4.3 (0.5) b 3.6 (0.3) b 2.6 (0.3) a 

0 – 0.30 m 18.6 (0.7) e 12.5 (0.7) d 9.1 (1.0) c 6.3 (0.6) b 4.6 (0.5) a 

HUM       

0 – 0.10 m 16.7 (0.7) d 12.8 (0.7) c 9.6 (1.0) b 7.9 (0.6) ab 6.7 (0.6) a 

0 – 0.30 m 44.9 (1.7) d 29.3 (1.7) c 20.5 (2.5) b 14.6 (1.5) a 12.7 (1.4) a 
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Table 4.4 Correlation between total OC (TOC: dry combustion method) and OC fractions (determined by MIR spectra: POC, ROC and HUM) and 

selected soil factors determined by MIR spectra (Table 4.4a) for the 0 to 0.30 m and chemically measured (Table 4.4b) for the 0 to 0.20 m. MIR 

spectra determined soil factors: total N (TN), soil pH (pH), clay, silica (SiO2) and aluminium (Al). Chemically measured soil factors: total N (TN), 

Colwell phosphorus (P), available sulfur (S) and cation exchange capacity (CEC). Values presented are correlation coefficients (r values). 

Significant values are indicated (* P<0.05; ** P<0.01). 

a) 0 to 0.30 m TOC POC HUM ROC TN pH Clay SiO2 Al 

POC 0.85** 1        

HUM 0.86** 0.82** 1       

ROC 0.91** 0.87** 0.81** 1      

TN 0.99** 0.85** 0.90** 0.89** 1     

pH -0.43* -0.33* -0.38* -0.30* -0.40* 1    

Clay -0.12 0.03 0.19 -0.08 -0.02 0.36* 1   

SiO2 -0.14 -0.26 -0.53** -0.16 -0.23 -0.24 -0.65** 1  

Al -0.03 0.18 0.40* 0.05 0.08 0.32* 0.68** -0.94** 1 

Fe -0.09 -0.07 0.28 -0.15 -0.02 0.21 0.54** -0.87** 0.75** 
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b) 0 to 0.20 m TOC POC HUM ROC P S CEC TN 

POC 0.84** 1       

HUM 0.87** 0.83** 1      

ROC 0.91** 0.86** 0.84** 1     

P 0.11 0.16 0.11 0.29 1    

S 0.32* 0.31* 0.40* 0.33* 0.18 1   

CEC 0.31* 0.30* 0.20 0.44* 0.24 0.24 1  

TN 0.81** 0.83** 0.82** 0.74** 0.13 0.36* 0.36* 1 

pH -0.23 -0.18 -0.27 -0.17 0.27 0.08 0.50** -0.2 
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4.3.2 Opportunity for management to increase OC stock in soil: type of vegetation 

and soil fertility 

When grouped by parent material, there was no statistically significant difference in 

the stock of total OC or OC fraction in the 0 to 0.10 or 0 to 0.30 m soil with vegetation 

type for any region; native vs introduced pastures in the Monaro and Boorowa regions, 

and pastures vs crops in the Coleambally region (Table 4.5). This is despite the 0 to 

0.10 m soil (Davy and Koen, 2013) and OC fractions (Chan et al., 2002) being suggested 

to be more sensitive to land management than the 0 to 0.30 m soil and total OC 

respectively. In the Coleambally region, statistically similar OC stocks between crop 

and pasture fields are likely due to higher nutrient and water inputs to crops resulting 

in a greater OM supply to soil, and the short pasture history (<5 years). In the Monaro 

and Boorowa regions, similar stocks of OC fractions under introduced and native 

perennial pastures are likely to be a result of underperforming introduced pastures as 

a consequence of the preceding 10 years of dry conditions and low fertiliser 

application rates (Orgill et al., 2014).  

As the remnant sites were not replicated, they only provide an indication of OC stocks 

in the absence of agricultural management. These sites suggest a role for agricultural 

management in increasing OC accumulation in some but not all regions. In the Monaro 

region, for example, the mean OC stock was higher in agricultural sites than in 

reference sites, implying that agricultural management may increase OC accumulation 

above that observed in native ecosystems (Table 4.5). In the Boorowa region, while the 

reference sites had a greater stock of total OC, the mean HUM stocks were greater 

under agricultural management suggesting greater permanence of OC in agricultural 

soil (Table 4.5). In the Coleambally region, the reference site had a higher stock of total 

OC and all OC fractions, and this may indicate a decline in OC associated with 

agriculture in this low rainfall environment.  

Ensuring adequate crop and pasture nutrition will increase OM supply to soil through 

increased biomass production. In contrast to other studies (Badgery et al., 2014; Chan 

et al., 2010; Davy and Koen, 2013), available P was not significantly correlated with 

total OC or any OC fraction in this study (once region and parent material were 
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accounted for).. Short-term changes in P management will influence available P but 

have little effect on OC fractions accumulated over greater periods of time. However, 

total N (P<0.01) and available S (P<0.05) were positively correlated with total OC and 

OC fractions (Table 4.4b). Both nutrients are essential for plant growth and are 

important components of OM in soil (Himes, 1997). Nitrogen is particularly important 

for pasture production and is often the most limiting nutrient in grass-dominated 

pastures. Sulfur promotes nodulation in legumes, and dryland perennial pastures in 

the Monaro and Boorowa regions rely on N-fixation by legumes to supply N in soil. 

Based on the field survey, nutrient management programs ensuring adequate available 

S may increase OC stocks in south eastern Australia. However, the large stock of OC in 

soil under perennial pastures, and the considerable influence of parent material and 

climate on this stock, may mean that any modest increases in OC accumulation due to 

S additions go undetected.  
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Table 4.5 Mean stock (Mg/ha) of total (TOC), particulate (POC), resistant (ROC) and humic (HUM) organic carbon for the 0 to 0.10 and 0 to 0.30 m 

soil for vegetation type within parent material and region, with mean standard error (se). Parent material: basalt- (Basalt), deep granite- 

(Granite D), shallow granite- (Granite S) and plains- (non-indurated sediments) derived soil. Vegetation class: introduced perennial pastures 

(IPP), native perennial pastures (NPP), introduced pasture (IP), crop and remnant vegetation (Rem). Remnant sites (*) are for single sites only, 

except for the Boorowa region where two were sampled (Rem 1 and Rem 2).  

Carbon 

stock 

(Mg/ha) 

Monaro Boorowa Coleambally se 

Basalt Granite (D) Granite (S) Granite (D) Plains 

IPP NPP Rem* IPP NPP Rem* NPP IPP NPP Rem 1* Rem 2* Crop IP Rem*  

TOC                

0 – 0.10 36.1 30.7 28.0 24.2 26.9 21.6 12.9 19.1 18.5 25.3 20.2 12.1 16.0 16.2 2.2 

0 – 0.30 82.1 72.2 66.1 51.2 51.9 37.9 27.2 32.3 30.7 36.7 37.1 22.9 26.1 26.7 4.2 

POC                

0 – 0.10 7.2 5.8 3.7 8.4 8.9 4.2 4.4 4.4 4.7 4.6 3.3 1.6 2.7 3.4 0.7 

0 – 0.30 13.7 12.0 8.1 13.4 13.3 6.5 6.4 5.6 5.9 5.6 4.2 2.7 3.6 4.9 1.0 

ROC                

0 – 0.10 7.7 6.9 6.6 5.3 5.9 3.4 4.3 3.6 3.5 4.3 4.3 2.5 2.8 4.2 0.4 

0 – 0.30 19.7 17.5 16.2 12.0 12.9 7.6 9.1 6.5 6.1 6.4 7.6 4.7 4.5 6.0 0.9 

HUM                

0 – 0.10 17.7 15.8 13.4 12.3 13.2 6.1 9.6 7.8 7.9 7.7 8.0 6.2 7.3 9.6 1.0 

0 – 0.30 46.7 43.0 37.3 28.7 29.8 14.9 20.5 14.6 14.7 11.1 14.2 12.9 12.6 15.8 2.3 
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4.4 Conclusions 

This study demonstrated that the stocks of total OC and OC fractions under perennial 

pastures in south eastern Australia were significantly influenced by parent material 

and climate, and not necessarily by land use. These results indicate that parent 

material is an effective aggregator of soil properties that have a demonstrated 

influence on OC accumulation in soil under perennial pastures, thus should be 

considered when interpreting field surveys. Compared to simply using total OC, 

determining OC fractions using mid infrared spectroscopy did not improve the overall 

ability to detect differences in the type of perennial pasture in the high rainfall zone or 

between crops and pastures in the low rainfall zone. This fractionation technique may 

be more valuable in field surveys and research trials comparing management contrasts 

in higher rainfall cropping systems, for temporal change studies or under average 

annual rainfall conditions. 

This field survey suggests that nutrient management programs which ensure adequate 

N and S may increase OC stocks under pastures in these regions. In the low rainfall 

zone, the low OC stock in soil and high clay content suggests a potential to accumulate 

more OC in soil, and pastures may help to achieve this increase. However, it is likely 

that OC accumulation in this environment will be limited by constraints on NPP and C 

inputs. Furthermore, the costs associated with nutrient management in the higher 

rainfall zone, and with land use change in the low rainfall zone means that these 

management practices may need to be incentivised. Further research is required to 

indicate if these soils have reached their upper limit defined by soil type and climate.  
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Chapter Five: Removing grazing pressure from a native pasture decreases soil organic 

carbon in southern New South Wales, Australia.  

 

The work in this chapter has been published: 

Orgill, S.E., Condon, J.R., Conyers, M.K., Morris, S.G., Murphy, B.W., Greene, R.S.B. 

2016. Removing grazing pressure from a native pasture decreases soil organic carbon 

in southern New South Wales, Australia. Land Degradation & Development. DOI: 

10.1002/ldr.2560  

 

Minor changes have been made to the text, figures and tables to ensure the units and 

terminology are consistent throughout this thesis.  
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5.1 Introduction 

Increasing the organic carbon (OC) content of soil benefits agricultural production, 

ecosystem services and the global community through enhanced soil aeration, 

permeability, available moisture, nutrient cycling, and storing carbon (C) that could 

otherwise be warming the atmosphere (Keesstra et al., 2016; Lal, 2004b; Paustian et 

al., 1997a). Pasture management that increases pasture growth and herbage mass for 

livestock may also increase soil carbon (C) stocks (Conant, 2010; Conant et al., 2001). 

Grazing management is therefore likely to be a key influence of soil OC accumulation. 

The potential benefits are associated with promoting deep-rooted perennial plants, 

promoting legume growth, encouraging root turnover (Chen et al., 2015) and litter 

return to the soil surface, increasing the organic matter (OM)-soil contact through 

trampling and reducing OM loss by minimising soil erosion through maintaining 

groundcover (Cerdà and Lavée, 1999; Galdino et al., 2015; Palacio et al., 2014; Sanjari 

et al., 2008; Sanjari et al., 2009). Controlling animal stocking intensity and duration can 

create a more favourable environment for plant growth, and thereby OM supply to 

soil, by enhancing properties such as increased soil hydraulic conductivity and 

infiltration and by reducing the bulk density of soil (Sanjari et al., 2008; Sanjari et al., 

2009; Sarah and Zonana, 2015). In particular, livestock grazing patterns and trampling 

routes have a demonstrated impact on the redistribution of sediments, OM and runoff 

(Sarah and Zonana, 2015). Grazing management is a practice that land managers can 

change and may be an important tool to increase soil OC under pastures. This study 

compares soil OC stocks under three grazing treatments on a native pasture at the 

conclusion of a grazing trial as an example of the potential for grazing management to 

influence C sequestration in soil. 

Well-managed perennial pastures are thought to represent the maximum opportunity 

for agricultural soils to accumulate OC (Conant et al., 2003; Ingram et al., 2008; Lal, 

2004b; Paustian et al., 1997a; Sanderman et al., 2010; Sherrod et al., 2005). However, 

there is little information on what constitutes well-managed perennial pastures in the 

context of grazing management for soil OC accumulation. The relationship between 

soil OC and grazing management is complex as it depends on factors that influence 

both OM supply and the rate of decomposition. However,  if grazing management can 
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achieve increased biomass production, increased root turnover and increased 

groundcover then soil OC stocks are likely to increase (Conant, 2010; Eyles et al., 2015; 

Lorenz and Lal, 2005; Piñeiro et al., 2010; Smith et al., 2014). Primarily, grazing 

management can have a rapid and substantial influence on pasture composition 

(Chapman et al., 2003) and therefore change the decomposition of OM supplied to soil 

through the type, quantity and location of OM deposited in the soil profile (Ganjegunte 

et al., 2005).  

Despite claims of increased soil OC stocks under short duration, high intensity forms of 

grazing management such as cell grazing, there is conflicting evidence regarding the 

impacts of grazing management on soil OC in the literature. There are reports of 

decreases in soil OC with increased grazing intensity (Derner et al., 1997; Frank et al., 

1995; Golluscio et al., 2009; Ingram et al., 2008; McSherry and Ritchie, 2013), increases 

in soil OC with increased grazing intensity particularly when light grazing was 

compared with no grazing (Ganjegunte et al., 2005; Liu et al., 2012; McSherry and 

Ritchie, 2013) and no difference in soil OC regardless of grazing intensity (Kieft, 1994). 

In particular, seven Australian studies which compared the impact of grazing 

management by rotation with continuous grazing on soil OC to 0.30 m detected no 

difference in soil OC stocks (Allen et al., 2013; Chan et al., 2010; Orgill et al., 2014; 

Pringle et al., 2011; Pringle et al., 2014; Sanderman et al., 2015; Sanjari et al., 2008). 

Meanwhile results from the United States of America showed soil OC stocks increased 

by 8.4 Mg C/ha (to 0.50 m) after 25 years of rotational grazing compared with an 

adjacent continuously grazed pasture (Conant et al., 2003). Four explanations of the 

variability in response of soil OC to grazing management can be derived from the 

literature. Firstly, the definition of the grazing management is important as stocking 

intensity, duration and stock type are all likely to influence the impact on soil OC and 

soil properties. Secondly, grazing management may not happen in isolation from other 

management, such as nutrient management, which may have confounding effects. 

Thirdly, the response of soil OC to grazing management is context-specific and likely to 

be influenced by climate, soil type and pasture composition. Lastly, a comprehensive 

and sophisticated sampling plan is required to detect smaller scale changes that could 

be attributed to grazing management.  
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The definition of grazing management is important and there are challenges when 

comparing different grazing management categories. For example, both a continuously 

and rotationally grazed pasture may be under or over-grazed at low or high stocking 

rates. Continuously grazed fields are commonly referred to as ‘set stocked’ and grazed 

without rest for extended periods of time with the exception of removing animals for 

animal husbandry such as shearing, marking or drenching. The impact of grazing 

pressure on pastures in a continuously grazed field will depend on factors such as 

stocking rate, pasture type, distance to watering points, soil type and nutrition, 

topography, climate, aspect and field size. There are several different types of grazing 

management which involve a rotational grazing plan with a period of rest from grazing. 

Time controlled grazing (TCG) was first proposed by Savory in 1978 (Savory and 

Parsons, 1980) to address desertification problems in Africa and America. The term 

TCG is often used interchangeably with the ‘Savory Grazing Method’, short duration 

grazing (SDG), holistic resource management (HRM) or cell grazing. While there are 

subtle differences in these systems, they all rely on moving large numbers of stock 

around the landscape based on time or pasture growth (Savory, 1983; Savory and 

Butterfield, 1988). Cell grazing was introduced to Australia in 1989 (McCosker, 2000) 

and despite adoption across a range of climates, and substantial soil C sequestration 

claims, there is little literature quantifying the impacts on soil OC stocks.  

There are several problems when comparing grazing management on farms. Farm 

based surveys often measure conditions in a continuously grazed field against one of 

many rotationally grazed fields that are created by the grazing cell (Chan et al., 2010; 

Conant et al., 2003; Orgill et al., 2014; Sanjari et al., 2008). This can have confounding 

effects related to the time of year sites are grazed, rested and sampled, as well as 

grazing pressure and landscape positions in the fields represented. Of particular 

concern with OC stock calculations, is the influence this may have on soil bulk density. 

For example, soil compaction, measured in this case as bulk density, will be 

exacerbated when soils are wet and more so on soils with high clay content. Under a 

continuously grazed treatment stock are present when the soil is at the highest risk of 

compaction. Under rotational grazing only a few of the fields are likely to be grazed at 

this same point in time and due to rotation schedules and unpredictability of these 
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conditions, these fields may not be sampled. Grazing management that increases the 

bulk density of soil also increases the mass of soil sampled to a given depth. Depending 

on the OC stock calculation used (that is, a depth standard vs equivalent mass of soil), 

this may cause differences in the apparent relative effects of a given treatment. 

Grazing management influences pasture composition, pasture growth and herbage 

mass. The ability of plants to influence soil OC accumulation primarily depends on the 

quantity and nutrient composition of OM supplied to the soil via root turnover, root 

exudates and organic litter at the soil surface. Cross sectional studies of herbage mass 

in systems with completely different temporal patterns of utilisation may deliver 

misleading conclusions. This also highlights the problems with comparing only one or a 

subset of grazing cells with a continuously grazed field at a fixed point in time. If that 

point in time comparison is after a significant period of rest, the herbage growth rates 

may be similar however the point in time sampling may suggest a higher herbage 

accumulation.  

Rotational grazing may be part of a management regime which includes low or no 

nutrient inputs from mineral and organic fertilisers. Soil OC is positively correlated with 

the nitrogen (N), phosphorus (P) and sulfur (S) content of soil (Chan et al., 2010; Orgill 

et al., 2014). Orgill et al., (2014) compared soil OC stocks under continuously and 

rotationally grazed pastures and detected no difference to 0.30 m, and a greater stock 

of OC under continuously grazed pastures when the 0 to 0.70 m soil layer was 

considered. It was suggested that this may be due to the higher nutrient content in soil 

under the continuously grazed pastures as a consequence of active soil nutrient 

programs compared with low or no nutrient input at the rotationally grazed sites.  

The purpose of this study was to determine the influence of grazing intensity and 

duration on OC in soil under a native perennial pasture. It was hypothesised that 

grazing per se, rather than the type of grazing management would increase the stock 

of soil OC. This study compares total OC, total N and labile OC stocks under three 

grazing treatments on a fertilised, native pasture at the conclusion of a five year 

grazing trial in the Monaro region. Carbon stocks to 0.40 m were compared under 

three grazing treatments: ungrazed (grazing exclusion), tactically grazed (rested for 4 
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to 6 weeks to allow seed set and recruitment) and cell grazed (heavily grazed and then 

rested for 80 to 120 days) on a native pasture where critical P and S targets were 

addressed with a soil nutrient program. 

5.2 Materials and Methods 

5.2.1 Study site 

This study was conducted within a NSW Department of Primary Industries fertiliser and 

grazing trial on a commercial sheep property (latitude -36°24'15'', longitude 

148°51'30'', elevation 860 m) near Berridale, south eastern NSW. The trial was part of 

the Monaro Research, Development and Demonstration of Sustainable Grassland 

Management Project 2005-2010 (MRDSGM; SECMB C1/8) (Pope et al., 2011). Berridale 

has an average annual rainfall of 582 mm (1947 to 2015) which is summer dominant 

and average annual maximum and minimum temperatures of 18°C and 4°C (Bureau of 

Meteorology, 2015). There was below average annual rainfall for the five years prior to 

the trial commencing and for all years of the trial with the exception of 2007 (Figure 

5.1a).  

The site was native grassland dominated by native perennial grass species, including 

wallaby grasses (Rytidosperma spp.), spear grasses (Austrostipa spp.) and snow grass 

(Poa sieberiana Vickery). Naturalised annual grasses, legumes and weeds were also 

present. The site had been grazed by sheep since the early 1900s and had never been 

cultivated. Prior to trial establishment the site had no fertiliser applied and no 

introduced pasture species sown. The stocking rate of the field before the experiment 

was 3 dry sheep equivalent per hectare (DSE/ha).  

The fertiliser and grazing trial ran from 2005 to 2010. The grazing treatments selected 

for this study were located within a high fertiliser treatment, with subterranean clover 

(Trifolium subterraneum L.) broadcast before grazing commenced. Initial soil analysis 

reported that OC was 13.7 mg/g (Walkley and Black method), available P (Colwell) was 

18 mg/kg and available S (KCl40) was 2 mg/kg in the surface 0.10 m soil layer. The high 

fertiliser treatment aimed to rapidly achieve the Colwell P target (> 30 mg/kg) (Gourley 

et al., 2007) with 250 kg/ha of single superphosphate applied in autumn annually after 
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which the maintenance P was applied based on the stocking rate. In 2006, gypsum 

(125 kg/ha) was applied to address S deficiencies.  

The soil is a Lixisol (World Reference Base for Soil Resources, IUSS Working Group 

WRB, 2015; Brown Chromosol, Australian Soil Classification) derived from biotite 

granodiorite (White et al., 1976). The A1 horizon (0 to 0.08 m) is a moderately 

structured, brown to greyish brown sandy loam (10 to 20 % clay as determined by field 

texture), with a pH of 5.0 in 0.01M CaCl2 and cation exchange capacity (CEC) of 5.8 

cmol+/kg. The A2 horizon (0.08 to 0.32 m) is a strongly bleached, poorly structured 

light sandy clay loam (10 to 20 % clay as determined by field texture), with a pH (CaCl2) 

of 5.3 and CEC of 3.6 cmol+/kg. The B2 horizon (0.32 to 0.45 m) is a moderately 

structured, yellow brown and medium clay (>35 % clay as determined by field texture), 

with a pH (CaCl2) of 5.5 and CEC of 11.1 cmol+/kg. The C horizon starts at 

approximately 0.45 m with a pH (CaCl2) of 5.5 and CEC of 14.1 cmol+/kg.  
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Figure 5.1 Annual rainfall (mm) and summer plus autumn (December to May) rainfall 

(mm) for the Berridale grazing trial site for 2000 to 2011. Data were taken from the 

Berridale Bureau of Meteorology station (071022) and incomplete years (2000 – 

2006) substituted by the nearest station, Cooma airport (070217). Long-term average 

is from the Berridale Bureau of Meteorology station (071022) and calculated from 

1947 to 2015. 
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5.2.2 Grazing  

Grazing treatments; ungrazed, tactically grazed and cell grazed, were replicated across 

three fields that had similar soil-landscape attributes and located within 500 m of one 

another. The grazing treatment plots (3 small fenced areas in each field; 10 m x 10 m) 

were established in October 2005 and grazed by Merino wethers. The ungrazed plots 

were excluded from grazing for the duration of the trial. The tactically grazed plots 

were rested for 4 to 6 weeks over late spring/summer and late summer/autumn to 

allow seed set and recruitment. The cell grazed plots were grazed 4 to 5 times per year 

by mob stocking, with long and variable rest periods between grazing. Every 80 to 120 

days the cell grazed plots were grazed for one day at a stocking density that was 

estimated at approximately 300 to 400 DSE/ha during grazing and an average annual 

stocking rate that represented the background stocking rate of the field.  

Wethers were weighed and fat scored then allocated to the so that mean commencing 

weights and fat scores on each field were similar. Stocking rates commenced at district 

average (3 DSE/ha) and were increased (up to 5 DSE/ha) as required with a goal of 

keeping a consistent fat score across treatments so that increases in productivity were 

reflected in increased animal product per hectare rather than per head. Additional 

animals used to increase stocking rates were from the same flock at the same site. Due 

to periods of drought during the experiment, when weights and fat scores of animals 

indicated they were being unduly stressed and/or pasture groundcover was being 

compromised, animals were removed until conditions improved. These destocking 

events occurred on several occasions (Pope et al., 2011).  

Botanical composition (% and kg/ha) and ground cover (%) were assessed annually in 

spring in ten 0.5 m x 0.5 m quadrats along fixed transects in each grazing treatment 

plot using the BOTANAL technique (Tothill et al., 1992). Botanical composition data 

based on proportion (%) of dry matter are presented.  

5.2.3 Soil sample collection and analytical methods 

Soil chemical properties were measured in 2009 (Table 5.1). Soil samples for OC and N 

analysis were collected in August 2011 after the conclusion of the grazing trial. Soil 

cores were collected using a hydraulic soil corer to a depth of at least 0.40 m and 
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divided into five soil layers at intervals of 0-0.05, 0.05-0.10, 0.10-0.20, 0.20-0.30 and 

0.30-0.40 m. For soil chemical analysis, five 40 mm diameter cores were collected per 

plot. Soil from each soil layer was composited in the field to produce one 

representative sample per soil layer from each plot. For bulk density (BD) 

measurements, two cores from each plot were carefully collected using a 75 mm 

diameter core. Bulk density was determined on each soil layer from samples dried at 

105°C as described by Dane and Topp (2002), and expressed on an oven-dry basis 

(g/cm3).  

Soil samples for chemical analysis were oven-dried at 40°C, passed through a 2 mm 

sieve and gravel weight recorded then ground to <0.5 mm using a single puck mill head 

(Rayment and Higginson, 1992; Method 1B1). All soil chemical analyses were 

conducted according to Rayment and Lyons (2011): Colwell Phosphorus (P Col mg/kg; 

Method 9B2), Sulfur (S KCl40 mg/kg; Method 10D1), Cation Exchange Capacity (CEC 

cmol+/kg; Method 15E1) and soil pH (pH CaCl2; Method 4B2).  

Samples were tested for inorganic carbon (IC) using hydrochloric acid and observing 

the degree of effervescence (Rayment and Lyons, 2011; Method 19D1). No samples 

required pre-treatment for IC prior to total carbon analysis. Total OC (Total OC) and 

Total N (TN) were determined on all soil samples on approximately 2 g of finely ground 

soil (<0.5 mm) using a LECO (CNS 2000) combustion furnace (Rayment and Lyons, 

2011; Method 6B2b). Results for this chapter report total OC and TN as mg/g on an 

oven-dry basis.  

Labile C (LC) was determined on all samples using the Blair et al. (1995) method which 

involved oxidation with 333 mM KMnO4. Results are reported as LC mg/g on an oven-

dry basis of soil.  

Total OC, total N and labile C stock (Mg/ha) based on an equivalent mass of soil to 

0.30 m was calculated using the bulk density (BD) and C or N concentration from each 

soil layer. This process used equation 1 and 2 to calculate the stock to a depth 

standard (DS) for the soil layers (Equation 1) and then to calculate stock based on an 

equivalent soil mass (ESM) for the 0 to 0.30 m soil layer (Equation 2). There were no 

bulk density measurements from the start of the trial, so the ungrazed treatment was 
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used as the reference soil mass. The equations below are for total OC, and the same 

equations were used for total N and labile C. 

Equation 1. 

DS OC stock (g/100cm2) = (OC concentration (mg/g) / 10) x BD (g/cm3) x depth (cm) x 

(1 - proportion gravel) 

Where, OC stock (g/100cm2) = OC stock (Mg C/ha). 

Equation 2a.  

ESM OC stock (Mg C/ha 0 to 0.30 m) = DS 0-0.20 + (DS 0.20-0.30 x (ESM ref - Soil Mass 0-0.20)/ 

Soil Mass 0.20-0.30)) 

If [(ESM ref - Soil Mass 0-0.20)/ Soil Mass 0.20-0.30] > 1, the Equation became; 

Equation 2b.  

ESM OC stock (Mg C/ha 0 to 0.30 m) = DS 0-0.20 + (DS 0.20-0.30 x (ESM ref - Soil Mass 0-0.20)/ 

Soil Mass 0.20-0.30)) + (DS 0.30-0.40 x (1-(ESM ref - Soil Mass 0-0.20)/ Soil Mass 0.20-0.30)) 

Where; 

DS 0-0.20 is the sum of OC stock for all soil layers to 0.20 m calculated using 

Equation 1 

DS 0.20-0.30 is the OC stock for the 0.20 to 0.30 m soil layer calculated using 

Equation 1 

ESM ref is the reference mass of soil for the 0 to 0.30 m soil layer (ungrazed 

treatment for each replicate) 

Soil Mass 0-0.20 is the actual mass of the 0 to 0.20 m soil layer  

Soil Mass 0.20-0.30 is the actual mass of the 0.20 to 0.30 m soil layer  

DS 0.30-0.40 is the OC stock for the 0.30 to 0.40 m soil layer calculated using 

Equation 1
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Table 5.1 Soil characterisation data (collected in 2009) for the trial site, including total organic carbon (Total OC mg/g), total nitrogen (Total N 

mg/g), soil pH (pH 1:5 CaCl2), available P (P Col mg/kg), available S (S KCl40 mg/kg), and cation exchange capacity (CEC cmol
+
/kg). 

Depth (m) Total OC (mg/g) Total N (mg/g) pH (CaCl2)  P Col (mg/kg) S KCl40 (mg/kg) CEC (cmol
+
/kg) 

0 - 0.05 14.0 1.0 4.84 58 36 4.9 

0.05 - 0.10 9.2 0.6 5.08 32 31 4.8 

0.10 - 0.20 6.2 0.3 5.28 19 20 4.2 

0.20 - 0.30 4.1 0.1 5.52 .. .. 4.8 

0.30 - 0.40 2.5 <0.02 5.60 .. .. 7.3 

0.40 - 0.50 2.3 <0.02 5.43 .. .. 12.8 

0.50 - 0.70 1.7 <0.02 5.43 .. .. 15.5 
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5.2.4 Statistical analysis  

The pasture composition data were examined by fitting univariate linear models to 

describe variability in the responses of interest as a function of the experimental 

design factors. Pasture composition responses were defined by perennial grasses, 

legumes and annual grasses and the total contribution to the sward was calculated by 

the sum of the species components within each group. The most prevalent species 

within the perennials and legumes were also modelled individually.  

Variation in each measure of pasture composition was described by a linear model 

which estimated effects due to grazing treatment, season and their interaction. The 

models included random effects of field replicate and plots within replicates to 

accommodate potential spatial variation and correlation between repeat measures on 

the same plot. Null hypothesis significance tests with respect to the main effects and 

interaction between treatment and season were constructed by F-ratio tests. The 

effect was deemed statistically significant when the probability of the observed F-ratio 

under the null hypothesis was less than 5 %. The models delivered estimates of mean 

response to treatment for each season along with standard errors of the means. 

Pairwise comparison of the means after rejection of the relevant null hypothesis was 

made using an estimate of least significant difference at 5 % critical value. The 

assumption of normally, identically and independently distributed model residuals was 

checked by inspection of diagnostic graphs and found to be met for all models. 

The soil carbon, nitrogen and bulk density observations were studied by a series of 

univariate linear models similar to those used for pasture composition but with depth 

substituting for seasons. All statistical models and graphical presentations were 

constructed in the R environment (R Core Team, 2015).  

5.3 Results 

5.3.1 Pasture composition  

When the functional groups of annuals, perennials and legumes were considered, 

grazing treatments did not have a statistically important effect on the sward 

composition when averaged over seasons (Figure 5.2). However, there was a 

significant (P<0.05) interaction between season and grazing treatment effect on the 
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annual grass composition. This was due to tactically grazed pastures having a greater 

proportion of annual grasses than the cell and ungrazed treatments in 2006 (Figure 

5.2). This response is likely due to their first closure in autumn 2006 as part of the 

treatment plan. The null hypothesis for equal contribution over seasons was rejected 

for perennials and legumes and approached the P<0.05 rejection level for annuals 

(P=0.07). From 2005 to 2009 there was no grazing treatment effect on pasture 

composition. There was a statistically significant (P<0.05) effect of season on pasture 

composition in 2010, coinciding with above average summer and autumn rainfall 

(Figure 5.1b), and resulting in increased legumes and consequent decline in perennial 

grasses (Figure 5.2). The perennial grass, annual grass and legume species were 

primarily one of four species; wallaby grass (Rytidosperma spp) and spear grass 

(Austrostipa spp) for the perennial grass species, silver grass (Vulpia spp) for the 

annual grass species (although annual grasses represented less than 5 % of the total 

pasture composition) and hare’s foot clover (Trifolium arvense L.) for the legume 

species (Figure 5.3).  

5.3.2 Total organic carbon, total nitrogen, labile carbon and bulk density to 0.40 m 

Soil depth significantly influenced total OC, total N, labile C and bulk density for all 

grazing treatments (P<0.01). This reflected an observed decrease in total OC, total N 

and labile C, and an increase in bulk density with increasing soil depth (Figure 5.4). 

Despite the cell and tactically grazed treatments having observed higher mean total OC 

concentration throughout the profile compared with the ungrazed treatment, grazing 

treatment was not statistically important in the linear model (P>0.05). There was also 

no grazing effect detected on total N, labile C or bulk density (Figure 5.4).  
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Figure 5.2 Percentage of perennial grasses (green), annual grasses (purple) and legumes (orange) for the ungrazed, cell grazed and tactically 

grazed treatments. Samples were collected in Spring 2005 to 2010. An approximate 95 % confidence region for the ungrazed treatment is 

indicated by shading.  
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Figure 5.3 Percent composition for Austrostipa spp, Rytidosperma spp and Trifolium 

arvense L. for the ungrazed (green), cell grazed (purple) and tactically grazed (orange) 

treatments observed each Spring 2005 to 2010. An approximate 95 % confidence 

region for the ungrazed treatment is indicated by shading.  
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Figure 5.4 Mean total OC concentration (mg/g), labile C concentration (mg/g), total 

OC stock (Mg C/ha), labile C stock (Mg C/ha), total N concentration (mg/g) and bulk 

density (g/cm
3
) to 0.40 m for the ungrazed (green) , cell grazed (purple) and tactically 

grazed (orange) plots in Spring 2011. Organic C stock values were calculated to a 

depth standard (Equation 1) and each point represents the vertical midpoint of the 

sampling segment. An approximate 95 % confidence region for the ungrazed 

treatment is indicated by shading. 
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5.3.3 Carbon and nitrogen stocks 

The hypothesis of equal average total OC stock in the 0 to 0.30 m layer across all 

grazing treatments approached the traditional 5 % rejection level (P=0.08). The total 

OC stock in the surface 0.30 m (adjusted to equivalent mass) was higher in the cell 

grazed treatment (32.9 Mg C/ha) than in the ungrazed treatment (25.6 Mg C/ha) 

(Table 5.2). However, the estimated difference in total OC stocks between the cell and 

tactically grazed treatments; 32.9 vs 29.5 Mg C/ha respectively was not statistically 

important. When total OC stocks for individual soil layers were compared (using Eqn 1: 

depth standard calculation), the effect of grazing treatment was statistically important 

(P<0.05) and reasonably consistent across all soil layers (Table 5.2).  

There was no effect of grazing treatment detected in total N or labile C stock (Figure 

5.4) with grazing treatment in individual soil layers to 0.40 m (depth standard 

calculation) or in the 0 to 0.30 m soil layer based on an equivalent soil mass (Table 5.2).  
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Table 5.2 Mean total OC, total N and labile C stock (Mg/ha) for the 0 to 0.30 m layer (in 2011) calculated on an equivalent soil mass (ESM), and in 

soil layers to 0.40 m calculated to a depth standard. Least significant difference (lsd), standard error of means (sem) and F-ratio test probability 

for treatment presented. The null hypothesis significance tests with respect to the main effects and interaction between treatment and soil 

depth were constructed by F-ratio tests, and this effect was deemed statistically significant when the probability of the observed F-ratio under 

the null hypothesis was less than 5 % (that is, <0.05). 

Carbon and Nitrogen stocks (Mg/ha) Soil depth (m) Grazing treatment lsd sem Treatment 

F-ratio 

test  

Ungrazed Tactical Cell 

Total OC stock 0 - 0.30 (ESM) 25.6 29.5 32.9 7.1 1.8 0.08 

Total N stock 0 - 0.30 (ESM) 2.5 2.7 2.7 0.7 0.2 0.84 

Labile C stock 0 - 0.30 (ESM) 7.3 8.1 9.1 2.9 0.7 0.32 

Total OC stock - soil layers 0 - 0.05 8.4 9.5 10.6 3.4 0.9 0.02 

  0.05 - 0.10  5.8 6.1 7.4       

  0.10 - 0.20 7.2 8.6 8.6       

  0.20 - 0.30  4.2 5 6.3       

  0.30 - 0.40 4.7 4.5 5.5       

Total N stock - soil layers 0 - 0.05 0.7 0.8 0.8 0.3 0.1 0.98 

  0.05 - 0.10  0.6 0.5 0.5       

  0.10 - 0.20 0.7 0.7 0.7       

  0.20 - 0.30  0.6 0.6 0.6       

  0.30 - 0.40 0.7 0.6 0.6       
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Labile C stock - soil layers 0 - 0.05 2.9 3.1 3.4 1.3 0.3 0.30 

  0.05 - 0.10  1.7 1.7 2.4       

  0.10 - 0.20 1.8 2.1 2       

  0.20 - 0.30  0.9 1.2 1.4       

  0.30 - 0.40 1.2 0.9 1.2       
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5.4 Discussion 

The documented effects of grazing management on soil OC are often confounded with 

other site variables, such as soil fertility, that influence OM supply, loss and 

decomposition. In order to isolate the influence of grazing management on soil C, this 

trial was located on a site where both critical soil P and S targets were addressed and 

maintained for the pasture species and production goals. Comparing soil OC stocks at 

the conclusion of the grazing trial indicated that cell grazing was associated with higher 

soil OC stocks in the 0 to 0.30 m soil layer calculated on an equivalent mass of soil 

compared with the ungrazed treatment; however, there was no difference detected 

between cell and tactically grazed treatments (Table 5.2). As there were no initial soil 

measurements, this assumes that the plots had similar initial soil OC stocks. Assuming 

the treatments diverged from the same unknown average initial OC stock, 

implementing grazing as opposed to grazing exclusion resulted in a difference in soil 

OC of 7.30 Mg C/ha or 1.46 Mg C/ha/year under cell grazing, and 3.90 Mg C/ha or 

0.78 Mg C/ha/year under tactical grazing. However, it is worth noting that the 

difference in soil OC stocks under the ungrazed and tactically grazed treatments were 

not statistically significant. Groundcover at the site was maintained above 80% in all 

plots for the duration of the trial so the effects of soil erosion and OC redistribution 

were assumed to have been minimal.  

The results from this study are contrary to other studies in southern Australia which 

used field surveys to compare the influence of continuous and rotational grazing 

management on soil OC stocks and reported no difference (Chan et al., 2010; Orgill et 

al., 2014). The estimated sequestration rate from this study for cell grazing is also 

considerably higher than other estimates of 0.35 to 0.41 Mg C/ha/year with grazing 

management (Conant et al., 2003; Conant et al., 2001). There was no significant 

difference in labile C stocks between the grazed and ungrazed treatments that would 

support the notion of a sudden increase in recent OM addition to soil (Table 5.2), 

therefore the above average summer and autumn rainfall in the final year of the trial 

(Figure 5.1b) was not thought to be an important factor contributing to the differences 

detected. 
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Soil OC is generally not distributed evenly throughout the soil profile. There is usually a 

greater concentration and stock of OC in the surface soil compared with deeper soil 

layers. The surface soil layers are typically more sensitive to land management than 

the deeper soil layers. In this study, the cell grazed treatment had a greater stock of OC 

than the ungrazed treatment (calculated to a depth standard) in all soil layers, except 

the 0.30 to 0.40 m soil layer and there was no difference from the tactically grazed 

treatment detected. Increases in soil OC with cell grazing are suggested to result 

primarily from livestock trampling and manure (Southorn, 2002), meaning the increase 

would be detected in the surface soil layer. This study observed a greater stock of OC 

in all soil layers to 0.30 m under cell grazing, which coincided with the soil layer 

immediately above the B horizon (approximately 0.30 to 0.45 m). Thus, the 0 to 0.30 m 

zone may be accumulating dissolved OC and other nutrients leaching through the soil 

profile, and may be a zone of lateral water flow or lateral root growth particularly 

when the B horizon is at wilting point. However, the trial design had grazing plots 

adjacent to one another so these inherent soil property effects are assumed to be 

similar for all grazing treatments and the relatively low rainfall during the 5 years of 

the experiment makes substantial leaching unlikely. When the influence of grazed (cell 

and tactically grazed) and ungrazed pastures are compared, these results are 

consistent with Liu et al. (2012) who demonstrated that SOC was lower where grazing 

is excluded. It is likely that a combination of factors are contributing to a greater stock 

of OC in soil under grazed pastures, including differences in plant shoot to root 

allocation, root growth and root turnover with defoliation under grazing (Fulkerson 

and Donaghy, 2001), as well as lower plant productivity where grazing is excluded due 

to shading and nutrient tie up. 

Given the link between grazing management, biomass production and OM supply to 

soil, if grazing management increases the supply of OM in soil, it is likely to also 

increase the labile fraction of OC in soil. Labile C is partially decomposed OM with a 

faster turnover time than more stable forms of OM in soil, such as humus and char. 

Therefore it is reported to be a sensitive measure of the impacts of management on 

soil OC (Blair et al., 1995). Interestingly, this experiment was unable to verify a 

difference in labile C stocks to 0.30 m (calculated on an equivalent mass of soil) or for 
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any soil layer to 0.40 m (depth standard calculation) (Table 5.2). This indicates the 

increases in soil OC have occurred over a period of years during the experiment rather 

than short-term seasonal impacts and suggests an additive grazing treatment effect 

from the 5 years of the experiment. An effect of grazing treatment on annual grass 

composition was detected in 2006, but no effect of treatment was detected in 

perennial grass or legume composition over the trial period (Figure 5.2). This agrees 

with Dowling et al. (2005) who reported no consistent effect of cell grazing on species 

composition compared with continuous grazing at a range of monitored sites in 

eastern Australia. There was a significant influence of season on pasture composition 

with an increase in legume composition, primarily Trifolium arvense, a common 

naturalised legume, in 2010 (Figure 5.2) corresponding with above average summer 

and autumn rainfall (Figure 5.1b). This is a native grassland site, with the majority of 

the pasture species for 2005 to 2009 being C3 perennial species, primarily Austrostipa 

spp and Rytidosperma spp. The above average annual rainfall in 2007 and above 

average summer and autumn rainfall in 2010 followed on from more than 10 years of 

below average rainfall and drought conditions. It has been suggested that drought 

conditions may make pasture and soil responses more sensitive to grazing treatment 

effects due to an increase in pasture utilisation with lower growth and similar livestock 

numbers between grazing treatments (Earl and Jones, 1996). It must be noted that this 

trial did not compare a continuously grazed treatment, nor were the pastures 

overgrazed.  

The MRDSGM Project reported no significant herbage mass benefits between cell and 

tactically grazed treatments (Pope et al., 2011). Although they did report an increase in 

litter cover in the ungrazed treatment compared with the grazed treatments (Pope et 

al., 2011). Litter contributes to OM in soil and regulates soil temperature and moisture, 

and thus OM decomposition. Dense litter and standing dry matter can also shade out 

emerging seedlings, such as annual grasses and legumes. As soil P and S nutrition were 

adequate at this site, the benefits of fertilising in terms of biomass production may 

have been lessened where legume and annual grass growth was impeded by shading, 

for example in the ungrazed plots. Seedling emergence may also be influenced by the 

timing of grazing for the cell and tactically grazed treatments. In this environment, N is 
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not applied in mineral fertiliser form, therefore the legume component of pastures is 

important as it provides biologically fixed N for grass growth, as well as being an 

important source of OM and N for soil OC stability (Kirkby et al., 2011). While there 

was no difference detected in total N stocks at the end of the trial (Table 5.2), N supply 

and cycling throughout the trial may have been less in the ungrazed plots due to 

greater N immobilisation (Chaneton et al., 1996; Lu et al., 2015; Peoples and Baldock, 

2001).  

This study did not include a continuously grazed treatment. While continuous grazing 

is not uncommon in this region, tactical grazing is recommended to encourage seed set 

and enhance pasture composition. Overgrazing can occur in continuously grazed 

pastures, poorly timed short duration, high intensity grazing or with a rotational 

grazing plan. When overgrazing reduces net primary productivity, pasture 

regeneration or detrimentally changes pasture composition, then soil OC stocks may 

decline (Chapman and Lemaire, 1993). Despite this grazing trial receiving below 

average annual rainfall in the majority of years this study provided evidence that when 

soil nutrient requirements are addressed, grazing may increase soil OC stocks 

compared with excluding grazing. A contributing factor to these positive results may 

have been that the trial was on native pastures that are inherently resilient to dry 

conditions. Introduced pastures under the same climatic and grazing treatments may 

not have responded in the same way. Thus, research is required to determine the 

influence of grazing management on soil OC under introduced pastures. Finally, the 

soil at the Berridale trial site is a Chromosol, but essentially can be described as 

shallow granite-derived soil. Prime grazing land in the Monaro region is located on 

basalt and deep granite-derived soil, which have inherently higher soil fertility, water 

holding capacity and concentrations of soil OC (Orgill et al., 2014). These soils may 

have a greater capacity to sequester C in soil with grazing management or these soils 

may be closer to soil C saturation and therefore less responsive to grazing 

management compared with the shallow-granite derived soil included in this study.  

5.5 Conclusion 

This study demonstrated that removing grazing is unlikely to increase soil OC stocks 

under native pastures in southern Australia, and that active grazing of pastures can 
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significantly increase soil OC stocks. More research is required to determine if cell 

grazing would affect soil OC stocks under introduced pastures under similar conditions, 

or in the more fertile and productive soil, such as the basalt- and deep granite-derived 

soils of the Monaro region which already have higher OC stocks. The results from this 

study are from the conclusion of a short-term (5 years) replicated grazing trial 

conducted with small plot treatments which brings the benefits of controlling 

environmental factors that influence soil C, such as climate, topography, aspect, soil 

type, controlling grazing pressure and reducing the spatial variability of soil C. 

However, grazing management occurs at the farm scale and therefore, more research 

is required to determine if changing the type of grazing management, or grazing 

previously ungrazed pastures would increase soil OC stocks. Measuring changes in soil 

OC at the farm scale under cell grazing is likely to be more complex due to differences 

in field size, number of cells, distance to water, and variations in soil properties and 

pasture composition. These factors are likely to influence the grazing treatment effects 

and soil OC interactions. This study provides evidence that there is potential for 

agricultural soils to have higher soil OC stocks as a result of grazing management 

compared with no grazing in the short-term. 
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Chapter Six: Soil with high organic carbon concentration continues to sequester 

carbon with increasing carbon inputs 

 

The work in this chapter has been published: 

Orgill, S.E., Condon, J.R., Kirkby, C.A., Orchard, B.A., Conyers, M.K., Greene, R.S.B., and 

Murphy, B.W., 2016. Soil with high organic carbon concentration continues to 

sequester carbon with increasing carbon inputs. Geoderma 285 (151-163). 

 

Minor changes have been made to the text, figures and tables to ensure the units and 

terminology are consistent throughout this thesis. 
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6.1 Introduction 

The accumulation of organic carbon (OC) in soil is important for mitigating climate 

change, as well as sustaining environmental services and agricultural productivity (Lal, 

2004b). Identifying soil with the greatest carbon (C) sequestration potential can 

maximise these benefits, and help prioritise resources to achieve increases in soil OC. 

The ability of soil to accumulate OC is a balance between organic matter (OM) supply, 

primarily from in situ net primary productivity, and OM loss, principally through 

decomposition and erosion (Baldock et al., 2004). However, the relationship between 

OM inputs and increases in soil OC are not always linear, and an upper limit to OC 

accumulation has been proposed (Six et al., 2002; Stewart et al., 2007; Stewart et al., 

2008b).  

Land management practices that maximise plant productivity and minimise physical 

soil disturbance are likely to increase OM supply, and where this increase in OM is 

greater than the rate of OM decomposition, soil OC is therefore likely to increase (Lal, 

2004b; Luo et al., 2010; Paustian et al., 1997a; West and Post, 2002). While there have 

been several field trials where increased OM supply continued to increase soil OC 

(Huggins et al., 1998a; Kong et al., 2005; Paustian et al., 1997b), there have been 

numerous long-term trials where there was no increase in soil OC with continued OM 

input (Campbell et al., 1991; Gulde et al., 2008; Huggins et al., 1998a; Huggins et al., 

1998b; Reicosky et al., 2002). To explain disparities such as these, the concept of soil C 

saturation was introduced (Six et al., 2002). It has been proposed that soil approaches 

an upper limit of OC accumulation, C saturation, based on inherent soil properties, 

including: soil texture, structure, mineralogy and chemistry (Six et al., 2002; Stewart et 

al., 2007; Stewart et al., 2008b). This concept challenges soil OC models that are based 

on linearity between soil C inputs and soil OC concentration (West and Six, 2007) and 

has practical implications for identifying and mapping soil with C sequestration 

potential (Angers et al., 2011; Chan et al., 2008a).  

Carbon saturation is defined as the point where with increased OM supply the whole 

soil, or a defined soil fraction, reaches a new higher steady state of OC (Six et al., 

2002). This is based on soil properties and processes that are important for OC 

stabilisation. A large proportion of soil OC is associated with the fine fraction of soil; 
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that is, silt and clay sized particles (Baldock and Skjemstad, 2000; Kahle et al., 2002a; 

Kahle et al., 2002b). Clay content, mineral surface area and reactivity can affect the 

amount of OM that is protected through adsorption within clay mineral assemblages 

(Greene et al., 1973), thereby restricting microbial access (Baldock and Skjemstad, 

2000; Krull et al., 2003). As clay minerals have a finite surface area, the fine fraction is 

suggested to be more likely to reach C saturation than the whole soil where OC can 

readily accumulate in the form of particulate OM (Gulde et al., 2008; Hassink and 

Whitmore, 1997; Stewart et al., 2008b). Kleber et al. (2007) proposed that OC 

compounds sorb onto mineral surfaces in a self-organising and zonal sequence, often 

with varying thickness of OC and discontinuous coverage on mineral surfaces. While 

the protection of OM is greatest in the contact zone where organo-mineral 

associations form, this model enables clays to stabilise OC beyond their finite surface 

area. Biochemical alteration of OM during decomposition is another important 

stabilisation mechanism, where decomposed OM and the associated microbial 

products may be less vulnerable to further microbial attack and more likely to bond 

with clay minerals (Cadisch and Giller, 1997; Six et al., 2002). Lastly, the physical 

occlusion of OM in soil aggregates protects OM by limiting microbial access to OM, 

reducing oxygen diffusion and enhancing organo-mineral associations (Golchin et al., 

1994a; Golchin et al., 1994b; Golchin et al., 1995; Grandy and Robertson, 2007; Oades, 

1988; Tisdall and Oades, 1982).  

Thus, the capacity to increase soil OC concentration is largely determined by the clay 

content and clay mineralogy, as well as soil OC concentration and the quantity, 

continuity and chemical composition of OM input to soil. The C input required to 

achieve soil C saturation is commonly estimated by comparing the current soil OC 

concentration with the storage capacity of the fine fraction (silt and clay sized 

particles) or the whole soil, thereby calculating the C saturation deficit (Angers et al., 

2011; Hassink and Whitmore, 1997), or by using asymptotic regressions between 

increases in soil OC concentration and C input (Stewart et al., 2008b). Based on these 

estimates, literature indicates that some soil OC fractions will exhibit C saturation 

behaviour, while others may not (Chung et al., 2008; Chung et al., 2010; Gulde et al., 

2008; Kong et al., 2005; Stewart et al., 2008b). However, a recent study suggested 
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these calculations may underestimate C storage in the fine fraction of soil due to i) 

limitations of the regression models and inadequate representation of soils at true C 

saturation, and ii) not accounting for differences in the specific surface area of clay 

minerals (Feng et al., 2013a).  

Another reason why soil may not exhibit C saturation behaviour is due to biochemical 

stabilisation of OC in soil. Stewart et al. (2008a) suggested that biochemically stabilised 

OC may be independent of texture and mineralogy. Recent literature emphasises that 

rather than the traditional macromolecular model of humus (Stevenson, 1994; Tate, 

1987), OM in soil is instead a ‘continuum of progressively decomposing organic 

compounds’ (Lehmann and Kleber, 2015). That is, OM in soil exists with varying 

degrees of stability and not in discrete pools. The term humus in this chapter refers to 

an experimental, rather than operational pool of soil OC, and it is acknowledged that 

OM in soil is a continuum and ranges from macro to micro-molecules. Assuming 

humus is biochemically a relatively stable form of soil OC (Magid and Kjærgaard, 2001; 

Soil Science Society of America, 2008; Tate, 1987), and represents the largest fraction 

of OC in most Australian agricultural soils (Beckwith and Butler, 1983; Kögel-Knabner, 

2002; Stevenson, 1994), the potential of humus to accumulate in soil warrants more 

attention. In an incubation experiment using different rates of wheat straw and 

nutrients, Kirkby et al. (2013) demonstrated that where adequate OM and soil 

nutrients are available, humus can be formed irrespective of soil type and OC 

concentration. Their study, along with others (Cadisch and Giller, 1997; Dijkstra et al., 

2006; Himes, 1997; Kindler et al., 2009) support the theory that humus is largely 

composed of microbial detritus. Consequently, the process of accumulating microbial 

mass and detritus may negate soil approaching C saturation. If this is the case, so long 

as C and nutrient inputs to the soil are maintained, then even soil with a high OC 

concentration should continue to accumulate OC. The limit will then become the 

environmental and economic feasibility of sustaining these inputs, and not just the 

inherent soil properties.  

While studies have estimated and measured C saturation of the whole soil and soil 

fractions, few have assessed: i) soil under agricultural management with a high OC 

concentration and ii) the potential of soils with a low OC concentration, such as 
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subsoils, to sequester C. Fewer studies have applied nutrients at the rates based on the 

stoichiometry of humus to promote the biochemical stabilisation of OC in soil. The 

objective of this incubation experiment was to evaluate the relationship between OM 

and nutrient inputs, microbial activity and OC concentration in two contrasting soil 

types, and assess whether or not soil with high OC concentration approached an upper 

limit to OC accumulation. It was hypothesised that for a given soil type, soil with a high 

OC concentration will continue to accumulate OC in a relatively stable form if both C 

and nutrient inputs are maintained. A regional survey was used to identify three 

basalt- and three granite-derived soils with high OC concentration. The two parent 

materials (thus, soil types) were selected to compare OC accumulation in soil with 

contrasting mineralogy and particle size distribution. For each parent material, two soil 

depths were compared to observe OC accumulation in soil with a high OC 

concentration (0 to 0.10 m, A1 horizon) to soil with a low OC concentration (0.40 to 

0.50 m, B2 horizon). Treatments were based on 2 and 5 year pasture growth estimates 

for these parent materials, and nutrient rates were based on the stoichiometry of 

humus and achieving 30 % stabilisation of OM added to soil. It was hypothesised that 

for a given soil type, soil with a high OC concentration will continue to accumulate OC 

in a relatively stable form if both C and nutrient inputs are maintained.  

6.2 Methods 

6.2.1 Experimental design 

The treatment and measurement schedule for this experiment is provided in Figure 

6.1. Six permanent pasture sites, three with basalt-derived soil and three with granite-

derived soil, were identified as having the highest OC concentration for their parent 

material class from a field survey in the Monaro region, south eastern Australia (Orgill 

et al., 2014). Two soil layers (0 to 0.10 and 0.40 to 0.50 m) were sampled from these 

sites for this experiment in September 2013. The experiment consisted of three soil 

incubation cycles where samples were incubated in a darkened constant temperature 

room (CTR) at 25°C. The six sites were divided into two groups: Group A and Group B, 

with samples from both groups run concurrently. Group A included one basalt and one 

granite site (each recorded the highest OC concentration (0 to 0.10 m soil depth) for 

their parent material class in the field survey), four treatments (discussed below) and 
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measurements included: soil respiration, soil OC and N concentration and microbial 

biomass carbon (MBC). Group B samples (two basalt and two granite sites) had only 

two treatments and soil OC and N concentration measured (Figure 6.1). The purpose 

of Group B was to allow the inference for soil OC from this study to be generalised to 

other basalt- and granite-derived soils in the Monaro region. These sites recorded the 

second and third highest OC concentration (0 to 0.10 m soil depth) for their parent 

material class in the field survey. The experiment was designed as a four replicate split-

plot design with cycle randomised to main-plots within a replicate and treatment by 

soil sample randomised to sub-plots (jars) within main-plots. 

6.2.2 Soil characteristics  

The basalt-derived soils had a mean soil OC concentration of 62.5 mg/g in the 0 to 

0.10 m soil (A1 horizon) and 21.0 mg/g in the 0.40 to 0.50 m soil (B2 horizon) and were 

classified as Phaeozems (World Reference Base for Soil Resources, IUSS Working Group 

WRB, 2015; and Dermosols using the Australian Soil Classification Systems, ASC). The 

granite-derived soils had a mean OC concentration of 32.6 mg/g in the 0 to 0.10 m soil 

(A1 horizon) and 4.2 mg/g in the 0.40 to 0.50 m soil (B2 horizon) and were classified as 

Acrisols (WRB; and ASC: Kurosols). The mean bulk density (BD) for basalt-derived 0 to 

0.10 and 0.40 to 0.50 m soil was 0.88 and 1.57 (g/cm3) respectively and 0.85 and 1.58 

(g/cm3) respectively for the granite-derived soil. The basalt-derived soils were smectite 

dominant (Raven, 2013) and >44 % of particles were clay sized, while the granite-

derived soils were quartz dominant (Raven, 2013) and predominately (>46 %) sand 

sized particles, with increasing clay (mainly kaolin) content in the 0.40 to 0.50 m soil 

(Table 6.1). The soil profile and pasture descriptions for these sites are described in 

Orgill et al. (2014).  
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Figure 6.1 Schematic representation of the soil incubation experiment, including: sites (6), parent material (basalt and granite), soil depth (0 to 

0.10 and 0.40 to 0.50 m), treatments [control, nutrients, high organic matter plus nutrients (HOMN) and very high organic matter plus nutrients 

(VHOMN)], treatment applications (3), cycles (3) and measurement schedule. 
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Table 6.1 Soil mineralogy (weight %) and particle size (percent sand, silt and clay) for the three sites with basalt- and granite-derived soil. Group 

A (one basalt and one granite site) had all treatments and measurements applied, while Group B (two additional basalt and granite sites) had 

only control and HOMN treatments and total OC and N measured. Mineralogy is the weight % of the <2 mm soil and is classed according to 

abundance of mineral present with dominant (D >60 %), co-dominant (CD where the sum >60 %), sub-dominant (SD 20-60 %), minor (M 5-20 %) 

and trace (T <5 %) classes presented. Other minerals include: mica (Mca), calcite (Cal), dolomite (Dol), ilmenite (Ilm), anatase (Ant), rutile (Rt), 

gibbsite (Gbs) and amphibole (Am). Plagioclase feldspar series includes minerals from albite to anorthite. 

Soil depth 

(m) 

Mineralogy Particle size (%) 

Quartz  Plagioclase Orthoclase/ 

Microcline 

Smectite Kaolin Hematite/ 

goethite 

Other (T <5%) Sand Silt  Clay 

Basalt-derived soil (3 sites)       

Group A          
0 - 0.10 SD SD  D M M Cal, Ilm 21.9 21.4 54.8 
0.40 - 0.50 SD SD  D M M Cal, Dol, Ilm 26.2 12.1 61.7 
Group B (i)           
0 - 0.10 CD SD T CD T M Kln, Ilm 25.1 30.0 44.2 
0.40 - 0.50 SD SD T D T T Kln, 

Hem/Gt, Ilm 
23.9 15.6 59.2 

Group B (ii)           
0 - 0.10 SD M T D SD M Mca, Ilm 24.6 21.2 51.7 
0.40 - 0.50 M T T D SD SD Ilm, Ant, 

Gbs,  
26.2 13.3 59.6 

Granite-derived soil (3 sites)     

Group A           
0 - 0.10 D T T T M  Mnt, Mca, 

Ant 
61.3 13.6 25.0 

0.40 - 0.50 D T  T M T Mnt, Mca, 
Hem/Gt, 

46.6 4.5 48.8 
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Group B (i)           
0 - 0.10 D SD M  T  Kln, Mca, 

Am 
63.6 14.1 19.2 

0.40 - 0.50 D SD M  M  Mca, Am 65.2 12.2 20.7 
Group B (ii)           
0 - 0.10 D M T  T  Kln, Mca, Cal 61.5 21.7 15.8 
0.40 - 0.50 D M T  T  Kln, Mca, Cal 67.2 12.9 19.6 
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6.2.3 Treatments 

The four treatments were: 1) control (soil only), 2) nutrients (soil and nutrients only), 

3) high OM plus nutrients (OM equivalent to 12.4 Mg DM/ha and referred to as 

HOMN), and 4) very high OM plus nutrients (OM equivalent to 31.1 Mg DM/ha and 

referred to as VHOMN). Literature has demonstrated that nutrients are required in set 

proportions to form relatively stable OM in soil (that is, to accumulate microbial 

detritus) (Cadisch and Giller, 1997; Dijkstra et al., 2006; Himes, 1997; Kindler et al., 

2009; Kirkby et al., 2013; Miltner et al., 2012). The purpose of this experiment was to 

investigate if soil with a high OC concentration will continue to accumulate OC in a 

relatively stable form if both C and nutrient inputs are maintained and therefore, an 

OM only treatment was not included. Treatments were applied to soil at the beginning 

of each of the three soil incubation cycles. Each treatment was run in four independent 

replicates. The rate of OM application was determined by estimating the mean annual 

herbage mass production in tonnes of dry matter per hectare (Mg DM/ha) for a 

fertilised pasture in the Monaro region using the GrassGro® pasture growth model; 

6.2 Mg DM/ha (Moore et al., 1997). At the beginning of each incubation cycle, HOMN 

treatment had the equivalent of two years mean herbage mass production applied 

(12.4 Mg DM/ha) and the VHOMN treatment had five years herbage mass production 

applied (31.1 Mg DM/ha).  

For Group A, the OM applied at the beginning of cycle 1 was a blend (1:25) of 

uniformly-stable isotope-labelled (> 97 atom% 13C) perennial ryegrass shoots (sourced 

from Isolife Wageningen, Netherlands and milled to 1 mm) and field harvested (in 

Spring 2013) perennial ryegrass shoots (1.08 atom% 13C) that were oven dried at 40°C 

and milled to 1 mm. The 13C labelled plant material and the field collected plant 

material were weighed into the vials containing the soil samples separately. The OM 

applied in subsequent cycles (2 and 3) for Group A and for all cycles in Group B was 

solely field harvested perennial ryegrass shoots (oven dried at 40°C and milled to 1 

mm). Total C and N was measured on the prepared perennial ryegrass shoots using a 

LECO (CNS 2000) combustion furnace, and total acid extractable P and S measured by 

ICP-OES following nitric acid and hydrochloric acid (HCl) digestion (Wheal et al., 2011). 

Total C, N, P and S concentrations are reported in Table 6.2. Nutrient application rates 
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were calculated using the concentration of nutrients required for 30 % efficiency in the 

retention of C from the applied OM and based on the nutrient ratios of humus 

reported in the literature; C:N:P:S 10:0.83:0.20:0.14 (Himes, 1997; Kirkby et al., 2011) 

(Table 6.2). There was sufficient N and S in the perennial ryegrass shoot to achieve 30 

% efficiency in the retention of C from the applied OM, so only P was applied (as 

monopotassium phosphate; KH2PO4) prior to each cycle. The nutrient treatment (soil 

and nutrients only) had the same rate of nutrient application as the HOMN treatment.  
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Table 6.2 Calculations for perennial ryegrass and nutrient applications for the high OM plus nutrients and very high OM plus nutrients 

treatments. Nutrient inputs required (mg) for 30 % efficiency in the retention of C from the applied OM (following Kirkby et al., 2011) calculated 

as the nutrients required for retention less nutrients in the perennial ryegrass.  

Treatment calculation C N P S 

Humus ratios (Himes, 1997; Kirkby et al., 2011) 10000 833 200 143 

Nutrients per unit of humus C  1 0.0833 0.0200 0.0143 

Nutrients in perennial ryegrass (%) 43.51 3.30 0.21 0.27 

DM ratios (N,P,S per unit of C)  0.08 0.00 0.01 

High OM plus nutrients treatment (12.4 Mg DM/ha) 

DM (mg) per 40 g soil 498    

Nutrients (mg) in added perennial ryegrass 216.66 16.45 1.07 1.36 

C (mg) with 30 % retention 65.00    

Nutrients (mg) required for 30 % retention  5.41 1.30 0.93 

Nutrients applied (mg)   0.23  

Very high OM plus nutrients treatment (31.1 Mg DM/ha) 

DM (mg) per 40 g soil 1245    

Nutrients (mg) in added perennial ryegrass 541.66 41.13 2.67 3.40 

C (mg) with 30 % retention  162.50    

Nutrients (mg) required for 30 % retention  13.54 3.25 2.32 

Nutrients applied (mg)   0.58  
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6.2.4 Soil sample collection and preparation 

At each of the sites soil samples were collected from four soil pits located in a 

representative area of the field. A composite sample was compiled in the field for each 

of the 0 to 0.10 and 0.40 to 0.50 m soil layers. Soil samples were oven-dried at 40°C 

and sieved to <2 mm. Organic matter that was 0.4 to 2 mm was carefully removed 

using the dry sieving and winnowing procedure described by Kirkby et al. (2011). 

Remaining OM that was < 0.4 mm is considered to be synonymous with heavy fraction 

OM (>1.4 g cm3), thus relatively stable OM (Golchin et al., 1994b; Kirkby et al., 2011; 

Magid and Kjærgaard, 2001; Soil Science Society of America, 2008; Stevenson, 1994). 

The oven dried equivalent (ODE) mass of soil was measured on subsamples dried at 

105°C for 48 hours. Dried and sieved samples were then stored at room temperature.  

Soil samples were analysed for mineralogy by qualitative X-ray diffraction (XRD) 

analysis (Raven, 2013). The XRD data were interpreted using XPLOT and HighScore Plus 

(from PANalytical) search/match software. Soils were analysed for particle size 

distribution by the hydrometer method (Gee and Bauder, 1986). Results are reported 

as percent (%) sand (0.02 to 2 mm), silt (0.002 to 0.02 mm) and clay (< 0.002 mm). 

6.2.5 Soil incubation setup and respiration 

Forty g (equivalent oven dry weight) of soil was thoroughly mixed with the treatment 

and brought up to 70 % field capacity by addition of deionised water and maintained at 

that moisture content throughout the experiment. The thoroughly mixed samples 

were placed in open 70 ml sterile plastic vials that were 60 mm in height. Vials 

containing samples were placed in 1 L mason jars containing a small amount of 

deionised water. A complete set of soil samples was incubated for each cycle, so that 

at the end of the cycle (for example, cycle 1) all soil samples for that cycle were 

destructively harvested and treatments reapplied to the remaining sets of samples (for 

example, cycle 2 and 3).  An open scintillation vial containing 10 ml of 1M NaOH was 

placed in the jar next to the vial containing the sample to trap CO2 evolved. The 1 L jars 

were covered with cling film and the rubber lined lid tightly secured. Four jars were 

incubated as blanks containing only the 1M NaOH trap and deionised water. The 1M 

NaOH traps were collected and replaced on or near day 3, 7, 14, 28 and when respired 

CO2 had plateaued (day 64, 40 and 42 for cycles 1,2 and 3 respectively). The 1M NaOH 
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traps were analysed on the same day as collection. For the titration, 5 ml of 0.5 M of 

BaCl2 was added to the 1M NaOH trap to precipitate any carbonates. Samples were 

centrifuged at 3000 rpm for 5 mins. Three drops of phenolphthalein were added to 

2.25 ml of the solution and the solution was titrated using a Metrohm 665 Dosimat. 

The carbon dioxide (CO2) evolved was calculated as described by Alef (1995). Results 

for this chapter report CO2 as µg CO2-C per g soil.  

6.2.6 Carbon and nitrogen in soil 

At the conclusion of the incubation cycle, soil samples were collected and oven dried 

at 40°C. Dried samples were gently hand ground using a mortar and pestle, sieved to 

<2 mm and any remaining recognisable plant material that was approximately 0.4 to 

2 mm was carefully removed using dry sieving (Kirkby et al., 2011), static attraction 

and tweezers under a stereomicroscope in an attempt to remove undecomposed OM. 

Organic matter that was >0.4 mm was considered particulate OM and discarded and 

not included in any further analysis. The focus of the experiment was to accumulate 

relatively stable OM, and as previously outlined the <0.4 mm is considered to be 

synonymous with heavy fraction OM (>1.4 g cm3), thus relatively stable OM (Golchin et 

al., 1994b; Kirkby et al., 2011; Magid and Kjærgaard, 2001; Soil Science Society of 

America, 2008; Stevenson, 1994). Soil samples were then ground to <0.5 mm using a 

single puck mill head (Rayment and Higginson, 1992; Method 1B1).  

Total OC and N 

Total OC and total N were determined on approximately 2 g of finely ground soil using 

a LECO (CNS 2000) combustion furnace (Rayment and Lyons, 2011; Method 6B2b). 

There was no inorganic C present. Results for this chapter report total OC and total N 

as mg/g on an ODE of soil. Carbon stocks (Mg C/ha) were calculated using Equation 1. 

Equation 1: C stock (Mg C/ha) = (total OC (mg/g) / 10) x BD (g/cm3) x depth (cm) x (1 

- proportion gravel) 

Where, BD (g/cm3) is the mean bulk density of the soil sample under field conditions.  
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13
C isotopic soil analysis  

Finely ground soil (<0.20 µm) was dried at 65°C overnight and between 1 and 15 mg 

(depending on total OC concentration) was weighed into tin cups. Samples were 

analysed on a Delta V Advantage coupled to a Conflo IV and a FlashHT in dual-reactor 

setup (Thermo Fisher Scientific, Bremen, Germany). Analytical precision varied 

between 0.08 and 0.18 permill (‰) for d13C and 0.001 and 0.15 % for the 5 soil C 

standards. The atom % was calculated using Equation 2.  

Equation 2: Atom%=[(d13C/1000+1)*AR]/[1+(d13C/1000+1)*AR]*100 

Where; AR is the absolute 13C/12C ratio of the standard Vienna Pee Dee Belemnite 

(VPDB = 0.0111796). 

The calculations used to determine the 
13

C contribution to soil (%) are presented in 

Appendix 2.2. Microbial biomass carbon (MBC) 

Microbial biomass carbon was measured using the fumigation extraction method as 

described by Vance et al. (1987) on samples collected on day 10 of cycle 3. Briefly, 

unfumigated samples were extracted with 0.5M K2SO4 and filtered (Whatman #42). 

Fumigated samples were incubated with ethanol-free chloroform (CHCl3) in a sealed 

desiccator in the dark for 7 days at 25°C as described by Amato and Ladd (1988). The 

fumigated samples were then treated as per the unfumigated samples. Extracts were 

analysed using an Elementar TOC Analyser. Microbial biomass carbon was calculated 

as the difference in C concentration between the fumigated and unfumigated soils. 

Results are reported as MBC µg C/g on an ODE of soil.  

Carbon use efficiency (CUE) 

Carbon use efficiency (CUE) calculated as MBC increment per amount of consumed C-

substrate was calculated according to Blagodatskaya et al. (2014) as: 

Equation 3:  CUE = ΔMBC/(ΔMBC + ΔCO2-C)  

Where; ΔMBC is the net increase in MBC and ΔCO2-C is the net increase in cumulative 

respiration using the nutrients only treatment as the baseline. 
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6.2.7 Statistical analysis  

Linear mixed models fitted using ASReml 3.0 (Gilmour et al., 2009) were used for all 

analyses. All models included effects for parent material (PM), soil depth (D) , 

treatment (T) and all 2-way and 3-way interactions of these terms (PMxD, PMxT, DxT, 

PMxDxT) which together will be referred to as the ‘PMDT terms’. Treatments refer to 

control, nutrients only, HOMN and VHOMN unless otherwise stated in the models 

detailed below. The significance of fixed effects was assessed using approximate F-

tests using the techniques of Kenward and Roger (1997), the significance of random 

effects, other than experimental blocking and spline curvature, was assessed by 

comparing d, which equals -2 *∆log-likelihood for nested models M0 and M1, where 

M0 and M1 differ only in a single random effect, with a 2
1χ distribution (P=0.05) and 

the significance of spline (spl) curvature was assessed by examining 0.5(1-Pr(
2
1χ ≤d )) 

where d refers to models which differ in a single spline curvature term.  

Cumulative soil respiration (µg of evolved CO2-C per g of soil) was modelled using cubic 

smoothing spline regression (Verbyla et al., 1999). Mean effects for PMDT terms within 

each cycle were fitted as fixed effects. Linear trend in each cycle was fitted as a fixed 

effect by interacting PMDT terms within a cycle with ‘days’ where days related to a 

particular cycle. Random effects included spline curvature fitted as the interaction of 

PMDT terms within a cycle with spl(days) with days as described above. Residual 

variance was modelled for cycle x treatment combinations (Figure 6.2).  

The model for total OC for Group A included effects for cycle (1 to 3), PMDT terms and 

all multi-way interactions of these terms as fixed effects. Random effects included the 

blocking structures: replicate, main-plot and jar. The residual variance was modelled 

for PM x D combinations. A similar model was used for total OC for Group B, except 

that here there were two sub-groups (1 and 2) and only control and HOMN 

treatments. The fixed effects included all main effects, 2-way, 3-way and 4-way effects 

as described in Group A and in addition included sub-group (1 or 2) and interactions 

with all fixed terms. The random effects included blocking structures for each sub-

group separately and residual variance was modelled as in Group A. Models for N 
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(mg/g) and C:N were comparable to those for total OC for both Group A and B (Tables 

3, 4 and 5).  

The Carbon Use efficiency (CUE) model for HOMN and VHOMN was based on the 

‘nutrient only’ mean, calculated for cycle 3 for Group A and included fixed effects for 

PMDT terms. Replicate was included as a random effect and residual variance was 

modelled for PM x D x T combinations.  

The increase in total OC was compared with the C added in the HOMN and VHOMN 

treatments using cubic smoothing spline methods (Verbyla et al., 1999). Effects for 

PMDT terms with treatments being HOMN and VHOMN were fitted as fixed effects. 

The linear trend was fitted as a fixed effect by interacting PMDT terms with the 

independent variable ‘C added’. Random effects included spline curvature fitted as the 

interaction of the PMDT terms with spl(C added), replicate and replicate interactions 

with C added and spl(C added) (Figure 6.3). 

The 13C recovery model for HOMN and VHOMN, based on ‘nutrient only’ mean for 

Group A included fixed effects PMDT terms. Replicate and main-plot were included as 

random effects (Figure 6.4).  

A cube root transformation of MBC ( 3 MBC ) was required to account for the mean-

variance relationship in the data. The model for 3 MBC  from cycle 3 only, included 

PMDT terms as fixed effects. Replicate was fitted as a random effect. All comparisons 

were made using 5 % LSD on the cube root scale. 

 6.3 Results 

6.3.1 Soil respiration 

There was no difference in soil respiration between the control and nutrients only 

treatments for either parent material or soil depth, and these soil respiration rates 

were small compared to the CO2 respired for the HOMN and VHOMN treatments. 

These small increases occurred immediately after the start of each cycle where 

samples were mixed and water and/or nutrients applied, and were higher in the 0 to 

0.10 m soil compared with the 0.40 to 0.50 m soil (Figure 6.2). In contrast, the rate of 

CO2 respired was very high for the first 3 to 10 days of each cycle for the HOMN and 
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VHOMN treatments for both parent material (P<0.001) and soil depths (P<0.001), and 

then continued at a declining rate during the rest of the incubation cycle. There were 

significantly (P<0.001) greater amounts of CO2 respired in the VHOMN treatment for 

all parent material and soil depths for each cycle compared with the HOMN treatment 

and significantly higher rates of CO2 respired in cycle 2 and 3 compared with cycle 1 for 

both treatments (Figure 6.2). The main effects on CO2 respired for the HOMN 

treatment was soil depth, with significantly (P<0.001) higher rates of CO2 respired from 

the 0 to 0.10 m compared with the 0.40 to 0.50 m soil, and no difference with parent 

material. In contrast, for the VHOMN treatment there were significantly (P<0.001) 

higher rates of CO2 respired in the basalt-derived 0 to 0.10 m soil compared with other 

parent material and soil depths, and this increased from cycle 1 to 3.  

6.3.2 Total OC and N concentration 

Total OC 

For Group A, regardless of parent material or soil depth, there was no difference in 

total OC concentration between the control and nutrients only treatments, or within 

these treatments with incubation cycle (Table 6.3). In contrast, the addition of OM and 

nutrients significantly increased the concentration of total OC for both parent material 

(P<0.001) and soil depths (P<0.05) (Table 6.3). Total OC concentration increased with 

each HOMN and VHOMN treatment application. For example, in the basalt-derived 0 

to 0.10 m soil the VHOMN treatment increased total OC from 72.0 mg/g to 73.2, 77.9 

and 84.9 (0.5 se) mg/g in cycles 1, 2 and 3 respectively (Table 6.3). However, there was 

no significant difference detected in the concentration of total OC between cycle 1 and 

2 for the HOMN treatment on the 0 to 0.10 m soil for either parent material.  

The increase in total OC was compared with the C added using a regression approach 

across cycles with ‘jar’ level data on C added (Figure 6.3). The slope of the underlying 

linear trend across C added was significantly affected by soil depth (P<0.001) and the 

interaction of parent material and soil depth (P=0.002). For the VHOMN treatment, the 

slope of the tangent to the regression curve at the end of cycle 3 for granite-derived 

0.40 to 0.50 m soil was 0.06 per unit increase in C added (g) compared to 

approximately 0.35 to 0.50 per unit increase in C added for other parent material/soil 
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depth combinations. While this is some indication that the granite-derived 0.40 to 

0.50 m soil may be plateauing, it is not conclusive (Figure 6.3).  

For Group B, regardless of parent material and soil depth there was a significantly 

(P<0.05) lower concentration of total OC for the control at the conclusion of cycle 3, 

compared with cycle 1 and 2 (Table 6.3). Consistent with Group A, there was a 

significant increase in total OC concentration with OM and nutrient application (HOMN 

treatment) for both parent material (P<0.001) and soil depths (P<0.001) (Table 6.3). 

One exception was the HOMN treatment in the basalt-derived 0 to 0.10 m soil where 

the increase in total OC from cycle 2 to 3 was not significant; 61.8, 65.4 and 63.5 

(0.3 se) mg/g in cycles 1, 2 and 3 respectively (Table 6.3). 

Total N 

For Group A, there was no difference in total N concentration between the control and 

nutrients only treatments regardless of parent material or soil depth. The one 

exception was basalt-derived 0.40 to 0.50 m soil in cycle 1, where there was a 

difference in total N concentration within incubation cycle (Table 6.4). There was a 

significant (P<0.001) increase in total N concentration with HOMN and VHOMN 

treatment application for both parent material and soil depths (Table 6.4). For 

example, in the basalt-derived 0 to 0.10 m soil, the VHOMN treatment increased total 

N from 4.80 mg/g to 6.78, 7.64 and 7.85 (0.05 se) mg/g in cycles 1, 2 and 3 

respectively. However, there was no difference detected in the concentration of total 

N between cycle 2 and 3 for the HOMN treatment on the 0 to 0.10 m soil for either 

parent material (Table 6.4). Similarly for Group B, there was a significant (P<0.001) 

increase in total N concentration in the HOMN treatment regardless of parent material 

or soil depth, and a trend of declining total N concentration under the control which 

was significant in some cases (Table 6.4).  
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Figure 6.2 Cumulative soil respiration (µg CO2-C per g soil) for basalt- and granite-derived soil (0 to 0.10 and 0.40 to 0.50 m soil depths). Data 

points are individual observations. Treatments applied at the beginning of each of the three incubation cycles and include: control, nutrients, 

high organic matter plus nutrients (HOMN) and very high organic matter plus nutrients (VHOMN).  
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Table 6.3 Mean total OC (mg/g) for basalt- and granite-derived soil (0 to 0.10 and 0.40 to 0.50 m soil depths) at the conclusion of three 

consecutive incubation cycles. Group A included all treatments: control, nutrients, high organic matter plus nutrients (HOMN) and very high 

organic matter plus nutrients (VHOMN), on the highest OC sites for basalt- and granite-derived soil. Group B included the control and high 

organic matter plus nutrients (HOMN) treatments on two basalt- and granite-derived soils. Calculated mean Carbon Use Efficiency (CUE %) for 

the HOMN and VHOMN treatments in Group A only. Standard error (SE) and least significant difference (LSD 5%) presented. Significant (P<0.05) 

differences are marked by different letters (see footnote).  

Soil depth (m) Treatment 
Group A Group B 

Starting OC  Cycle 1 Cycle 2 Cycle 3 CUE (%) Starting OC  Cycle 1 Cycle 2 Cycle 3 

Basalt 0 - 0.10 Control 72.0 71.0 a A 70.8 a A 71.1 a A  62.8 60.8 b A 61.2 b A 57.9 a A 

 Nutrients  71.2 a A 70.8 a A 70.6 a A      

 HOMN  73.0 a B 73.9 a B 75.4 b B 14 a  61.8 a B 65.4 c B 63.5 b B 

 VHOMN  73.2 a B 77.9 b C 84.9 c C 13 a     

Basalt 0.40 - 0.50 Control 26.0 26.3 a A 26.2 a A 26.5 a A  18.4 18.0 b A 18.1 b A 17.6 a A 

 Nutrients  25.8 a A 25.8 a A 26.2 a A      

 HOMN  27.3 a B 29.4 b B 31.9 c B 13 a  20.9 a B 22.9 b B 24.4 c B 

 VHOMN  30.2 a C 34.2 b C 39.3 c C 20 b     

Granite 0 - 0.10 Control 32.1 30.0 a A 30.0 a A 29.8 a A  32.9 31.6 b A 31.6 b A 30.7 a A 

 Nutrients  30.6 a A 30.4 a A 29.8 a A      

 HOMN  33.4 a B 34.1 ab B 35.0 b B 16 a  34.6 a B 37.3 b B 37.8 b B 

 VHOMN  34.7 a B 40.7 b C 44.5 c C 30 c     
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Granite 0.40 - 0.50 Control 6.0 5.9 a A 6.0 a A 5.8 a A  3.3 3.8 b A  3.6 ab A 3.6 a A 

 Nutrients  5.3 a A 5.4 a A 5.7 a A      

 HOMN  8.1 a B 10.0 b B 11.9 c B 15 a  6.1 a B 8.7 b B 10.3 c B 

 VHOMN  11.3 a C 16.6 b C 18.4 c C 37 d     

All cycles   SE 5%LSDb   SEa  SE 5%LSDb 
 

 

Basalt 0 - 0.10   0.5 1.3   1.9  0.3 0.9  

Basalt 0.40 - 0.50   0.2 0.6   1.9   0.1 0.2  

Granite 0 - 0.10   0.5 1.3 HOMN 
VHOMN 

 1.4  
 2.2 

 0.3 0.8  

Granite 0.40 - 0.50   0.2 0.7   1.9  0.1 0.2  
a SE for CUE are averages for HOMN and VHOMN when the 2 values did not differ when rounded to 2 significant figures. For CUE, the 5 % LSD of 5.7 may be used for comparison 
across soils, depths and treatments. 

b 5 % LSD may be used to compare between cycles within treatments and between treatments within a cycle. Lower case letters refer to the former while upper case refers to 
the latter. 
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Figure 6.3 Relationship between the increase in soil C (mg/g; treatment less original C concentration) and the amount of C added (mg/g based on 

43.51 % C in OM) for basalt- and granite-derived 0 to 0.10 and 0.40 to 0.50 m soil depths. Grey dots are the replicate values for cycle 1, 2 and 3 of 

the high organic matter plus nutrients (HOMN) treatment, and the grey line is the regression relationship. Black dots are the replicate values for 

cycle 1, 2 and 3 of the very high organic matter plus nutrients (VHOMN) treatment, and the black line is the regression relationship. 
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Table 6.4 Mean total N (mg/g) for basalt- and granite-derived soil (0 to 0.10 and 0.40 to 0.50 m soil depths) at the conclusion of three 

consecutive incubation cycles. Group A included all treatments: control, nutrients, high organic matter plus nutrients (HOMN) and very high 

organic matter plus nutrients (VHOMN), on the highest OC sites for basalt- and granite-derived soil. Group B included the control and high 

organic matter plus nutrients (HOMN) treatments on two basalt- and granite-derived soils. Standard error (SE) and least significant 

difference (LSD 5 %) presented. Significant (P<0.05) differences are marked by different letters (see footnote).  

Soil depth (m) Treatment  Group A   Group B 

Starting N Cycle 1 Cycle 2 Cycle 3 Starting N Cycle 1 Cycle 2 Cycle 3 

Basalt 0 - 0.10 Control 4.80 5.96 b A 6.05 b A 5.65 a A  4.70 4.73 c A 4.58 b A 4.28 a A 

 Nutrients  5.90 b A 6.06 c A 5.64 a A      

 HOMN  6.35 a B 6.75 b B 6.64 b B   4.97 a B 5.24 b B 5.29 b B 

 VHOMN  6.78 a C 7.64 b C 7.85 c C      

Basalt 0.40 - 0.50 Control 1.87 1.94 a A 1.99 b A 2.04 c A  1.40 1.39 c A 1.27 a A 1.33 b A 

 Nutrients  1.90 a A 1.98 b A 2.02 b A      

 HOMN  2.17 a B 2.59 b B 2.98 c B   1.73 a B 1.89 b B 2.32 c B 

 VHOMN  2.66 a C 3.50 b C 4.19 c C      

Granite 0 - 0.10 Control 2.23 2.44 a A 2.49 a A 2.33 a A  2.54 2.59 b A 2.43 a A 2.37 a A 

 Nutrients  2.53 b A 2.51 b A 2.28 a A      

 HOMN  2.92 a B 3.34 b B 3.28 b B   3.01 a B 3.22 b B 3.36 c B 

 VHOMN  3.21 a C 4.07 b C 4.64 c C      
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Granite 0.40 - 
0.50 

Control 0.66 0.82 b A 0.79 b A 0.68 a A  0.44 0.48 b A 0.47 ab A 0.44 a A 

 Nutrients  0.77 a A 0.76 a A 0.68 a A      

 HOMN  1.07 a B 1.42 b B 1.62 c B   0.78 a B 1.10 b B 1.28 c B 

 VHOMN  1.47 a C 2.36 b C 2.66 c C      

All cycles   SE 5%LSDa   SE 5%LSDa  

Basalt 0 - 0.10   0.05 0.14   0.03 0.08  

Basalt 0.40 - 0.50   0.02 0.04   0.01 0.03  

Granite 0 - 0.10   0.07 0.18   0.03 0.08  

Granite 0.40 - 
0.50 

  0.03 0.09   0.01 0.03  
a 5% LSD may be used to compare between cycles within treatments and between treatments within a cycle. Lower case letters refer to the former while upper case refers to the 
latter. 



Chapter Six: Laboratory-based soil incubation experiment 

162 

 

Carbon to Nitrogen ratio (C:N) 

For Group A, there was little difference in the C:N ratio between the control and 

nutrients only treatments within a cycle however, in some cases there were significant 

differences between cycles (Table 6.5). There were significant differences in the C:N 

between HOMN and VHOMN treatments for both parent material (P<0.001) and soil 

depths (P<0.05) in all cycles except for granite- derived, 0.40 to 0.50 m in cycles 2 and 

3 (Table 6.5). The C:N for the HOMN and VHOMN treatments significantly (P<0.001) 

differed from the control in all cycles for both parent material and soil depths. The C:N 

ratios for the VHOMN treatment on the basalt-derived 0.40 to 0.50 m soil and granite-

derived 0 to 0.10 and 0.40 to 0.50 m soil significantly (P<0.001) decreased from cycle 1 

to cycle 3 (Table 6.5). For example, the VHOMN treatment on granite-derived 0 to 0.10 

m decreased from 14.41 to 10.81, 10.06 and 9.56 (0.11 se) in cycles 1, 2 and 3 

respectively (Table 6.5).  

For Group B, there was a significant (P<0.05) increase in the C:N ratio between cycles 1 

and 3 for the control of both basalt- and granite-derived soil. For the HOMN 

treatment, the C:N ratio significantly (P<0.001) decreased between cycle 1 and cycle 3 

for the basalt-derived 0 to 0.10 and 0.40 to 0.50 m soil and granite-derived 0 to 0.10 m 

soil (Table 6.5). For example, the C:N ratio for the HOMN treatment on the granite-

derived 0 to 0.10 m soil decreased from 12.99 to 11.51, 11.63 and 11.25 (0.04 se) in 

cycle 1, 2 and 3 respectively (Table 6.5). There was no difference in the C:N ratio with 

cycle for the HOMN treatment on the granite-derived 0.40 to 0.50 m soil.  
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Table 6.5 Mean C:N ratios for basalt- and granite-derived soil (0 to 0.10 and 0.40 to 0.50 m soil depths) at the conclusion of three consecutive 

incubation cycles. Group A included all treatments: control, nutrients, high organic matter plus nutrients (HOMN) and very high organic matter 

plus nutrients (VHOMN), on the highest OC sites for basalt- and granite-derived soil. Group B included the control and high organic matter plus 

nutrients (HOMN) treatments on two basalt- and granite-derived soils. Standard error (SE) and least significant difference (LSD 5 %) presented. 

Significant (P<0.05) differences are marked by different letters (see footnote).  

Soil depth (m) Treatment Group A Group B 

Starting C:N Cycle 1 Cycle 2 Cycle 3 Starting C:N Cycle 1 Cycle 2 Cycle 3 

Basalt 0 - 0.10 Control 12.91 11.88 b C 11.67 a C 12.60 c C 13.35 12.84 a B 13.39 b B 13.58 c B 

 Nutrients  11.96 b C 11.70 a C 12.63 c C     

 HOMN  11.47 b B 10.92 a B 11.42 b B  12.43 b A  12.53 b A 12.06 a A 

 VHOMN  10.85 b A 10.17 a A 10.79 b A     

Basalt 0.40 - 0.50 Control 13.92 13.54 c C 13.14 b D 12.97 a C 13.16 12.96 a B 14.27 c B 13.22 b B 

 Nutrients  13.64 b C 13.00 a C 12.94 a C     

 HOMN  12.58 c B 11.39 b B 10.68 a B  12.09 b A 12.12 b A 10.51 a A 

 VHOMN  11.39 c A  9.76 b A  9.37 a A     

Granite 0 - 0.10 Control 14.41 12.49 b C 11.99 a B 12.70 b C 12.99 12.23 a B 13.06 b B 12.98 b B 

 Nutrients  12.30 a C 12.07 a B 13.02 b D     

 HOMN  11.37 b B 10.35 a A 10.57 a B  11.51 b A 11.63 b A 11.25 a A 

 VHOMN  10.81 c A 10.06 b A  9.56 a A     
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Granite 0.40 - 0.50 Control 9.09  7.22 a B  7.54 a C  8.60 b C 7.35 7.90 a A 7.75 a A 8.11 b A 

 Nutrients   6.78 a A  7.19 b B  8.58 c C     

 HOMN   7.60 b C  6.96 a A  7.40 b B  7.88 a A 8.00 a B 8.01 a A 

 VHOMN   7.70 b C  7.02 a AB  6.96 a A     

All cycles   SE 5%LSDa  SE 5%LSDa  

Basalt 0-0.10   0.04 0.10  0.05 0.15  

Basalt 0.40-0.50   0.05 0.13  0.06 0.17  

Granite 0-0.10   0.11 0.29  0.04 0.12  

Granite 0.40-0.50   0.08 0.23  0.07 0.19  
a 5 % LSD may be used to compare between cycles within treatments and between treatments within a cycle. Lettering refers to between cycle tests. Lower case letters refer to 
comparisons between cycles within treatments while upper case refers to comparisons between treatments within a cycle. 
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6.3.3 
13

C recovery (% of added 
13

C) 

For each cycle, the calculated values for percent 13C recovery were consistently higher 

for the HOMN treatment than the VHOMN treatment however, this difference was 

only significant (P<0.05) for basalt-derived soil. For example, for the basalt-derived 0 to 

0.10 and 0.40 to 0.50 m soil the mean 13C recovery for the HOMN treatment in cycle 1 

was 36.0 (1.1 se) and 36.2 (1.1 se) % respectively, and 31.7 (1.1 se) and 31.8 (1.1 se) for 

the VHOMN treatment (Figure 6.4). There was a significant (P<0.05) decrease in the 

percent 13C recovery between cycle 1 and 3 for both HOMN and VHOMN for both 

parent material and soil depths (Figure 6.4). Within each cycle, there was only a 

significant difference in 13C recovery with soil depth for the granite-derived soil, with 

the 0.40 to 0.50 m soil having significantly (P<0.05) higher 13C recovery compared with 

the 0 to 0.10 m soil (Figure 6.4).  

6.3.4 Microbial biomass carbon 

The granite-derived 0.40 to 0.50 m soil had significantly (P=0.01) less MBC in the 

control and nutrients only treatments compared with the 0 to 0.10 m soil and basalt-

derived soil (Figure 6.5). There was no difference in MBC with parent material or soil 

depth for the HOMN treatment. However, there was a significantly (P<0.001) higher 

MBC (µg/g) for the VHOMN treatment in the granite-derived 0 to 0.10 and 0.40 to 

0.50 m soil; 1718 (151 se) and 1807 (156 se) ug/g respectively, compared with the 

basalt-derived soil; 670 (81 se) and 970 (103 se) µg/g respectively (Figure 6.5).  
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a) 

 

b) 

 

Figure 6.4 The 
13

C recovery (% of added 
13

C labelled organic matter) for basalt- and 

granite-derived soil; 0 to 0.10 and 0.40 to 0.50 m soil depths, over three cycles of 

treatment application. Treatments include: a) HOMN (high organic matter plus 

nutrients); and b) VHOMN (very high organic matter plus nutrients).Error bars are 

standard error. 5 % LSD is 2.9 for a) and b).  

 

 



Chapter Six: Laboratory-based soil incubation experiment 

167 

 

 

 

Figure 6.5 Microbial biomass carbon (µg C/g soil) at day 10 of cycle 3 for basalt- and 

granite-derived soil; 0 to 0.10 and 0.40 to 0.50 m soil depths. Treatments include: 

control, nutrients, high organic matter plus nutrients (HOMN) and very high organic 

matter plus nutrients (VHOMN). Significant (P<0.05) differences indicated by 

different letters with testing completed using cube root data (5 %LSD was 1.01 on 

this scale). Error bars are approximate standard error as analysis was on the cube 

root scale. 
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6.3.5 Carbon use efficiency (CUE)  

There was no difference in CUE with parent material or soil depth for the HOMN 

treatment. For the VHOMN treatment, the granite-derived 0 to 0.10 and 0.40 to 

0.50 m soil had a significantly (P<0.001) greater CUE compared with basalt-derived soil 

and other treatments (Table 6.3). The basalt-derived 0.40 to 0.50 m soil had a 

significantly (P=0.033) greater CUE with the VHOMN treatment compared with the 0 to 

0.10 m soil and the HOMN treatment (Table 6.3).  

6.4 Discussion 

6.4.1 Organic carbon in soil continued to increase with C and nutrient inputs 

This experiment demonstrated that despite an increase in soil respiration (P<0.001, 

Figure 6.2), the addition of OM and nutrients to soil with high (0 to 0.10 m) and low 

(0.40 to 0.50 m) OC concentration significantly (P<0.05) increased OC in soil (Table 

6.3). This increase occurred regardless of parent material. By the end of cycle 3 

(146 days of incubation and three VHOMN treatment applications), the application of 

93.3 Mg DM/ha (equivalent 40.6 Mg C/ha) plus nutrients (N, P, and S) increased the 

stock of OC in basalt-derived 0 to 0.10 and 0.40 to 0.50 m soil by 11.5 and 

19.14 Mg C/ha respectively, and 11.9 and 18.87 Mg C/ha respectively in granite-

derived soil. The increase in soil OC with C input demonstrated in this study agrees 

with some field based studies (Feng et al., 2013b; Huggins et al., 1998b; Kong et al., 

2005; Solberg et al., 1997). However, few studies have included soil with a high initial 

OC concentration, and those that have, reported little or no increase in soil OC with 

continuing C inputs (Campbell et al., 1991; Paustian et al., 1997b; Six et al., 2002; 

Stewart et al., 2009). Additionally, there are notable differences between this soil 

incubation experiment and field based studies. Field based studies are constrained by 

high variability, making it difficult to ascertain an increase in soil OC, even when it has 

occurred. Furthermore in the field, the incorporation and interaction of OM in soil, 

gaseous exchange and moisture availability is largely determined by the physical 

configuration of the soil. Whereas in this experiment, large quantities of OM (up to 

93.3 Mg DM/ha) were artificially incorporated into the soil and soil temperature and 

moisture maintained at optimum levels for OM degradation. The purpose of these 

conditions was to influence the dominant processes responsible for OM stabilisation, 
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and test the hypothesis that soil with a high OC concentration will continue to 

accumulate OC in a relatively stable form if both C and nutrient inputs are maintained.  

According to the C saturation concept, the absence of an asymptotic relationship 

between OC concentration and C inputs indicates a C saturation deficit (Stewart et al., 

2007; Stewart et al., 2009). For this reason, the low OC soil (0.40 to 0.50 m) was 

included in this experiment to represent soil further from any theoretical C saturation 

value for that parent material. However, regardless of initial OC concentration (that is, 

soil depth) there was no asymptotic behaviour between C inputs and OC accumulation 

in soil observed in this study (Figure 6.3). Thus, OC accumulation was not approaching 

an upper limit at OM application rates ranging from 12.4 to 93.3 Mg DM/ha 

(equivalent to 5.4 to 40.6 Mg C/ha). Having acknowledged the differences in field and 

laboratory based experiments, there are a few possible explanations for not observing 

C saturation behaviour in this experiment. Firstly, the results of this study report OC 

concentration in <2 mm soil with undecomposed OM removed, not solely the silt plus 

clay fraction. Thus, the OM applied to soil in this study may exist as uncomplexed OM 

(that is, particulate OM) while the silt plus clay fraction of soil may have become 

saturated with OC. However, following the incubation, free OM that was > 0.4 mm was 

carefully removed using dry sieving (Kirkby et al., 2011), static attraction and tweezers 

under a microscope. Therefore the influence of uncomplexed OM is thought to be 

minimal on the observed increases in OC concentration. Secondly, the soil may have 

been far from C saturation and the OM inputs inadequate for the soil to approach C 

saturation. The sites selected for this experiment were identified from a regional 

survey as having the highest OC concentration for the parent material (Orgill et al., 

2014). The rate of C input in this experiment exceeded the 6.0 Mg C/ha per year 

suggested for soils to exhibit C saturation behaviour in field based studies (Stewart et 

al., 2007). Therefore, given the high concentration of soil OC and the high rate of C 

input used in this experiment, it is unlikely that the soil was far from C saturation or 

that the OM input was inadequate to approach C saturation. Regardless, at rates of 

OM application ranging from 12.4 Mg DM/ha to 93.3 Mg DM/ha (equivalent to 5.4 Mg 

C/ha to 40.6 Mg C/ha), neither basalt- or granite-derived soil with high or low OC 

concentration exhibited C saturation behaviour (Table 6.3).  
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6.4.2 The role of clay content in determining a soil defined upper limit to OC 

stabilisation in soil 

The proportion of clay-sized particles and their clay mineralogy influence OC 

accumulation and in most calculations one or both of these factors define the 

protective capacity of soil (Stewart et al., 2007). In Australia, the capacity of soil to 

protect OM from decomposition has been categorised based on clay content, with 

<10 % clay indicating low protection and 10 to 25 % and 25 to 45 % indicating 

moderate and high protection, respectively (Baldock et al., 2009). Clay mineralogy also 

influences the extent to which this OM protection occurs (Jastrow et al., 2007). In this 

study the basalt-derived 0 to 0.10 m soil (Group A) was composed of 76.2 % silt plus 

clay sized particles and predominately 2:1 clays (mainly smectite), compared with the 

granite-derived soil which was composed of 38.6 % silt plus clay sized particles and 

predominately quartz and 1:1 clays (mainly kaolin) (Table 6.1). The 2:1 clay minerals 

such as smectite have a higher CEC and specific surface area compared with the 1:1 

clay minerals such as kaolin (Churchman and Lowe, 2012); approximately 80 vs 

15 m2g-1 (Feng et al., 2013a), and therefore have a greater capacity to absorb and 

stabilise OC within organo-mineral complexes (Baldock and Skjemstad, 2000; Kahle et 

al., 2002b; Mayer, 1994a). The basalt-derived 0.40 to 0.50 m soil had a similar silt plus 

clay content (73.8 %) and mineralogy to the 0 to 0.10 m soil. In contrast, the duplex 

profile of the granite-derived soil meant that the 0.40 to 0.50 m soil had higher silt plus 

clay content (53.3 %), and specifically higher clay content than the 0 to 0.10 m soil 

(48.8 vs 25.0 %). While asymptotic behaviour was not observed for any parent material 

or soil depth with treatment, there was no significant increase in OC concentration 

between cycle 2 and 3 for the VHOMN treatment in the granite-derived 0.40 to 0.50 m 

soil (Figure 6.3). While this is not conclusive, this may indicate the soil is approaching 

an upper limit to OC accumulation at a lower OC concentration due to the dominance 

of 1:1 clays, compared with the 2:1 clay dominated basalt-derived soil.  

One possible explanation for the continued accumulation of OC with increasing C and 

nutrient inputs is the model proposed by Kleber et al. (2007); that OC sorbs onto 

mineral surfaces in a zonal sequence. Under such a model, the OC coating of the 

mineral surface increases in thickness under increased OC accumulation in soil, not 
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necessarily the mineral surface coverage. Thus, the capacity of soil to accumulate OC is 

not exclusively determined by the amount of binding sites on mineral surfaces, but 

instead by the C input and rates of OC change (Kögel-Knabner et al., 2008). According 

to the model of zonal organo-mineral association (Kleber et al., 2007), the protection 

of OC is greatest in the ‘contact zone’, where organo-mineral associations form. In this 

study, the greater concentration of OC in basalt-derived soil (Table 6.3) with high 2:1 

clay content is consistent with a greater mineral surface area compared with granite-

derived soil which is dominated with 1:1 clay minerals (Table 6.1) presented in this 

study. In contrast, OC accumulation in the outer zone is controlled by exchange 

kinetics and therefore OC may have a shorter residence time. For example, there was 

no observation of a continued increase in OC concentration per unit of C input in the 

granite-derived 0.40 to 0.50 m soil (between cycle 2 and 3, Figure 6.3) in this study. 

Furthermore, this model of zonal organo-mineral association acknowledges the 

heterogeneity of OC compounds, specifically in relation to their capacity to react with 

clays and self-organise in solution (Kleber and Johnson, 2010). Therefore, while the 

specific surface area of minerals may not define C stabilisation and upper limit to OC 

accumulation (Kleber et al., 2007), the OC components are likely to influence the 

exchange kinetics and the interactions with mineral surfaces (Kleber et al., 2007; 

Kögel-Knabner et al., 2008; Manzoni et al., 2012; Miltner et al., 2012). That is, 

influencing the type of OC may also enhance its protection from microbial degradation 

and this may be biologically, not physicochemically driven. 

6.4.3 Increasing OC in soil through the accumulation of microbial detritus with C and 

nutrient inputs 

The primary loss of soil C is through the decomposition of OM and the associated 

microbial respiration of CO2 (Blagodatskaya et al., 2014). Given that humus is 

biochemically a relatively stable fraction of OC in soil, increasing the amount of humus 

through continued OM and nutrient application may increase OC accumulation. This 

may be an alternative reason why the high OC soils did not exhibit C saturation 

behaviour in this study. Humus is largely microbial detritus (Kirkby et al., 2011; Miltner 

et al., 2012) and was not directly measured in this experiment. However, the retention 

of the 13C isotope throughout the three incubation cycles indicates the stability of 
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accumulated OC. Despite increasing total microbial activity due to the treatments, as 

evidenced by both increasing soil respiration with time within each cycle (Figure 6.2) 

and increasing MBC at one time (Figure 6.5), as well as a significant (P<0.05) narrowing 

of the C:N ratio (Table 6.5; and consistant with Diochon et al., 2016), there was 

substantial 13C recovery at the end of the soil incubation (Figure 6.4). This supports the 

hypothesis that the increases in OC accumulation were at least partly due to the 

conversion of plant residues into microbial detritus which is a major component of the 

relatively stable pool of OC in soil. Furthermore, the mean recovery of 13C in soil 

(between 19.8 and 25.9 (1.1 se) %, Figure 6.4) at the conclusion of the experiment (146 

days of incubation and 3 treatment cycles) is relatively consistent with the target of 

30 % efficiency in the retention of C from the applied OM on which the nutrient 

applications were based (Himes, 1997; Kirkby et al., 2011).  

6.4.4 Microbial capacity of soil to increase OC accumulation with C and nutrient 

inputs 

The two microbial parameters used in this study were respiration (CO2) and MBC. The 

trends in respired CO2 were similar to trends in soil OC concentration; highest for 

basalt-derived 0 to 0.10 m soil and lowest for the granite-derived 0.40 to 0.50 m soil 

(Figure 6.2). The absence of any significant difference in soil respiration between the 

control and nutrients only treatment, in addition to the low cumulative respiration for 

these treatments, indicates that any remaining OM (that is, OM <0.4 mm) was 

relatively protected and that the microbial response was to the OM added in the 

HOMN and VHOMN treatments. By the end of each incubation cycle, the respiration 

rate had essentially plateaued suggesting that soil microbes had decomposed the 

majority of readily accessible OM. For the HOMN and VHOMN treatments, the 

cumulative CO2 respired per cycle was more in cycle 2 and 3 than cycle 1 for all soil 

types and soil depths indicating a priming effect from the treatments (Bingeman et al., 

1953; Kuzyakov et al., 2000). By cycle 3, the application of OM and nutrients to the 

0.40 to 0.50 m soil resulted in similar rates of respired CO2 to that in the 0 to 0.10 m 

soil.  Overall the ranking of MBC observations on day 10 of cycle 3 corresponded with 

the trends in cumulative respired CO2 for the control, nutrients only and HOMN 

treatments. There was no difference in MBC with parent material or soil depth for the 
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HOMN treatment (Figure 6.5). This indicates that despite differences in total OC 

concentration and soil physicochemical properties, the soils in this study have a similar 

microbial capacity to sequester C at these rates of OM and nutrient application and 

under these conditions. In contrast, the VHOMN treatment resulted in a significantly 

(P<0.05) greater concentration of MBC in the granite- compared with basalt-derived 

soil, and in the basalt-derived 0.40 to 0.50 m soil compared with the 0 to 0.10 m soil 

(Figure 6.5). This suggests that if adequate OM and nutrients are available, granite-

derived soils and subsoils have a measureable capacity to accumulate OC in the 

microbial pool of soil. 

The microbial capacity of soil to increase OC accumulation with C and nutrient inputs is 

further explained when the differences in microbial metabolism are compared in this 

study. Respiration (CO2) and MBC were used to calculate CUE at day 10 (after the 

period of exponential growth) of cycle 3 as described by Blagodatskaya et al. (2014). 

The CUE values reported in this study; 13 to 20 % for basalt-derived soil and 15 to 37 % 

for granite-derived soil (Table 6.3) agree with the observed values (14 to 51 %) for 

agricultural soils in the literature (Anderson and Martens, 2013; Blagodatskaya et al., 

2014). For the VHOMN treatment, the granite-derived soil was significantly more 

efficient at converting C into microbial biomass compared with the basalt-derived soil 

(Table 6.3). This significantly greater CUE in the granite-derived 0.40 to 0.50 m soil 

agrees with the proportionately greater increase in total OC concentration compared 

with basalt-derived soil (Figure 6.3 and Table 6.3). Microbial biomass C is composed of 

both metabolically active and dormant microorganisms, while CO2 derives primarily 

from active organisms (Werth and Kuzyakov, 2010). Therefore, the comparable 

cumulative respiration in cycle 3 (Figure 6.2) in the basalt- and granite-derived soils 

further supports the suggestion that, at rates of up to 93.3 Mg DM/ha (that is, the 

VHOMN treatment), the granite-derived 0.40 to 0.50 m soil accumulated a greater 

mass of relatively stable OC.  

6.4.5 Implications for C sequestration in agricultural fields 

The basalt- and granite-derived soil used in this study were selected for high OC 

concentration in the 0 to 0.10 m soil to investigate whether or not these sites had 

reached their maximum OC concentration. These sites were under permanent 
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pastures and some literature suggests that such sites may be close to C saturation or 

have a small C saturation deficit (Angers et al., 2011). Despite this, the results from this 

laboratory study indicate that if OM and nutrient supply are maintained at high levels, 

then these soils have the capacity to sequester more C. That is, at rates of up to 

93.3 Mg DM/ha no C saturation occurred. It is important to acknowledge the 

challenges of comparing laboratory and field studies, as previously discussed (Section 

4.1). This study presents a short-term (146 day) incubation experiment in a closed 

system. The issue of whether soil is approaching C saturation in the field or reaching 

equilibrium for that land use and management (West and Six, 2007) needs to be 

considered. To differentiate these in field based studies, climate and net primary 

productivity would need to be assessed. This would help to determine if constraints 

such as OM supply and decomposition, rather than inherent soil properties were 

limiting OC accumulation in soil. It is possible that the sites sampled in this study have 

approached, or are approaching their equilibrium OC concentration for the current 

climate and vegetation under field conditions, rather than C saturation. Further, it is 

unlikely that current agricultural management in this environment could achieve such 

substantial increases in OM supply. Regardless, the results in this study support the 

theory that soil can stabilise OC beyond their finite surface area (Kleber et al., 2007) 

and that soil with a high OC concentration can continue to accumulate relatively stable 

OC where C and nutrient inputs are maintained.  

6.5 Conclusions 

Understanding the factors controlling OC accumulation in soil has implications for 

identifying soils with capacity to sequester C, determining agricultural management to 

achieve these increases in C sequestration and assessing the role of agriculture in 

mitigating climate change. This study demonstrated that with sustained C and nutrient 

inputs, the stable fraction of OC can increase linearly. These results were not 

consistent with the soil C saturation model; instead supporting the zonal model of OC 

association with mineral surfaces, as well as the accumulation of relatively stable OC in 

the form of microbial detritus. . More research is required on OC stabilisation under 

field conditions where soil configuration will largely determine OM degradation, and 

where such substantial quantities of OM addition to soil may be unlikely. While there 
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was no direct influence of parent material on OC accumulation observed in this study, 

our data suggests that clay mineralogy may determine any potential C saturation 

behaviour of soil. Therefore, both the physicochemical and biological stabilisation of 

OC need to be considered when modelling OC dynamics in soil so that more accurate 

assessments of soil C sequestration can be made. This study suggests a large potential 

for C sequestration in soils under permanent pastures in southern Australia, 

particularly pastures where the gap between current and water limited yield potential 

is constrained by inadequate soil nutrition. 
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Chapter Seven: General Discussion 

7.1 Introduction 

Increasing the accumulation of OC in soil is important for agricultural productivity and 

mitigation of greenhouse gas flux to the atmosphere. Although climate is suggested to 

influence the stock of OC in soil (Rabbi et al., 2014; Robertson et al., 2016), few studies 

have investigated the influence of parent material within a given climate on total and 

OC fractions in soil under perennial pastures (Hobley et al., 2015; Murphy et al., 2010). 

Understanding the influence of these environmental factors on OC in soil may help to 

identify parts of the landscape where land management practices are likely to increase 

OC accumulation and permanence in soil under perennial pastures. Furthermore, 

identifying soil with a large potential to accumulate OC could maximise the mitigation 

benefits of C sequestration and help prioritise resources to achieve increases in soil 

OC.  

The data presented in this thesis demonstrated that OC in the studied soils is largely 

defined by environmental factors including: climate, parent material and soil depth 

(Figure 7.1). These factors determine the biophysical conditions of the agricultural 

system and therefore strongly influence plant production and OM protection in soil. 

Unlike land management, these environmental factors cannot be easily changed. This 

thesis also identified management practices that may increase the accumulation of OC 

in soil under perennial pastures in southern NSW. For example, soil nutrient 

management programs which ensure adequate N and S for pasture production 

(Chapters 3 and 4) and managing grazing intensity and duration (Chapter 5) can 

increase the accumulation of OC in soil. These management practices promote the NPP 

of pastures, thus increasing agricultural productivity and enhancing their appeal to 

land managers. Finally, the data demonstrated that with sustained C and nutrient 

inputs, the relatively stable fraction of OC in soil can increase linearly (Figure 6.3). 

However, within the context of perennial pastures in southern NSW, achieving this 

potential C sequestration in soil is likely to be limited by maximum NPP and the costs 

associated with nutrient inputs to stabilise OM in soil. 
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Each of the four experimental chapters in this thesis (Chapters 3, 4, 5 and 6) have 

included a discussion section on the results for that chapter. This General Discussion 

chapter (Chapter 7) brings together the four experimental chapters by discussing the 

key findings of this thesis as they relate to the research questions and hypotheses 

posed in Chapter 2. The potential to influence OC accumulation in soil under perennial 

pastures in southern NSW is examined as the focus of this thesis. Implications for 

policy and planning are presented, as are future research directions for this topic. 

 

 

Figure 7.1 Integration of the concepts that influence OC in soil under perennial 

pastures in southern NSW, and the chapters to which these relate.  
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7.2 Influence of environmental factors on OC in soil: climate and parent material 

In Chapter 2 it was hypothesised that within a given climate, parent material not 

management determines OC in soil under perennial pastures because parent material 

determines the soil properties that influence plant production and OM protection. The 

field survey of 72 sites across three regions in southern NSW (Monaro, Boorowa and 

Coleambally) demonstrated that both climate and parent material significantly 

influence the stock of total OC and OC fractions (Table 4.3) under perennial pastures. 

This agrees with other field surveys that suggest climate (Rabbi et al., 2014; Robertson 

et al., 2016) and parent material (Hobley et al., 2015) are determining factors of OC in 

soil. These environmental factors influence NPP and largely determine agricultural land 

use, as well as influence the rate of OM decomposition and the extent of OM 

protection in soil. This study was unique in that the influence of climate and parent 

material on total OC and OC fractions in soil was compared under long-term, 

permanent perennial pastures (Monaro and Boorowa regions). Based on the mean 

establishment age (31 years) of the introduced perennial pastures, literature suggests 

that soil under these management conditions will have approached a new higher 

steady state of OC concentration (Lam et al., 2013; West and Six, 2007). Thus, while 

the field survey (Chapters 3 and 4) was a single point in time observation, the OC in soil 

reflects the influence of climate, parent material and land management, and not 

necessarily a transition phase from a variable commencing concentration of OC in soil. 

Furthermore, while there was a significant influence of parent material on OC in soil, 

this study compared contrasting parent material classes (Gray et al., 2015b); basalt vs 

granite-derived soil (Monaro region). If similar parent material were compared, for 

example basalt and andesite, parent material maybe a less important determinant of 

OC in soil. Importantly, the field survey (Chapter 3) demonstrated that soil properties 

and OC stocks can vary within given a climate and parent material class, and this may 

indicate the potential for management to increase OC in soil under perennial based 

pastures.  

7.2.1 Climate 

While there were no trends in the stock of OC in soil when mean annual rainfall was 

compared across the 72 sites in the field survey (Chapter 4), generally higher rainfall in 
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spring and summer and lower mean annual temperatures were correlated with higher 

stocks of OC in soil (Figure 4.2). Climate influences biomass production (OM supply to 

soil) for a given land use, as well as soil moisture and temperature, which influence the 

rate of OM decomposition. Robertson et al. (2016) reported that climate (annual 

rainfall and vapour pressure deficit) accounted for approximately 80 % of the range in 

OC stocks in their field survey of 615 sites in Victoria, Australia. They also highlighted 

that the extent to which environmental factors such as climate and soil type influenced 

the stock of OC in soil was regionally dependent. In the field survey undertaken in this 

thesis (Chapters 3 and 4), comparing OC in granite-derived soil under perennial 

pastures from the Monaro and Boorowa regions helps to disentangle the interaction 

between climate and parent material on OC in soil. Despite similar pasture 

composition, there was a significantly greater stock of total OC (to 0.70 m; Table 3.5) 

and all OC fractions (to 0.30 m; Table 4.3) under deep granite-derived soil in the 

Monaro region compared with the Boorowa region. This is likely due to more 

favourable soil conditions for microbial activity in the Boorowa region; that is, less 

seasonal variability in soil moisture and temperature as a consequence of higher 

annual rainfall, more even rainfall distribution and warmer temperatures compared 

with the Monaro region.  

7.2.2 Parent material 

The trends in the stock of total OC and all OC fractions (POC, ROC and HUM) were 

generally consistent and in the order of basalt > deep granite (Monaro) > deep granite 

(Boorowa) > shallow granite > plains soil (Table 4.3). Parent material of soil formed in 

situ largely determines soil properties including: soil texture, mineralogy, nutrients and 

soil pH. These properties are important for biomass production (thus, OM supply) and 

OM protection, and for these reasons parent material is a major influence of OC in soil. 

For example, in the Monaro region, the basalt-derived soil has higher clay content, and 

therefore higher nutrient, water holding and cation exchange capacity (Arshad and 

Coen, 1992; Doran and Parkin, 1994; Hudson, 1994; Krull et al., 2001) compared with 

granite-derived soil which is dominated by sand-sized particles. The enhanced capacity 

of these clay-rich soils to protect OM through soil aggregation and organo-mineral 

associations (Baldock et al., 2009; Baldock and Skjemstad, 2000) may mean that even 
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when biomass production is limited by short-term climate variability, more OM is likely 

to be protected from decomposition.  

7.2.3 Interactions between climate and parent material  

The comparisons provided in this study suggest that parent material is an effective 

aggregator of soil properties that have a demonstrated influence on the accumulation 

of OC in soil under perennial pastures. Therefore parent material may have a greater 

role to play in interpreting field surveys undertaken to investigate how differences in 

OC stocks relate to land management. However, the results from the field survey 

(Chapter 4) also suggest caution when aggregating similar land units (for example, 

perennial pastures) based on parent material alone. For example, when shallow 

granite-derived soil (Monaro) and deep granite-derived soil (Boorowa) were 

compared, there was no difference in total OC or POC stocks (to 0.30 m), and a 

significantly greater stock of ROC and HUM in the shallow granite-derived soil (Table 

4.3). The ‘shallow’ and ‘deep’ categories for granite-derived soil used in this thesis 

relate to the depth of the C horizon (that is, soil depth) not necessarily a difference in 

parent material. Resistant OC is largely composed of char and charcoal-like organic 

materials and is not considered to be readily influenced by land management 

(Skjemstad et al., 2002). The similarities in POC are likely to be due to a combination of 

OM supply and decomposition processes. Shallow granite-derived soils generally 

produce less biomass due to lower CEC, lower total N and less available moisture 

within the soil profile. This lower OM supply to soil is evidenced by the lower stock of 

OC under shallow granite- compared with deep granite-derived soil under the same 

climatic conditions (Monaro region). While deep granite-derived soils are generally 

more productive, the climate in the Boorowa region is likely to lead to a faster rate of 

OM decomposition. Therefore the similarities in the POC stocks and greater HUM 

stocks may be a consequence of lower OM supply and slower OM decomposition in 

the shallow granite-derived soils of the Monaro region, and higher OM supply and 

faster OM decomposition in the deep granite-derived soil in the Boorowa region. 

Consequently, the influence of parent material and climate need to be interpreted 

together to inform the capacity of agricultural management to increase OC 
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accumulation in soil (Gray et al., 2015a; Gray et al., 2015b; Hobley et al., 2015; Rabbi et 

al., 2015). 

Parent material and climate significantly influenced the stock of ROC and HUM in soil 

(Table 4.3). However, the statistically similar stock of POC in basalt- and deep granite-

derived soil in the Monaro region suggest that this more active fraction may also be 

influenced by land management (Table 4.3). This is consistent with other studies in 

Australia which have demonstrated a significant influence of land management on the 

stock of POC in soil (Badgery et al., 2014; Rabbi et al., 2014; Schwenke et al., 2013). 

Therefore, the statistically similar stock of POC in soil between different parent 

material classes, the variability of OC in soil within a given climate and parent material 

class and the positive correlations between OC and nutrients in soil suggest that land 

management may increase OC in soil.  

7.3 Opportunity for management to increase organic carbon accumulation under 

perennial pastures 

In Chapter 2 it was hypothesised that within a given climate and parent material, there 

is more OC in soil under introduced compared with native perennial pastures due to 

higher soil fertility associated with soil nutrient management programs and greater 

OM supply to soil under introduced perennial pastures. In addition to climate and 

parent material, the field survey highlighted that OC in soil under perennial pastures is 

strongly influenced by soil nutrients (Table 4.4), while the results at the conclusion of 

the grazing trial demonstrated that significant increases in OC in soil can be achieved 

with grazing perennial pastures (Table 5.2). Contrary to hypothesis 2, there was no 

significant difference in total OC (Table 3.5) or OC fractions (Table 4.3) in soil under 

introduced and native perennial pastures regardless of climate (Monaro and Boorowa 

region), parent material (basalt and granite) or soil layer observed (0 to 0.10, 0 to 0.30 

or 0.30 to 0.70 m).  

7.3.1 Pasture type: native vs introduced perennial pastures 

Soil under native pasture has not lost OC via tillage, and native grasses are reported to 

have a greater root biomass (Wilsey and Polley, 2006) thus potentially greater below-

ground OM supply compared with introduced grasses. However, introduced perennial 
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pastures are typically selected to increase herbage mass production and are more 

likely to be fertilised compared with native pastures (Garden et al., 2000). Provided the 

introduced pastures have adequate soil nutrition they may produce more biomass 

compared with native pastures, and thus contribute more OM to soil. Soil nutrients 

also influence the relative stability of OM in soil; with relatively stable OM requiring a 

stoichiometric mixture of nutrients including C, N, P and S (Kirkby et al., 2011). For 

these reasons of increased biomass production, thus OM supply, and nutrient 

availability for increasing the relative stability of OM in soil, it was hypothesised that 

there would be a greater stock and permanence of OC in soil under introduced 

perennial pastures compared with native perennial pastures in southern NSW.  

The introduced perennial pastures in the field survey (Chapter 3) had a mean 

establishment age of 31 years. Carbon sequestration in soil following the 

establishment of a well-managed introduced perennial pasture is estimated to peak at 

5 years, and continue at a declining rate for up to 45 years (West and Six, 2007). 

However, similar to other studies (Chan et al., 2010; Davy and Koen, 2013) the results 

from the field survey (Chapter 3) showed no difference in the stock of total OC in soil 

(0 to 0.30 and 0 to 0.70 m) under native and introduced perennial pastures for any 

climate or parent material (Table 3.5). The stock of OC in the 0 to 0.10 m soil layer 

(Davy and Koen, 2013) and OC fractions (Baldock et al., 2013; Chan et al., 2002) are 

suggested to be a more sensitive measure of land management than the 0 to 0.30 m 

soil layer and the total pool of OC in soil. Despite this, there was no difference in the 

stock of total OC or OC fraction (POC, ROC or HUM) with pasture type for the 0 to 0.10 

or 0 to 0.30 m soil depth for any parent material or region (Table 4.3). It may be that 

introduced perennial species allocate less C below-ground compared with native 

perennial species or that NPP and C inputs for introduced and native perennials 

species are similar. Another likely explanation is that the growth potential of 

introduced perennial pastures was limited by drought, pasture sward composition and 

inadequate soil nutrition (Badgery et al., 2014; Garden et al., 2000; Garden et al., 

2001). The 10 years of dry conditions prior to the field survey (Chapters 3 and 4) may 

have resulted in underperforming introduced perennial pastures (Garden et al., 2000; 

Garden et al., 2001), and in particular a decline in the legume component of pastures 



Chapter Seven: General Discussion  

183 

 

which is essential for N supply (Graham and Vance, 2003). Furthermore, land 

management data for sites in the field survey reveal that fertiliser application was 

lower than the long-term district practice for more than 10 years prior to soil sampling.  

Therefore climatic conditions such as below-average precipitation in a given region are 

an important consideration when comparing soil OC in rain-fed agricultural systems. 

Preceding climatic conditions influence historic biomass production (thus OM supply) 

as well as land management decisions such as reducing nutrient application to soil. 

More information is required on the influence of pasture management on the stock of 

OC in soil under mean annual precipitation conditions to better understand the 

potential for C sequestration in these systems. Under these conditions, it is more likely 

that the management practices reported in the literature (Table 2.4) may increase the 

rate of OC accumulation in soil. Increasing the stock of OC in soil is important for 

agricultural production because soil OC positively correlates with a range of important 

soil physicochemical properties including CEC, nutrient availability, soil structure and 

aggregation, and negatively correlates with bulk density (Chan and Mead, 1988; Chan 

et al., 1992; Chan et al., 2008b; Jastrow et al., 2000; Oades, 1995). However, if the OC 

in soil has been reduced due to drought or pasture decline, then the C sequestered 

was not persistent and therefore may have less of a role in mitigating climate change.  

Importantly, the field survey (Chapter 3) highlights the considerable stock of OC in soil 

under agriculturally managed native pastures in southern NSW. The native pastures 

included in the field survey contained both C3 and C4 grass species. As a result of this 

pasture mix, native pastures are more likely to maintain year-round growth, and 

therefore supply more OM to soil, maintain higher groundcover and have lower soil 

moisture requirements compared with introduced pastures dominated by C3 grasses 

(Taylor et al., 2014). Furthermore, native grasses have a greater root biomass and 

higher C:N ratio of roots compared with introduced grasses (Wilsey and Polley, 2006). 

Despite these attributes, there was no difference in the amount or type of OC in soil. 

One explanation may be that the differences in OC accumulation between native and 

introduced perennial pastures were too small to detect given the large background 

stocks of OC in soil (Chan et al., 2010). Finally, compared to measuring total OC in soil, 

determining OC fractions using mid infrared spectroscopy did not improve the overall 
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ability to detect differences in OC due to the type of perennial pasture (Monaro and 

Boorowa regions) or between crops and pastures (Coleambally region).  

7.3.2 Nutrients 

Plants with adequate soil nutrition, as opposed to inadequate soil nutrition, are likely 

to produce more above- and below-ground biomass, and thus may contribute more 

OM to soil (Dalal and Chan, 2001; Dalal et al., 1995; Davies et al., 1998; Paustian et al., 

1997a; Russell and Willliams, 1982; van Groenigen et al., 2006; Walker and Adams, 

1958). Soil nutrients also influence the stability of OM in soil; with relatively stable OM 

requiring a stoichiometric mixture of nutrients including C, N, P and S (Himes, 1997; 

Kirkby et al., 2011; Walker and Adams, 1958). For these reasons, it was hypothesised 

that increases in OC in soil and increases in soil fertility would be associated. 

Soil fertility is an inherent soil property largely determined by parent material and 

influenced by land management through the application of nutrients and growing 

plants, such as legumes. This field survey demonstrated that the concentration of OC 

in soil is strongly related to total N and available S. Samples collected in the field 

survey (Chapters 3 and 4) were analysed for plant available P (Colwell) and S (KCl40) to 

evaluate the potential of each site to produce biomass, and therefore supply OM to 

the soil. While OC and total N are both important components of OM and therefore 

typically correlated, the significant correlations between total OC and OC fractions and 

total N and available S (Table 4.4) suggest that management which ensures adequate 

soil nutrition may increase the accumulation of OC in soil. These results agree with van 

Groenigen et al. (2006) whose meta-analysis of 80 studies indicated that the 

concentration of OC in soil increased with N, P and S inputs (under elevated CO2 

conditions). Nitrogen is particularly important for pasture production and is often the 

most limiting nutrient in dryland grass-dominated pastures. Sulfur promotes 

nodulation in legumes and is a key component of nitrogenase, the enzyme responsible 

for N fixation in legumes (Herridge, 2011; Peoples and Baldock, 2001). Perennial 

pastures in the Monaro and Boorowa regions rely on N-fixation by legumes to supply N 

in soil. Based on the field survey, nutrient management programs ensuring adequate S 

in soil may increase OC stocks under perennial pastures in southern NSW. However, 

the large stock of OC in soil under perennial pastures, and the considerable influence 
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of parent material and climate on this stock, may mean that any modest increases in 

OC accumulation due to S additions go undetected. 

Based on the field survey (Chapter 4), there was no significant correlation between OC 

and available P in soil (Table 4.4). This is in contrast to other Australian studies which 

have reported significant increases in OC in soil with increasing available P (Badgery et 

al., 2014; Chan and McCoy, 2010; Chan et al., 2010; Davy and Koen, 2013). It is worth 

noting that in the field survey, the correlation between OC and other soil chemical 

properties was affected by region and parent material, hence a multivariate linear 

model was used to adjust for these before estimating the correlations (Table 4.4). The 

aggregated data (for all regions and parent material) were supportive of the general 

trend of increasing OC concentration in soil with increasing available P, as has been 

previously observed on similar granite-derived soil (Chan et al., 2010). Phosphorus is 

critical for accumulating OC as it is an important component of OM in soil (Himes, 

1997; Kirkby et al., 2011), required for grass growth and essential for legume 

production and the associated N-fixation in soil. There are two possible, and 

potentially compounding, explanations as to why there was no significant correlation 

detected between OC and available P in soil for the field survey. Firstly, soil samples 

were only collected at one point in time and OC in soil may actually reflect previous P 

availability for plant growth, rather than the available P at the time of sample 

collection. As mentioned earlier, land management data indicated that fertiliser 

application had declined in the 10 years prior to conducting the field survey, thereby 

supporting the notion that less P may have been available for plant growth. Secondly, 

the Phosphorus Buffering Index (PBI) of soil influences P availability and varies greatly 

between soil types; typically increasing with clay content and clay minerals rich in iron 

and aluminium (Gourley et al., 2007; Moody, 2007). Therefore while basalt-derived soil 

may have a higher concentration of available P compared with granite-derived soil, a 

higher PBI would mean that the availability of this P may be similar to a lower 

concentration of P in soil with a lower PBI, such as granite-derived soil. Furthermore, 

research has demonstrated that the growth response of temperate grasses to P 

addition is limited by available N (Wilson and Haydock, 1971). Therefore where soil 

had adequate P (Colwell) based on the PBI, it is possible that biomass was limited by 
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other factors, for example N, S or plant available water, and not available P. Having 

acknowledged the importance of P for the accumulation of OC in soil, the results of the 

field survey (Chapter 3) indicate that once the influence of parent material is 

accounted for, N and S were the most significant nutrients influencing OC in soil under 

perennial pastures.  

7.3.3 Grazing 

Grazing management is a key influence of OC accumulation in soil under pastures 

(Conant, 2010; Conant et al., 2001). Controlling stocking intensity and duration has 

been reported to promote deep-rooted perennial plants, promote legume growth, 

encourage root turnover (Chen et al., 2015) and litter return to the soil surface, 

increase OM-soil contact through trampling and reduce OM loss by minimising soil 

erosion through maintaining groundcover (Cerdà and Lavée, 1999; Galdino et al., 2015; 

Palacio et al., 2014; Sanjari et al., 2008; Sanjari et al., 2009). Importantly, grazing 

management is a practice that land managers can change. Therefore the influence of 

grazing management on the accumulation of OC in soil under perennial pastures was a 

focus of this thesis. The influence of grazing management on OC in soil was compared 

in the Boorowa region as part of the field survey (Chapter 3), and at the conclusion of a 

replicated grazing trial in the Monaro region (Chapter 5). These two examples will now 

be discussed. 

In the Boorowa region, the stock of OC in soil was compared under perennial pastures 

that were either continuously grazed (10 sites; grazed without rest) or rotationally 

grazed (8 sites; grazed with a planned rest). Regardless of the type of perennial pasture 

(native vs introduced) there was no difference in the stock of OC in soil to 0.30 m 

between the grazing management systems (Table 3.5). This is consistent with other 

Australian studies which compared the impact of grazing management on the stock of 

OC in soil to 0.30 m (Allen et al., 2013; Chan et al., 2010; Pringle et al., 2011; Pringle et 

al., 2014; Sanderman et al., 2015; Sanjari et al., 2008). Surprisingly, when the 0 to 

0.70 m soil layer was compared, there was a significantly greater stock of OC under 

perennial pastures that were continuously grazed compared with rotationally grazed 

(Table 3.5). This is contrary to anecdotal claims of increased OC stocks in soil under 

short duration, high intensity forms of grazing management, such as rotational grazing. 
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It should be noted, however, that perennial pastures that were rotationally grazed 

were part of a management regime which included low or no nutrient inputs from 

mineral and organic fertilisers. So while continuous grazing was associated with 

greater OC stocks compared with rotational grazing management, it was not possible 

to separate grazing management from fertiliser management as the two were 

confounded in this study.  

Therefore this simplistic assessment of the influence of grazing management 

(continuous vs rotational) was insufficient to detect changes in the stock of OC in soil 

attributable to grazing management without considering potential confounding factors 

such as soil nutrients. It is also likely that the grazing categories (continuous vs 

rotational) in the field survey (Chapter 3) did not have sufficient resolution to account 

for the factors that influence OM supply and loss including; stocking intensity and 

duration and the biomass, growth stage of pastures and pasture composition before 

and after grazing. There are also other limitations to comparing grazing management 

in field surveys. For example, field surveys typically measure OC in soil in a 

continuously grazed field against one of many rotationally grazed fields that are 

created by the grazing cell (Chan et al., 2010; Conant et al., 2003; Sanjari et al., 2008). 

This can have confounding effects related to the time of year sites are grazed, rested 

and sampled, as well as grazing pressure and landscape positions in the fields 

represented. Another limitation of comparing grazing management in field surveys is 

comparing herbage mass in systems with completely different temporal patterns of 

utilisation and potentially different pasture composition. Such comparisons can deliver 

misleading conclusions. For example, if a point in time comparison of herbage mass is 

after a significant period of rest, it may suggest a higher herbage accumulation despite 

similar herbage growth rates. Therefore studying OC in soil under a replicated grazing 

trial may enhance our understanding of the role of grazing management on OC 

accumulation.  

The replicated grazing trial compared OC in soil under three grazing treatments on a 

native pasture where critical P and S targets were addressed, and as such were not 

limiting plant production. The three grazing treatments included: ungrazed, tactically 

grazed (set stocking with biannual rest periods) and cell grazed (intense stocking with 
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frequent long rest periods). At the end of the 5 year trial, cell grazing significantly 

increased OC in soil relative to the ungrazed treatment; 32.9 vs 25.6 Mg C/ha (1.8 se) 

to 0.30 m (Table 5.2). This is consistent with Liu et al. (2012) who demonstrated that 

OC in soil was lower where grazing is excluded. Interestingly, grazing treatment did not 

influence pasture sward composition when averaged over seasons. However, grazing is 

likely to have resulted in differences in plant shoot/root allocation, root growth and 

root turnover (Fulkerson and Donaghy, 2001), thus increasing OM supply to soil. 

Similarly, excluding grazing may have lowered plant productivity compared with 

grazing due to lower amounts of actively photosynthesising plant matter as a 

consequence of shading and nutrient tie-up. While there was no difference detected in 

the stock of total N at the end of the trial (Table 5.2), N supply and cycling throughout 

the trial may have been less in the ungrazed plots (Chaneton et al., 1996; Lu et al., 

2015; Peoples and Baldock, 2001), thus influencing OM supply and biochemical 

protection in soil.  

While cell grazing significantly increased the stock of OC in soil relative to ungrazed 

pastures, there was no difference in OC stocks between cell and tactically grazed 

pastures (Table 5.2). Hence it was livestock grazing, rather than the type of grazing 

management that influenced the stock of OC in soil. The relationship between OC in 

soil and grazing management is complex, as it is a combination of the plant response 

to grazing, plant recovery from grazing, organic litter contact at the soil surface, 

manure contributions from grazing animals and the influence of grazing on ground 

cover and soil erosion. The grazing trial demonstrated that removing grazing pressure 

may reduce the stock of OC in soil under native pastures, and provided evidence of the 

potential for grazing management to increase soil OC in the short-term. 

7.3.4 Subsoil organic carbon 

Organic matter that is located in the surface soil is more susceptible to loss compared 

with OM deeper in the soil profile due to higher rates of decomposition and soil 

erosion (Blanco-Canqui and Lal, 2008; Lal, 2004b; Skjemstad et al., 1996). Despite the 

benefits of accumulation and protection of OC in the subsoil, few studies measure and 

report OC in soil deeper than 0.30 m. In addition to the 0 to 0.30 m soil layer, OC was 

measured in the 0.30 to 0.70 m soil layer for all sites in the Monaro and Boorowa 
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regions (52 sites). These data revealed that a considerable proportion of the stock of 

total OC to 0.70 m was in the subsoil (Table 3.5). In the Monaro region, an average of 

43 % of the total OC stock was measured in the subsoil (>0.30 m) of basalt-derived soil, 

and 28 % in both the deep granite- and shallow granite-derived subsoil. These 

differences between parent materials reflect the contrast in inherent soil properties 

and the influence these have on plant production and OM protection. That is, basalt-

derived subsoils were smectite dominant and approximately 60 % of the particles by 

mass were clay sized, while the granite-derived subsoils were quartz and kaolin 

dominant with less than 50 % of the particles clay sized (Table 6.1). These soil factors 

influence water and nutrient holding capacity, as well as the protection of OM in soil 

aggregates and organo-mineral associations. In the Boorowa region, an average of 

33 % of the total OC stock was measured in the subsoil (Table 3.5). When OC in the 

subsoil was considered in the grazing system comparison for the Boorowa region, a 

significant difference was detected in OC stocks (as mentioned previously). This 

highlights the importance of sampling soil beyond 0.30 m depth when investigating OC 

stocks in agricultural systems.  

Organic matter can be located deep in the soil profile due to translocation, leaching or 

direct deposition. Pasture management that influences pasture sward composition; for 

example legumes, soil nutrient management and grazing management, may increase 

below-ground contributions of OM to soil, and hence OC accumulation in the subsoil. If 

management can achieve increased OM supply to the subsoil, the typically lower 

concentration of OC and higher clay content of the subsoil is suggested to stabilise 

more OC compared with surface soil layers (Six et al., 2002; Stewart et al., 2007).  

7.4 Investigating a soil-defined upper limit to OC accumulation in soil 

In Chapter 2 it was hypothesised that for a given soil type, soil with a high OC 

concentration will continue to accumulate OC in a relatively stable form if both C and 

nutrient inputs are maintained. It has been proposed that soil approaches an upper 

limit of OC accumulation, or C saturation, based on inherent soil properties, including: 

soil texture, structure, mineralogy and chemistry (Six et al., 2002; Stewart et al., 2007; 

Stewart et al., 2008b). Stable OM in soil is also reported to be largely composed of 

microbial detritus (Cadisch and Giller, 1997; Dijkstra et al., 2006; Himes, 1997; Kindler 
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et al., 2009; Kirkby et al., 2013). It has been demonstrated that where adequate OM 

and soil nutrients are available, stable OM (that is, microbial detritus) can accumulate 

irrespective of soil type (Kirkby et al., 2013). Therefore the process of accumulating 

stable OM may negate soil approaching C saturation. For these reasons, it was 

hypothesised that for a given soil type, soil with a high OC concentration will continue 

to accumulate OC in a relatively stable form if both C and nutrient inputs are 

maintained. 

The field survey (Chapter 3) from the Monaro region revealed a considerable range in 

OC concentration within a parent material class. It was not known whether the 

greatest stock of OC in soil for a given parent material represented the upper limit of 

OC in that soil type. A 146 day laboratory based soil incubation experiment was 

conducted to determine if an upper limit to OC accumulation in soil was approached 

with increasing C and nutrient input in basalt- and granite-derived soil; 0 to 0.10 m 

(high OC) and 0.40 to 0.50 m (low OC). Nutrients were applied at the rates based on 

the stoichiometry of humus (microbial detritus) (Kirkby et al., 2013). This experiment 

demonstrated that with sustained C and nutrient inputs, the stable fraction of OC can 

increase linearly. There was no asymptotic behaviour observed in this experiment to 

indicate OC accumulation was approaching an upper limit for either soil type at C 

application rates ranging from 5.4 to 40.6 Mg C/ha (Figure 6.3). Despite being a 

laboratory incubation study, these results of increased concentration of OC in soil with 

increased C input agrees with some field based studies (Feng et al., 2013b; Huggins et 

al., 1998b; Kong et al., 2005; Solberg et al., 1997). This experiment was unique as few 

studies have included soils with a high initial OC concentration, and those that have 

reported little or no increase in OC in soil with continuing C inputs (Campbell et al., 

1991; Paustian et al., 1997b; Six et al., 2002; Stewart et al., 2009). Despite increasing 

total microbial activity due to the treatments, as evidenced by both increasing soil 

respiration with time within each cycle (Figure 6.2) and increasing MBC at one time 

(Figure 6.5), as well as a significant (P<0.05) narrowing of the C:N ratio (Table 6.5; and 

consistant with Diochon et al., 2016), there was substantial 13C recovery at the end of 

the soil incubation (Figure 6.4). This is evidence that the increases in OC accumulation 
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are at least partly due to the conversion of the added plant residues into microbial 

detritus, which is a major component of the relatively stable OC in soil.  

Basalt- and granite-derived soils were selected to compare OC accumulation in soil 

with contrasting mineralogy; smectite dominant vs quartz and kaolin dominant 

respectively, and particle size distribution. The 2:1 clay minerals such as smectite have 

a higher CEC and specific surface area compared with the 1:1 clay minerals such as 

kaolin (Table 2.2) and therefore a greater capacity to absorb and stabilise OC within 

organo-mineral complexes (Baldock and Skjemstad, 2000; Kahle et al., 2002b; Mayer, 

1994a). Asymptotic behaviour was not observed for either soil type (basalt or granite) 

or depth (high and low OC concentration) with treatment. However, there was no 

significant increase in OC concentration between cycle 2 and 3 for the very high OM 

and nutrients treatment in the granite-derived soil for the 0.40 to 0.50 m layer (with 

low commencing OC concentration) (Figure 6.3). While not conclusive, this may 

indicate that the soil is approaching an upper limit to OC accumulation at a lower OC 

concentration due to the dominance of 1:1 clays, compared with the 2:1 clay 

dominated basalt-derived soil.  

The sites selected for the soil samples for this experiment had the highest OC 

concentration for the parent material class in the field survey (Chapter 3). These sites 

were under long-term permanent pasture and literature indicates that such sites may 

be close to C saturation (Angers et al., 2011). However, the results from this 

experiment indicate that if OM and nutrient supply could be maintained at high levels, 

then these soils have the capacity to sequester more C. That is, there was no evidence 

of C saturation. In the field, it is likely that the factors that limit NPP will determine the 

upper limit to OC accumulation in soil. Therefore it is possible that under field 

conditions the basalt- and granite-derived soils with a high OC concentration are 

approaching their equilibrium OC concentration for the current climate and 

vegetation, rather than C saturation. Further, it is unlikely that current agricultural 

management in this environment could achieve such substantial increases in OM 

supply to the 0.40 to 0.50 m soil layer as used in this laboratory based experiment. 
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7.5 Policy and planning 

7.5.1 Current policy  

As mentioned in Chapter 2, there are currently two methodologies approved by the 

Australian Government for trading C in agricultural soils (Clean Energy Regulator, 

2016); ‘Sequestering carbon in soils in grazing systems’ (measurement-based 

methodology) and ‘Estimating sequestration of carbon in soil using default values’ 

(model-based methodology). Under these two methodologies, increases in soil OC are 

associated with land use change; for example, changing from continuous cropping to 

perennial pasture, and/or improved land management practices including nutrient 

application, lime application and grazing management. The Monaro region is primarily 

pastoral land, while there is a mix of cropped and pastoral land in the Boorowa and 

Coleambally regions. For pastoral land, the data in this thesis suggests that soil 

nutrient management programs and grazing management may increase OC 

accumulation in soil. However, due to the large stock of OC in soil under perennial 

pastures in the Monaro and Boorowa regions any modest increases in OC 

accumulation due to nutrient management may go undetected. Despite similar stocks 

of OC in soil under introduced and native perennial pastures in the Monaro and 

Boorowa regions, it is plausible that under average rainfall conditions and with 

adequate soil nutrition introduced perennial pastures may increase OC accumulation 

in soil. However, the field survey illustrated that if there was a difference in OC stocks 

due to pasture type and this has been reduced due to the drought or pasture decline 

then the C sequestered was not persistent and therefore may not suitable for a trading 

scheme with 25 and 100 year permanency rules (as is the case with the two approved 

methodologies in Australia). While the field survey (Chapter 3) only studied OC stocks 

in soil under perennial pastures in the Boorowa region, other studies have 

demonstrated a greater stock of OC and POC in soil under perennial pastures 

compared with cropped fields in this region (Badgery et al., 2014). Such studies 

coupled with the considerable stock of OC in soil under perennial pastures 

demonstrated in the field survey (Chapter 3) indicate an opportunity to increase OC in 

soil by converting degraded cropped fields to perennial pasture. When pastures and 

cropped fields were compared in the Coleambally region, there was no difference in 
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the stock of OC in soil. This is likely due to higher nutrient and water inputs to crops 

resulting in a greater OM supply to soil, and the short pasture history (<5 years) in this 

region. Theoretically, with adequate soil nutrition and over longer periods of time, 

perennial pastures may also increase OC stocks in soil in this region.  

In many cases, the management practices that have been identified to increase OC 

accumulation in soil (Table 2.4), such as nutrient and grazing management, will also 

increase agricultural production. Here the additional income from trading OC in soil 

may offset some of the costs associated with the change in land management, for 

example fertiliser costs and fencing. However, if C is traded under the measurement-

based methodology, the substantial cost of monitoring OC stocks in soil (as is the 

prerequisite), will reduce this net income. Moreover, in less productive systems and 

where landholders may have less financial resources, the initial costs associated with 

nutrient management, pasture renovation and land use change may mean that the 

practice change needs to be further incentivised than the current market value of C in 

Australia ($10.23 per Mg CO2-e, April 2016 auction). Furthermore, the potential for 

additional GHG emissions associated with increasing agricultural production and the 

projected changes in climate in these regions may lessen the mitigation potential of 

accumulating OC in soil in these regions. Having said that, given the global issue of 

food security, then increases in agricultural production may be acceptable provided 

the emissions intensity (emissions/unit of production) is reduced (Henry et al., 2012; 

Pizer, 2005). 

7.5.2 Potential trade-offs between increasing organic carbon accumulation in soil 

and greenhouse gas emissions 

The data in this study suggests a considerable potential for C sequestration in soil 

under perennial pastures in southern NSW, Australia. While increasing OC in soil can 

increase agricultural production, the benefits such as nutrient mineralisation are 

largely associated with the decomposition, not the accumulation of OM in soil 

(Conyers et al., 2015; Janzen, 2006). This said, increasing the supply of OM to soil 

allows for both the benefits for agricultural production (optimising nutrient cycling) 

and increased OC accumulated in soil (Conyers et al., 2015). However, the value in 

terms of climate change mitigation is reduced if the land management results in 
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additional GHG emissions. For instance, improving soil fertility can increase biomass 

production, hence the agricultural productivity of the field, but only when the extra 

pasture produced is utilised. This means increasing stocking rates, and with that, 

livestock emissions. For a self -replacing merino enterprise typical of the Monaro 

region, an increase in carrying capacity of 2 DSE/ha would need to offset an increase in 

methane emissions of approximately 400 kg CO2-e/ha, or 110 kg/ha of C. Another 

example is the application of lime to reduce Al toxicity and increase pasture 

production, and improve the persistence and distribution of rhizobia for N-fixation by 

legumes (Peoples and Baldock, 2001). Although OC in soil was not strongly influenced 

by soil pH in the field survey, liming acidic soils is a common management practice in 

pasture based systems of southern NSW. Assuming a liming rate of 2.5 Mg/ha, this 

quantity of lime once reacted with acids in soil may release approximately 1,100 kg 

CO2-e/ha, or 275 kg/ha of C (Conyers et al., 2015; West and McBride, 2005). Based on 

the current market value of C ($10.23 per Mg CO2-e, April 2016 auction), and the costs 

associated with improving soil fertility, alleviating soil acidity or the extra biomass 

required to offset livestock emissions, it is likely that farm decisions will be made 

principally to increase pasture and livestock production, not to farm soil C.  

7.5.3 Implications of changes in climate on the stock of OC in soil under perennial 

pastures 

Climate change is likely to impact NPP, thus OM supply, through changes in: rainfall 

distribution and intensity, temperature, soil moisture, water use efficiency, nutrient 

cycling, plant distribution and growing season length (Pisani et al., 2015). For these 

same reasons, climate change is forecast to increase the rate of OM decomposition in 

some regions (Bontti et al., 2009). An increase in the rate of OM decomposition, 

typically results in an increase in CO2 emissions from soil. The data in this thesis 

highlight a considerable stock of OC in soil under pastures and therefore a potential 

source of CO2 emissions if the rate of decomposition is accelerated. Moreover, 

pastures are reported to allocate up to 90 % of assimilated C below ground (Bontti et 

al., 2009), hence the role of pastures in mitigating the effects of climate change may 

lessen if soil emissions increase. Therefore projections of future climate are important 
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to identify the potential implications on OC stocks in soil under perennial pastures in 

the Monaro, Boorowa and Coleambally regions. 

The three regions studied in this thesis are located in the ‘Murray Basin’ cluster of 

Natural Resource Management (NRM) regions (Timbal et al., 2015). Projections of 

future climate for this region have been reported for two 20 year time periods: 2020 to 

2039 (referred to as ‘near future’) and 2080 to 2099 (referred to as ‘late century’). The 

projected changes are in relation to the climate of 1986 to 2005 for the region (Timbal 

et al., 2015). In the Murray Basin cluster, substantial warming is projected for the near 

future (0.6 to 1.3 °C) and late century (1.3 to 2.4 °C), along with an increase in the 

temperature of the hottest days and an increase in the frequency of hot days and 

consecutive hot days. While rainfall is expected to remain variable, projections of 

future climate include: a decline in cool season rainfall, an increase in the intensity of 

heavy rainfall events and an increase in the frequency of drought. In the near future, 

mean rainfall changes of -10 to +5 % for annual rainfall, -15 to +10 % for winter rainfall 

and -15 to +15 % for summer rainfall are projected. In the late century, a continued 

decline in cool season rainfall is projected with between -20 and -40 % (depending on 

the General Circulation Model; GCM) to +5 % for winter and -15 to between +10 % and 

+25 % (depending on GCM) for summer rainfall. Evapotranspiration is projected to 

increase in all seasons, particularly in summer by the late century. Soil moisture is 

strongly influenced by rainfall, temperature and evapotranspiration. Consequently, soil 

moisture is projected to decline in all seasons by the late century.  

The combination of a substantial warming, decline in winter rainfall and decline in soil 

moisture is likely to favour a shift to C4 grasses in the study regions (Ganjegunte et al., 

2005). While this does not necessarily mean a decline in overall pasture production, it 

will influence pasture composition, feed availability and feed quality, and therefore 

grazing management. Substantial warming and less reliable winter-spring rainfall is 

also likely to reduce the reliability of temperate legumes, particularly shallow-rooted 

Trifolium spp due to susceptibility to false breaks (seedling loss) and inability to set 

seed (unreliable spring rainfall). This will therefore limit biological N fixation for overall 

pasture production. Periods of long-term limitations to biomass production, thus OM 

supply, are likely due to the projected increased frequency of drought.  
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The projected warming may increase OM decomposition in the cooler climate regions, 

such as the Monaro region. This thesis has demonstrated a greater stock of total OC 

and POC in deep granite-derived soil from the Monaro region compared with similar 

soil in the Boorowa region. It is proposed that the more variable and lower rainfall and 

colder temperatures in the Monaro region has resulted in less OM decomposition and, 

hence, greater accumulation of OC in soil. Therefore, the projected warming may lead 

to more favourable soil conditions for OM decomposition in the Monaro region, 

although the projected decline in soil moisture may counter this impact. Lastly, the 

increase in the intensity of heavy rainfall events and increase in the frequency of 

drought are likely to accelerate the rate of soil erosion, and therefore the loss or 

redistribution of OC in soil under perennial pastures in the study regions.  

7.5.4 Future policy and planning opportunities  

From the data in this thesis it is possible to identify two opportunities for future policy 

and planning with regards to accumulating OC in soil under perennial pastures in 

southern NSW. First, there is an opportunity to value management practices that 

enhance the protection of OM in soil more than those that result in short-term 

increases in OC that are vulnerable to seasonal loss. For example, promoting perennial 

pastures that increase the accumulation of OM in the subsoil, where it is less 

vulnerable to decomposition, and improving soil nutrition to enhance the biochemical 

stabilisation of OC in soil (that is, humification). Second, given that soil under perennial 

pastures represents a significant store of OC that could otherwise be warming the 

atmosphere, incentives could be provided for landholders to maintain high stocks of 

OC in soil. While this will not reduce the current concentration of GHGs in the 

atmosphere, it may reduce GHG emissions from soils under current climate and 

projected future climate. There are precedents for similar incentives, for example the 

National Stewardship Programme, which provided long-term support for private 

landholders to maintain and improve the condition of matters of national 

environmental significance (National Landcare Programme, 2015) and the current 

avoided deforestation methodology (Clean Energy Regulator, 2016) where it is the 

avoided loss that is valued in terms of climate change mitigation rather than C 

sequestration. Avoiding the loss of OC from soil could include management practices 
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that increase the protection of OM in soil, as previously mentioned, and also those 

that reduce the loss of OC through soil erosion such as maintaining groundcover. 

7.6 Future research 

Given the importance of OC in soil for agricultural production, ecosystem services and 

the global community (Keesstra et al., 2016), there are many areas that require future 

research. From the perspective of the role that pastures may play in increasing soil OC 

stocks in agricultural systems, five suggested topics are highlighted.  

1. Improved soil nutrition for perennial pastures. There is a theoretical potential to 

increase OM supply with improved pasture management and a key component of 

this is soil nutrient management. This survey has identified that N and S are 

important for OC accumulation in soil under perennial pastures, as is P, as 

observed by other studies. These nutrients are essential for plant growth and are 

important components of OM in soil. Nitrogen is particularly important for pasture 

production and is often the most limiting nutrient in grass-dominated pastures, 

and P and S promote nodulation in legumes. While P and S are commonly applied 

in mineral fertiliser form, more research is required on management practices to 

increase N in soil for plant production through i) improving N-fixation, for example 

improved rhizobia strains for broadcast legume seed and rhizobia top-up 

strategies for existing perennial pastures, and ii) the strategic use of N fertilisers 

on grass dominant pastures. Furthermore, research that quantifies more explicitly 

the link between NPP (C inputs) and soil OC is required if the C sequestration 

potential of managing soil nutrition is to be achieved. 

2. Incorporating perennial pastures into cropping systems. Perennial pasture phases 

may increase OC accumulation in soil through increased OM supply, improved soil 

aggregation and increased soil N where leguminous pastures are included. 

Theoretically, perennial pastures can substantially increase NPP compared with 

annual pastures and fallow systems where the quantity and distribution of rainfall 

permits. 

3. Modifying grazing management to maximise OM supply to soil and optimise 

nutrient cycling. The results from the grazing trial indicate the opportunity for 

livestock grazing to increase OC in soil in a relatively short time (5 years) through 
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increased OM supply to soil and enhanced nutrient cycling. Grazing intensity and 

duration primarily influences OM supply to soil as a consequence of plant 

response to grazing and plant recovery from grazing. Field trials could go beyond 

testing the effect of stocking intensity and duration on OC stocks in soil, and 

measure the effect of grazing practice on the above and below ground supply of 

OM to soil and pasture composition, in particular the legume component of 

pastures. 

4. Increasing biochemical stabilisation of OM (that is, humification) in soil under field 

conditions. The results from this study indicate that if OM and nutrient supply 

could be maintained at high levels, then these soils may have the capacity to 

sequester more C. This could be tested in the field through the application of 

nutrients to perennial pastures at the stoichiometric mixture required for 

humification, in addition to that required for optimum pasture production. One 

challenge would be detecting whether soil is approaching a new equilibrium 

determined by soil properties or for that land use and management. Therefore 

climate and NPP would need to be assessed to determine if constraints such as 

OM supply and decomposition, rather than inherent soil properties limit OC 

accumulation in soil.  

5. The fate of OC in eroded sediments. As mentioned in Chapter 2, there is 

uncertainty about the fate of OC removed by soil erosion with some studies 

suggesting it may be dynamically replaced, protected after deposition or more 

exposed to mineralisation during erosion and transport. More information is 

required on the rate of soil erosion under perennial pastures in southern NSW, the 

degradation of soil aggregates and OM during transportation, the deposition 

environment of eroded sediment and the susceptibility of OM in eroded sediment 

to decomposition. This information is crucial to identify if there are CO2 emissions 

associated with soil that is eroded from perennial pastures in southern NSW, or 

whether soil erosion represents a redistribution of OC but not a source of CO2 to 

the atmosphere.  
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Chapter Eight: Conclusions 

Understanding the factors controlling OC accumulation in soil has implications for 

identifying soils with capacity to sequester C, determining agricultural management to 

achieve these increases in C sequestration and assessing the role of agriculture in 

mitigating climate change. This thesis evaluated the environmental factors that 

influence OC in soil under perennial pastures in southern NSW, and identified soil 

nutrition and grazing pastures as practices likely to increase the stability and rate of OC 

accumulation in soil. This is the first time a field survey comparing OC stocks in soil has 

been conducted in the Monaro region. Furthermore, OC fractions in the 0 to 0.30 m 

soil layer and total OC stocks deeper than the conventional 0.30 m (that is, 0.30 to 0.70 

m) have not previously been studied under perennial pastures in southern NSW, nor 

have differences in soil OC between native and introduced perennial pastures been 

extensively investigated in this region.  

Environmental factors such as climate, parent material and soil depth significantly 

influenced the stock of total OC and OC fractions in soil, while land use (native vs 

introduced perennial pasture and pasture vs crop) did not. An implication of this 

finding is that not all agricultural land has the same potential to increase OC stocks. 

The influence of climate on the stock of OC in soil under perennial pastures was 

compared in granite-derived soil in the Monaro and Boorowa regions. Lower soil OC 

stocks in the Boorowa region compared with the Monaro region were attributed to 

higher annual rainfall, more even rainfall distribution and warmer temperatures 

leading to favourable soil conditions for microbial activity, hence a higher net rate of 

OM decomposition in the Boorowa region. Parent material was an effective aggregator 

of soil properties that had a demonstrated influence on OC accumulation in soil under 

perennial pastures and should be considered in conjunction with climate when 

interpreting field surveys.  

Another consideration coming from this thesis is sampling beyond 0.30 m depth when 

investigating changes in OC stocks in agricultural systems. Over one third of the total 

OC stock was located in the subsoil (>0.30 m), and the comparison of grazing systems 

in the Boorowa region field survey indicated that management may influence OC 
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accumulation deeper than 0.30 m. Thus, failing to account for subsoil (>0.30 m) OC 

may lead to misleading conclusions relating to the influence of land management on 

OC stocks in soil. That said, the loss of precision when sampling subsoil (>0.30 m) layers 

owing to the higher variability associated with larger soil mass and the costs associated 

with collecting soil samples deeper than 0.30 m mean the adoption of this 

recommendation is unlikely.  

Environmental factors are outside the immediate control of land managers, whereas 

managing pasture composition, soil nutrition and grazing management are practices 

that can be changed. There was no difference in the stock of OC in soil between native 

and introduced perennial pastures. The field survey component of this thesis suggests 

that nutrient management programs that ensure adequate N and S may increase OC 

stocks under perennial pastures in southern NSW. The importance of S for OC 

accumulation under these pastures is new as it has been assumed that N and P are the 

most important nutrients driving C sequestration in these systems. While P is 

undoubtedly important for biomass and the stabilisation of OM in soil, the role of S 

management requires greater attention under perennial pastures. In addition to OM 

supply, the importance of soil nutrients for the accumulation of stable OM was 

highlighted in the soil incubation experiment. This experiment demonstrated that with 

sustained C and nutrient inputs, the stable fraction of OC can increase linearly 

regardless of OC concentration, clay content and clay mineralogy. This is the first time 

this has been reported for soil with a high OC concentration and using subsoil (0.40 to 

0.50 m). Importantly, this result was not consistent with the soil C saturation model; 

instead supporting the zonal model of OC association with mineral surfaces, as well as 

the accumulation of relatively stable OC in the form of microbial detritus. As such, both 

the role of soil nutrition in OM supply and the biological stabilisation of OM in soil 

need to be considered when modelling OC dynamics at the field and farm scale so that 

the mitigation benefits of soil C sequestration are maximised.  

The grazing trial demonstrated that grazing pastures, as opposed to excluding grazing 

from pastures, can significantly increase soil OC stocks under native pastures in 

southern NSW. The influence of grazing management on soil OC where critical soil 

nutrients are addressed and maintained for the pasture species and production goals 
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has not previously been studied in NSW. Despite lower than average rainfall during the 

trial, soil OC (Mg/ha to 0.30 m) under native pastures on shallow granite-derived soil 

significantly responded to grazing management. Thus, this thesis provides evidence of 

the potential for C sequestration as a result of grazing management compared with no 

grazing in the short-term (5 years). 

This study suggests potential for C sequestration in soils under permanent pastures in 

southern NSW, particularly as soil nutrition and grazing practice is something that can 

be managed.  
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Appendix 1 Land management history (2000 to 2009) for sites sampled in the Monaro and Boorowa regions 

1.1 Grazing management history 

Site ID 
Paddock 

size (ha) 

Parent 

material 

Vegetation 

type 

Grazing management (CG: continuously grazed and RG: rotationally 

grazed) 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Monaro region              
NSWOrg_MITF01 13.5 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MNTF02 65 Granite (D) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNRS03 12 Granite (S) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MNSR04 40 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MISR05 32 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MNJC06 unknown Granite (S) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNTS07 5 Granite (S) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNTS08 5 Granite (S) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNKC09 140 Granite (S) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNBGTS10 5 Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNSW11 20 Granite (S) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIBGTS12 65 Basalt IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNRH13 170 Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIJH14 49 Basalt IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MNHJ15 unknown Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIAMS16 35 Basalt IPP CG CG CG CG CG CG CG CG CG CG 
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NSWOrg_MNAH17 46 Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MILW18 5 Basalt IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNDP19 30 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MIDP20 27 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MNJH21 150 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_MIJH22 35 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MRJH23 unknown Granite (D) Rem na na na na na na na na na na 
NSWOrg_MIKC24 15 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNCM25 18 Basalt NPP CG CG CG CG CG CG CG CG RG RG 
NSWOrg_MNCM26 20 Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIPH27 10 Basalt IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MRNC28 unknown Basalt Rem na na na na na na na na na na 
NSWOrg_MNJL29 unknown Basalt NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIJL30 66 Basalt IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MNJL31 125 Granite (D) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_MIJL32 95 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 

Boorowa region              
NSWOrg_BNNS53 47 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BINS54 28 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BNGM55 58 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BIGM56 50 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BNDM57 6 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BIDM58 11 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BIGJ59 8 Granite (D) NPP RG RG RG RG RG RG RG RG RG RG 
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NSWOrg_BIGJ60 45 Granite (D) IPP RG RG RG RG RG RG RG RG RG RG 
NSWOrg_BRDR61 unknown Granite (D) Rem na na na na na na na na na na 
NSWOrg_BNRC62 40 Granite (D) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BIRC63 24 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BRRC64 16 Granite (D) Rem na na na na na na na na na na 
NSWOrg_BNCA65 6 Granite (D) NPP CG CG CG CG CG CG CG RG RG RG 
NSWOrg_BICA66 6 Granite (D) IPP CG CG CG CG CG CG CG RG RG RG 
NSWOrg_BNTiM67 50 Granite (D) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BITiM68 25 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BNToM69 32 Granite (D) NPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BIToM70 120 Granite (D) IPP CG CG CG CG CG CG CG CG CG CG 
NSWOrg_BNMD71 52 Granite (D) NPP CG CG CG CG CG CG RG RG RG RG 
NSWOrg_BIMD72 48 Granite (D) IPP CG CG CG CG CG CG RG RG RG RG 
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1.2 Soil nutrient management - Nitrogen 

Site ID Parent material 
Vegetation 

type 

N  applied in fertiliser (kg N/ha) 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Monaro region             
NSWOrg_MITF01 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTF02 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRS03 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNSR04 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MISR05 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJC06 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS07 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS08 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNKC09 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNBGTS10 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNSW11 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIBGTS12 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRH13 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH14 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNHJ15 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIAMS16 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNAH17 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MILW18 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
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NSWOrg_MNDP19 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIDP20 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJH21 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH22 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MRJH23 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIKC24 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNCM25 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNCM26 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIPH27 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MRNC28 Basalt Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL29 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJL30 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL31 Granite (D) NPP 9.00 .. .. 9.00 .. .. 9.00 .. .. .. 
NSWOrg_MIJL32 Granite (D) IPP 9.00 .. .. 9.00 .. .. 9.00 .. .. .. 

Boorowa region             
NSWOrg_BNNS53 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BINS54 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNGM55 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGM56 Granite (D) IPP .. 10.00 .. .. .. .. .. .. .. .. 
NSWOrg_BNDM57 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIDM58 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ59 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ60 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BRDR61 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 



Appendix 

237 

 

 

 

  

NSWOrg_BNRC62 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIRC63 Granite (D) IPP 21.60 .. .. .. .. .. .. 21.60 21.60 .. 
NSWOrg_BRRC64 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNCA65 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BICA66 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNTiM67 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BITiM68 Granite (D) IPP .. .. .. .. .. .. .. .. 11.00 14.40 
NSWOrg_BNToM69 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIToM70 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNMD71 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIMD72 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
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1.3 Soil nutrient management – Phosphorus  

Site ID Parent material 
Vegetation 

type 

P applied in fertiliser (kg P/ha) 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Monaro region             
NSWOrg_MITF01 Granite (D) IPP 11.00 11.00 .. 11.00 11.00 .. 11.00 11.00 .. 11.00 
NSWOrg_MNTF02 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRS03 Granite (S) NPP .. .. .. .. .. .. .. .. .. 8.80 
NSWOrg_MNSR04 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MISR05 Granite (D) IPP 4.40 .. .. 4.40 .. .. 4.40 .. 4.40 .. 
NSWOrg_MNJC06 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS07 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS08 Granite (S) NPP .. .. .. .. .. 22.00 22.00 22.00 .. 8.80 
NSWOrg_MNKC09 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNBGTS10 Basalt NPP .. .. .. .. .. 11.00 11.00 11.00 11.00 .. 
NSWOrg_MNSW11 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIBGTS12 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRH13 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH14 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNHJ15 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIAMS16 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNAH17 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MILW18 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNDP19 Granite (D) NPP .. .. 11.00 .. .. .. .. .. .. .. 
NSWOrg_MIDP20 Granite (D) IPP .. .. 11.00 .. .. .. .. .. .. .. 
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NSWOrg_MNJH21 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH22 Granite (D) IPP 11.00 11.00 11.00 .. 11.00 11.00 11.00 .. 11.00 .. 
NSWOrg_MRJH23 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIKC24 Granite (D) IPP .. 8.80 .. .. .. 8.80 .. 8.80 .. .. 
NSWOrg_MNCM25 Basalt NPP 11.00 .. .. .. .. 11.00 .. .. .. .. 
NSWOrg_MNCM26 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIPH27 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MRNC28 Basalt Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL29 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJL30 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL31 Granite (D) NPP 7.60 .. .. 7.60 .. .. 7.60 .. .. .. 
NSWOrg_MIJL32 Granite (D) IPP 7.60 .. .. 7.60 .. .. 7.60 .. .. .. 

Boorowa region             

NSWOrg_BNNS53 Granite (D) NPP .. 4.40 4.40 .. .. .. .. .. .. .. 
NSWOrg_BINS54 Granite (D) IPP .. 4.40 .. 4.40 .. .. .. .. .. .. 
NSWOrg_BNGM55 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGM56 Granite (D) IPP .. 21.90 .. .. .. .. .. .. .. .. 
NSWOrg_BNDM57 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIDM58 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ59 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ60 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BRDR61 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNRC62 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIRC63 Granite (D) IPP 24.24 .. .. .. .. .. .. 24.24 24.24 .. 
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NSWOrg_BRRC64 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNCA65 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BICA66 Granite (D) IPP .. 8.80 .. .. .. .. .. .. .. .. 
NSWOrg_BNTiM67 Granite (D) NPP .. .. .. 8.80 .. .. .. .. .. .. 
NSWOrg_BITiM68 Granite (D) IPP .. .. .. 8.80 .. .. .. .. 52.00 16.00 
NSWOrg_BNToM69 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIToM70 Granite (D) IPP .. 8.80 .. .. .. .. 18.00 .. .. .. 
NSWOrg_BNMD71 Granite (D) NPP .. .. .. .. .. 8.80 .. .. .. .. 
NSWOrg_BIMD72 Granite (D) IPP .. .. .. .. .. 8.80 .. .. .. .. 
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1.4 Soil nutrient management – Sulfur (note: calculations of kg S/ha for gypsum based on grade 1 gypsum) 

Site ID Parent material 
Vegetation 

type 

Sulfur applied in fertiliser (kg S/ha) 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Monaro region             

NSWOrg_MITF01 Granite (D) IPP 13.75 13.75 .. 13.75 13.75 .. 13.75 13.75 .. 13.75 
NSWOrg_MNTF02 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRS03 Granite (S) NPP .. .. .. .. .. .. .. .. .. 11.00 
NSWOrg_MNSR04 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MISR05 Granite (D) IPP .. .. .. .. .. .. 5.50 .. 5.50 .. 
NSWOrg_MNJC06 Granite (S) NPP 5.50 .. .. 5.50 .. .. .. .. .. .. 
NSWOrg_MNTS07 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS08 Granite (S) NPP .. .. .. .. .. 27.50 46.25 27.50 .. 48.50 
NSWOrg_MNKC09 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNBGTS10 Basalt NPP .. .. .. .. .. 32.50 32.50 32.50 32.50 .. 
NSWOrg_MNSW11 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIBGTS12 Basalt IPP 18.75 .. .. 18.75 .. .. 18.75 .. .. 18.75 
NSWOrg_MNRH13 Basalt NPP 18.75 .. .. 18.75 .. .. 18.75 .. .. 18.75 
NSWOrg_MIJH14 Basalt IPP .. 18.75 .. .. 18.75 .. 18.75 .. 18.75 .. 
NSWOrg_MNHJ15 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIAMS16 Basalt IPP .. .. 18.00 .. 18.00 .. .. 19.50 .. .. 
NSWOrg_MNAH17 Basalt NPP .. .. .. 18.75 .. .. .. 18.75 .. .. 
NSWOrg_MILW18 Basalt IPP .. .. .. .. 18.75 .. .. .. .. .. 
NSWOrg_MNDP19 Granite (D) NPP .. .. 13.75 .. .. .. .. .. .. .. 
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NSWOrg_MIDP20 Granite (D) IPP .. .. 13.75 .. .. .. .. .. .. .. 
NSWOrg_MNJH21 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH22 Granite (D) IPP 13.75 13.75 13.75 .. 13.75 13.75 13.75 .. 13.75 .. 
NSWOrg_MRJH23 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIKC24 Granite (D) IPP .. 11.00 .. .. .. 11.00 .. 11.00 .. .. 
NSWOrg_MNCM25 Basalt NPP 13.75 .. .. .. .. 13.75 .. .. .. .. 
NSWOrg_MNCM26 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIPH27 Basalt IPP .. .. .. .. .. .. .. .. .. 18.75 
NSWOrg_MRNC28 Basalt Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL29 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJL30 Basalt IPP 15.00 .. .. 15.00 .. .. 15.00 .. .. .. 
NSWOrg_MNJL31 Granite (D) NPP 39.90 .. .. 39.90 .. .. 39.90 .. .. .. 
NSWOrg_MIJL32 Granite (D) IPP 39.90 .. .. 39.90 .. .. 39.90 .. .. .. 

Boorowa region             
NSWOrg_BNNS53 Granite (D) NPP .. 5.50 5.50 .. .. .. .. .. .. .. 
NSWOrg_BINS54 Granite (D) IPP .. 5.50 .. 5.50 .. .. .. .. .. .. 
NSWOrg_BNGM55 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGM56 Granite (D) IPP .. 1.50 .. .. .. .. .. .. .. .. 
NSWOrg_BNDM57 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIDM58 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ59 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ60 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BRDR61 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNRC62 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIRC63 Granite (D) IPP 1.80 .. .. .. .. .. .. 1.80 1.80 .. 
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NSWOrg_BRRC64 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNCA65 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BICA66 Granite (D) IPP .. 11.00 .. .. .. .. .. .. .. .. 
NSWOrg_BNTiM67 Granite (D) NPP .. .. .. 11.00 .. .. .. .. .. .. 
NSWOrg_BITiM68 Granite (D) IPP .. .. .. 11.00 .. .. .. .. .. .. 
NSWOrg_BNToM69 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIToM70 Granite (D) IPP .. 11.00 .. .. .. .. 10.00 .. .. .. 
NSWOrg_BNMD71 Granite (D) NPP .. .. .. .. .. 11.00 .. .. .. .. 
NSWOrg_BIMD72 Granite (D) IPP .. .. .. .. .. 11.00 .. .. .. .. 
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1.5 Soil amelioration – Lime (all top-dressed) 

Site ID Parent material 
Vegetation 

type 

Lime (Mg/ha) 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Monaro region             
NSWOrg_MITF01 Granite (D) IPP .. .. .. .. .. .. .. 1.0 .. .. 
NSWOrg_MNTF02 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRS03 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNSR04 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MISR05 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJC06 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS07 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNTS08 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNKC09 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNBGTS10 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNSW11 Granite (S) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIBGTS12 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNRH13 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH14 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNHJ15 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIAMS16 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNAH17 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MILW18 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNDP19 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
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NSWOrg_MIDP20 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJH21 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJH22 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MRJH23 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIKC24 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNCM25 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNCM26 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIPH27 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MRNC28 Basalt Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL29 Basalt NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJL30 Basalt IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MNJL31 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_MIJL32 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 

Boorowa region             
NSWOrg_BNNS53 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BINS54 Granite (D) IPP .. .. .. 2.5 .. .. .. .. .. .. 
NSWOrg_BNGM55 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGM56 Granite (D) IPP .. 2.5 .. .. .. .. .. .. .. .. 
NSWOrg_BNDM57 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIDM58 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ59 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIGJ60 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BRDR61 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNRC62 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
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NSWOrg_BIRC63 Granite (D) IPP 2.5 .. .. .. .. .. .. .. .. .. 
NSWOrg_BRRC64 Granite (D) Rem .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNCA65 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BICA66 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNTiM67 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BITiM68 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNToM69 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIToM70 Granite (D) IPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BNMD71 Granite (D) NPP .. .. .. .. .. .. .. .. .. .. 
NSWOrg_BIMD72 Granite (D) IPP .. .. .. 3.0 .. .. .. .. .. .. 
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Appendix 2 Examples of calculations  

2.1 Calculating Organic Carbon stock based on an equivalent soil mass 

Carbon stocks (Mg C/ha) based on an equivalent mass of soil to 0.30 m were calculated 

using Equation 1 to calculate the stock to a depth standard (DS) for the soil layers and 

then Equation 2 to calculate stock based on an equivalent soil mass (ESM) for either 

the 0 to 0.30 m soil layer. The reference soil mass (for ESM) was calculated as the 10th 

percentile of soil mass values for the 0 to 0.30 m soil layer of the parent material class 

in each region. 

Equation 1. 

DS OC stock (g/100cm2) = (OC concentration (mg/g) / 10) x BD (g/cm3) x depth (cm) x 

(1 - proportion gravel) 

Where, OC stock (g/100cm2) = OC stock (Mg C/ha). 

So for a soil with: 

Soil depth 

(m) 

Soil layer 

thickness for 

calculation (cm) 

OC 

(mg/g) 

Gravel (>2mm) 

proportion 

Bulk Density 

(g/cm
3
) 

0-0.05 5 37.7 0.02 0.92 

0.05-0.10 5 27.4 0.05 0.92 

0.10-0.20 10 22.8 0.10 0.95 

0.20-0.30 10 18.7 0.11 1.34 

 

The OC stock calculated to a DS (that is, a fixed depth) is: 

OC stock (Mg C/ha) 0 to 0.05 m = (37.7/10) x 0.92 x 5 x (1 - 0.02) = 17.00 

OC stock (Mg C/ha) 0.05 to 0.10 m = (27.4/10) x 0.92 x 5 x (1 - 0.05) = 11.97 

OC stock (Mg C/ha) 0.10 to 0.20 m = (22.8/10) x 0.95 x 10 x (1 - 0.10) = 19.49 
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OC stock (Mg C/ha) 0.20 to 0.30 m = (18.7/10) x 1.34 x 10 x (1 - 0.11) = 22.30 

Summary of results for Equation 1: 

Soil depth 

(m) 

OC 

(mg/g) 

Gravel (>2mm) 

proportion 

Bulk Density 

(g/cm
3
) 

DS OC stock 

(Mg/ha) 

0-0.05 37.7 0.02 0.92 17.00 

0.05-0.10 27.4 0.05 0.92 11.97 

0.10-0.20 22.8 0.10 0.95 19.49 

0.20-0.30 18.7 0.11 1.34 22.30 

Next, soil mass (that is, Mg of soil/ha) is calculated as; 

Soil mass = 100 x 100 x BD x thickness of soil layer (m)  

For example for the 0 to 0.05 m soil layer; 

Soil mass (0 to 0.05 m) = 100 x 100 x 0.92 x 0.05 = 460 

Summary results with soil mass: 

Soil depth 

(m) 

OC 

(mg/g) 

Gravel 

(>2mm) 

proportion 

Bulk Density 

(g/cm
3
) 

DS OC 

stock 

Soil mass 

(Mg/ha) 

0-0.05 37.7 0.02 0.92 17.00 460 

0.05-0.10 27.4 0.05 0.92 11.97 460 

0.10-0.20 22.8 0.10 0.95 19.49 950 

0.20-0.30 18.7 0.11 1.34 22.30 1340 

0-0.20    48.46 1870 

0-0.30    70.76 3210 

 

Next, the 10th percentile of soil mass values for the 0 to 0.10 or 0 to 0.30 m soil layer 

of the parent material class in each region was calculated. Then using this as the 
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reference soil mass Equation 2 was used to calculate the OC stocks based on an 

equivalent mass of soil. In this example, it was calculated to be 2296 Mg/ha. 

Equation 2.  

ESM OC stock (Mg C/ha 0 to 0.30 m) = DS 0 - 0.20 + (DS 0.20-0.30 x (ESM ref –Soil Mass 0-0.20)/ 

Soil Mass 0.20-0.30)) 

Where, DS 0-0.20 is the sum of OC stock for all soil layers to 0.20 m calculated using 

Equation 1, DS 0.20-0.30 is the OC stock for the 0.20 to 0.30 m soil layer calculated using 

Equation 1, ESM ref is the reference soil mass for the 0 to 0.30 m soil layer, Soil 

Mass 0-0.20 is the actual mass of the 0 to 0.20 m soil layer and Soil Mass 0.20-0.30 is the 

actual mass of the 0.20 to 0.30 m soil layer. 

So the OC stock based on an equivalent soil mass to 0.30 m is: 

OC (Mg C/ha) 0 to 0.30 m ESM = 48.46 + (22.30 x ((2296 - 1870) / 1340)) = 55.55 

 

2.2 Example to calculate 
13

C contribution to soil (%) 

Type of OM C% 

Perennial ryegrass 43.507 

Atom% of labelled OM 97 

Atom% of unlabelled OM 1.084 

 

Weight (g) of 13C labelled residue added = 0.0251 

Weight of dry (ODE corr) soil (g) = 33.610 

Carbon concentration (TC LECO g/100g) of soil = 7.369 

d13C of the control soil = -24.539  
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d13C of the treated soil = 146.800 

Note: Control soil had no 13C labelled material added 

 

1. Calculate the mass of 13C added to the soil (g per 40 g soil) 

Mass of 13C added = 13C labelled residue added (g) x C content of perennial ryegrass (%) 

x 13C enrichment (%) = 0.0251 x 0.43507 x 0.97 = 0.011 

2. Calculate the atom% 13C for the control and treated soil  

Atom% = [(delta/1000+1)*AR]/[1+(delta/1000+1)*AR]*100 

Where; AR is the absolute 13C/12C ratio of the standard VPDB, AR = 0.0111796 

If d13C of the control soil is = -24.539 then;  

Atom% 13C = ((-24.539/1000+1)*0.0111796)/(1+(-24.539/1000+1)*0.0111796)*100 = 

1.079 

If d13C of the treated soil is = 146.800 then;  

Atom% 13C = ((146.800/1000+1)*0.0111796)/(1+(146.800/1000+1)*0.0111796)*100 = 

1.266 

3. Calculate the percent 13C residue contribution to soil;  

Percent residue contribution to soil = (Atom% 13C in treated soil – Atom% 13C in control 

soil)/(Atom% of residue – Atom% 13C in control soil)*100 

= (1.266-1.079)/(97-1.079)*100 

= 0.19 (or 19%) 

 


