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Résumé 

En Australie, l’agriculture contribue à 16 % des émissions de gaz à effet de serre (protoxyde d'azote (N2O, 
méthane, dioxyde de carbone, etc.). La séquestration du carbone dans les sols agricoles a la capacité de 
réduire ces émissions. La culture céréalière constitue une composante majeure du secteur agricole en 
Australie, avec environ 13 millions d’hectares de terres cultivées en blé. Afin d’améliorer la compréhension 
des impacts du sol, du climat et des pratiques agricoles sur le COS (carbone organique des sols) en Australie, 
une recherche bibliographique sur les dynamiques du COS des fermes céréalières a été réalisée. 
Ultérieurement, une analyse de sensibilité a été entreprise avec APSIM (Agricultural Production Systems 
sIMulator), en combinant différents sols, climats et pratiques agricoles dans un plan d'expérience factoriel. 

De nombreuses publications scientifiques indiquent que l’absence de labour, le maintien des résidus de 
récolte, la rotation des cultures, la fertilisation azotée et l’irrigation augmentent la teneur en COS, d’autres 
montrent que ce n’est pas toujours les cas. La plupart de ces études reposent sur un nombre limité 
d’expérimentations, conduites sur des sites précis, sur du court terme, et avec un échantillonnage du sol 
superficiel (ex. 0 – 0.15 m). Par conséquent, il est difficile de définir de manière catégorique quelles sont les 
pratiques agricoles qui augmentent le COS et une  démarche de modélisation permet une approche plus 
systématique pour explorer les complexes interactions avec le COS. 

La teneur simulée en COS est principalement déterminée par la nature du sol et l’impact d’une pratique 
agricole sur le COS dépend de la nature des autres pratiques utilisées, du climat et du sol. Cette étude 
souligne aussi la complexité de la gestion simultanée du COS, des émissions de N2O et des rejets de nitrate 
dans la nappe phréatique. Les émissions simulées de N2O ainsi que le lessivage du nitrate augmentent lors de 
la fertilisation, qui est essentielle à un bon rendement ainsi qu’au maintient du COS. En outre, lorsque le pois 
chiche est introduit dans une rotation pour réduire les besoins en fertilisant de la culture du blé, il y a moins 
de carbone séquestré dans le sol, du fait d’une diminution de la quantité de biomasse retournée au sol. 

Abstract 

In Australia, agriculture is estimated to contribute to 16 % of all greenhouse gas production (nitrous oxide 
(N2O), methane, carbon dioxide, etc.). Carbon sequestration within agricultural soils has the capacity to 
mitigate greenhouse gas emissions. Grain cropping constitutes a major component of the agricultural 
industry, with approximately 13 million hectares of Australian farmland under wheat cropping. In order to 
gain an understanding of soil, weather and farming practices impacts on SOC (soil organic carbon) in 
Australia, literature pertaining to SOC dynamics within grain farming systems was reviewed. Following this, 
a sensitivity analysis was undertaken with APSIM (Agricultural Production Systems sIMulator) modelling 
framework, by combining different soils, weathers and farming practices in a factorial way.  

In the literature reviewed, zero tillage, stubble retention, crop rotation, nitrogen (N) fertilisation and 
irrigation were often identified to increased SOC, but not in all cases. Most studies were based on a limited 
number of experiments conducted at specific locations, for short periods, and the soil was only sampled to 
shallow depth (e.g. 0 – 0.15 m). It was therefore difficult to identify the most efficient practices to increase 
SOC, and a more systematic modelling approach was an effective means to explore complex SOC 
interactions.  

Simulated SOC was mainly explained by the soil properties, and the influence of a particular farming 
practice on SOC depended on complex interactions with other farming practices, the weather, and the soil. 
Our study also highlighted the complexities in managing carbon sequestration, N2O emissions and nitrate 
leaching together in farming systems. Indeed, simulated N2O emissions and nitrate leached increased when 
fertiliser application rate was increased as a means to increase both wheat yields and SOC. Furthermore, 
when a chickpea crop rotation was included to reduce wheat crop nitrogen requirements, less carbon was 



 

sequestered due to reduced biomass being returned to the soil.
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1 Introduction 
Increased concentrations of greenhouse gases in the atmosphere (carbon dioxide, CO2; nitrous oxides, N2O; 
methane, CH4; perfluorocarbons, CF4, C2F6) have elevated the average surface temperature. In Australia, 
Agriculture is estimated to contribute to 16 % of all greenhouse gas production (Quarterly Update of 
Australia’s National Greenhouse Gas Inventory�: March 2014, 2014). 

Soils can act as a net source or sink of atmospheric CO2 and thus influence the process of global climate 
change. Soils capacity to sequester carbon (C) is huge, as world soils constitute the largest terrestrial reserve 
of C, sequestering more than four times the amount of C in terrestrial biota and three times that in the 
atmosphere (Hillel and Rosenzweig, 2011). Cosier et al. (2009) showed that if Australia were to capture just 
15 % of the capacity of Australian soils to store C, it would offset the equivalent of 25 % of Australia’s 
current annual greenhouse emissions for the next 40 years.  

Furthermore, increasing SOC is widely regarded as beneficial to soil functions and fertility and in 
agricultural production systems is integral to sustainable farming. 

Grain cropping constitutes a major component of the agricultural industry, with approximately 13 million 
hectares of Australian farmland under wheat cropping. SOC in these farmlands is strongly influenced by 
human activities. For example, in a meta analysis,  Luo et al. (2010a), showed that SOC in the surface 0.1m 
of Australian cultivated soils was 51 % lower than in adjacent natural ecosystems. 

In order to gain an understanding of soil, weather and farming practices impacts on SOC in Australian grain-
based farms, literature pertaining to SOC dynamics within grain farming systems was reviewed. Following 
this, a sensitivity analysis was undertaken with APSIM (Agricultural Production Systems sIMulator) 
modelling framework, by combining different soils, weathers and farming practices in a factorial way. 

Firstly, I will briefly describe SOC dynamics and the Australian C stock in agricultural soils. Secondly, a 
synthesis of the main literature findings on the effects of agricultural practices on SOC dynamics in 
Australian grain cropping systems will be given. Then, I will describe the APSIM model developed to 
answer research questions and hypothesis raised by the literature review. Eventually, the results will be 
explained and discussed.  
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2 SOC, a matter of national and international 
importance 

2.1 Soil C cycle and importance  

2.1.1 C cycle 

C dynamics are a key indicator of soil condition and have major environmental and economic consequences 
for Australia (State of the Environment 2011 Committee, 2011). The management and monitoring of SOC 
has become a matter of national and international importance. Storing C is seen as one way to decrease 
atmospheric CO2 and thus mitigate the impact of climate change. Furthermore, increasing SOC is considered 
as central to maintain long-term agro-ecosystem functioning and stability and ensure global food security. 
Although there are different factors determining C storage capacity in soil, including edaphic (soil-related) 
and climatic factors that cannot always be controlled by human activity, measures can be taken to increase or 
protect SOC (Ingram and Fernandes, 2001). 

C is taken out of the atmosphere by plant photosynthesis and is then incorporated into various types of 
organic materials that are cycled through the soil. Nutrients, after being mineralised from the SOM pool, are 
taken up by plants or leached (Figure 1). C, after being mineralised from the SOM pool, is mainly leached or 
returned to the atmosphere as CO2 emissions. 

 

Figure 1: Organic C cycling in soils (from Hoyle, 2013). 

2.1.2 SOM 

2.1.2.1 SOM fractions 

SOM, which includes non-living and living organisms (and by-products) derived from plants and animals, 
and contains other elements than C, such as hydrogen (H), oxygen (O), phosphorus (P), sulfur (S) and 
nitrogen (N), that are associated with C in organic molecules. The SOM pool is made up of different 
fractions with turnover rates varying from hours to hundreds of years: 
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 The dissolved organic matter (<45 µm, in solution) generally constitutes less than 1 % of the total 
SOM and is mineralised so leave the SOM pool very quickly (minutes to days).  

 The particulate organic C (53 µm – 2 mm) is composed of fresh and decomposing plant and animal 
matter with an identifiable cell structure and has a turnover of months to decades. It makes up 
between 2 – 25 % of total SOM.  

 Humus organic C (<53 µm) is made up of older, decayed organic compounds that have resisted 
mineralisation. It often makes up more than 50 % of total SOM and has a decadal turnover.  

 Finally, resistant organic C (<53 µm and in some soils < 2 mm) is a relatively inert material made up 
primarily of chemically resistant materials or remnant organic materials such as charcoal (burnt 
organic material). This pool can constitute up to 30 % of SOM and turns over after hundreds to 
thousands of years.  

The relative amount of each fraction in a soil determines the resilience of the soil’s C stocks. 

2.1.2.2 SOM functions 

SOM contributes positively to a range of soil processes (Figure 2). For instance, SOM provides the dominant 
energy source for microorganisms that realise functions defining soil biological health (Hoyle et al., 2011): 

 Decomposition of plant and animal residues to form new SOM, which improves pH buffering 
capacity and cation exchange capacity. 

 Transformation of nutrients from organic to inorganic molecules (e.g. from organic N to NH4
+ and 

NO3
−), thus increasing nutrient availability to plants. 

 Formation and stabilisation of soil structure through bacterial polysaccharides that ‘stick’ soil 
particles together and through fungal hyphae enmeshing soil particles. 

 Degradation of pollutants and pesticides which otherwise would persist.  

 Production of gases (CO2, N2O, NH3, N2, CH4), some of which contribute to the greenhouse effect 
and global warming. 

 Positive contribution to soil resilience which refers to the ability of a soil to resist or recover its 
healthy state in response to destabilising influences. 
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Figure 2: The central role of SOM in contributing to key soil functions and overall soil fertility (after Peverill et al., 1999).  

2.2 Australian C stocks 

Australian soils are ancient. They have inherently poor structure, fertility and low levels of organic matter in 
their surface layers. However, in agro-ecosystems, these limitations can be partially overcome with well-
managed farming practices. The amount of SOC in Australia can vary from 81 g C/kg soil (8.1 % C) for 
alpine humus soils (Organosols) to less than 3 g C/kg soil (0.3 % C) for desert loams (Chromosols). 
Australian soils under rainfed farming typically have SOC contents in the range 0.7 – 4 % (Hoyle et al., 
2011). 

SOM in Australia has declined in many systems over the past 100 – 200 years due to extensive clearing of 
native woodlands and forests for agriculture. Recent estimates suggest climate variability and the historic 
clearing of native vegetation for agriculture have resulted in a 20 – 70 % decline in SOM content (Hillel and 
Rosenzweig, 2011; State of the Environment 2011 Committee, 2011).  

Physical and chemical soil constraints such as salinity, acidity, disease, compaction and sodicity impact large 
areas of Australian soils. These factors limit their productivity and act as major constraints to increasing 
SOM. 

2.3 Conclusions 

The SOM pool contributes positively to a range of soil processes and has major environmental and economic 
consequences for Australia. However, SOC can be mineralised and then leached or returned to the 
atmosphere as CO2 emissions. Therefore, finding which farming practices have a beneficial impact on SOC, 
by increasing C inputs in the soil or by decreasing C mineralisation, is of high interest. In section 3, we will 
focus on the main literature findings on the effects of agricultural practices on SOC dynamics in Australian 
grain cropping systems.
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3 Effects of agricultural practices on SOC: a 
literature review 

3.1 Summary of  the  studies used  in  the  analysis of  the  effects of  agricultural 
practices on soil C dynamics in Australian agroecosystems  

This report combined data from 53 published studies across Australian agro-ecosystems. The data is 
summarised in Appendix 1.1, which synthesises the references of the publications, the locations and 
durations of the experiments, the types of soils and agricultural practices concerned, the soil C sampling 
frequencies and depths and the annual rainfalls. Most of the publications deal with experiments located in 
areas with annual rainfall higher than 500 mm/yr (Figure 3), on the main wheat producing region (Figure 4). 
75 % of the experiments were located in NSW and QLD. Furthermore, 7 soil types are studied, and the main 
farming practices studied are tillage, stubble, rotation and fertilisation managements (Figure 5 and Table 1). 

 

 

Figure 3: Location of experiments shown in relation to long-term mean annual rainfall (climate data from the Australian 
Government - Bureau of Meteorology, n.d.,; see Appendix 1.1 Table A for the list of the publications). 
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Figure 4: Main wheat producing area. In this area, other crops are also produced : barley, sorghum, canola, legumes, etc. 
(after PricewaterhouseCoopers, 2011). 

 

Figure 5: Location of experiments shown in relation to the Australian Soil Classification (soil data from Ashton and 
McKenzie, 2001; see Appendix 1.1 Table A for the list of the publications, see Appendix 1.2 Table B for a simplified 
description of Australian soils). 
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Table 1 Number of publications included in the literature review where the effects of different farming practices on C 
sequestration are studied. The soils studied and locations concerned are also listed (see Appendix 1.1 Table A for the list of 
the publications). 

Agricultural 
practice 

Number of 
publications 

Tillage 
management 

36 

Stubble 
management 

26 

Rotation 21 
Fertilisation 14 

 

 

Soil 
(classification 
based on 
Isbell, 2002) 

Number of 
publications 

Vertosols 21 
Chromosols 11 
Kandosols 11 
Sodosols 8 
Tenosols 3 
Calcarosols 1 
Dermosols 1  

 Location Number of 
publications 

New South Wales 25 
Queensland 14 
Western Australia 6 
Victoria 5 
South Australia 1 
Tasmania 1 

 

Thus, the literature review concentrated on reviewing practices that affects SOC in Australian grain cropping 
systems and the effects of tillage and stubble managements, crop rotation, irrigation and fertilisation on soil 
C, which are the main effects studied in the publications, will be detailed in the next sections. The effect of 
the farming practices on soil properties will also be described as the soil characteristics influence yields, so C 
inputs into the soil, and C mineralisation. 

3.2 Tillage and stubble management  

The positive impacts of farming practices on soil properties and soil C sequestration are summarised from 
now in this report with the symbol (+), whereas when a negative effect or a neutral effect is observed, the 
symbols (-) and (0) are respectively used. If the impact may be positive or negative, the following symbol is 
used: (+/-). 

3.2.1 Tillage 

Tillage is the agricultural preparation of soil by mechanical agitation of various types, such as digging, 
stirring, and overturning. Different tillage systems are used in Australia: intensive tillage (less than 15 % 
crop residue is left after planting), reduced tillage, and increasingly, conservation tillage (30 % or more of 
the crop residues is left). In this section, the advantages and drawbacks of conventional and conservation 
tillages on SOC and soil properties will be described. 

3.2.1.1 Conventional tillage 

(+/-) Conventional tillage is usually used by Australian farmers because it loosens and aerates the top layer 
of soil, which facilitates planting the crop; it helps mix harvest residue, organic matter (humus), and 
nutrients evenly into the soil and limits the weeds. However, conventional tillage can have negative 
impacts on soil chemical and physical quality, including SOM.  

(-) Even though conventional tillage is used to increase crop production, its benefits are not always 
proven. Deep tillage on irrigated hardsetting Alfisol (Sodosol) in Trangie, NSW, did not improve soybean 
yields and the reduced bulk densities associated with deep tillage did not persist beyond the second year of 
the experiment (Willis et al., 1997). Chan and Hulugalle (1999) indicated that intensive tillage practices 
imposed in previously untilled soils in rainfed hardsetting Alfisols, in eastern Australia, caused a significant 
deterioration in soil quality, which was characterized by an increase in hardsetting behaviour and acidity, and 
a decrease in organic C, total N and aggregate stability. These changes caused the rapid breakdown of 



17 

 

organic matter. Similarly, White (1990) demonstrated the poor structure of the Merredin soil (calcic, red-
brown earth) after several years of cultivation. 

(-) The adoption of conventional tillage can cause a rapid loss of SOM. Pankhurst et al. (2002a) showed that 
in a Chromosol (red duplex type), a change in tillage practice, particularly the cultivation of a previously 
minimum-tilled (direct-drilled) soil, resulted in a significant decline, in the top 0 – 5 cm of soil, in organic C 
within a 3-year period. 

(-) The labile SOM pools (particulate organic C and light fraction organic matter) seem to be more 
sensitive to tillage management than total SOM (Chan et al., 2002; Cookson et al., 2008). 

(-) The effect of tillage on SOC can be exacerbated in some soils. White (1990) observed that there was a 
negative effect of cultivation on the organic C concentration in the first 0.25m depth of soil at Merredin 
(calcic, red-brown earth), compared with two locations: Wongan Hills (yellow earthy sand) and Avondale 
(non-calcic brown earth). This illustrates the role organic C has in maintaining the structure of this type of 
soil. 

(-) Furthermore, conventional tillage destroys soil aggregates (Chan et al., 2002; White, 1990). The 
destruction of soil aggregates through tillage exposes previously protected and stable SOM to mineralisation 
lowered the water stability of aggregate. 

(0/-) Conventional tillage is known to decrease the number and diversity of soil fauna such as 
earthworms, beetles, nematodes, mites and collembolan and the microbial biomass of the soil (Pankhurst et 
al., 2002a). The biomass of earthworms in the top 10 cm, under, conventional cultivation can be less than 
half that of direct drilling (Haines and Uren, 1990). However, one of the studies reviewed indicates that the 
abundance and biodiversity of soil invertebrates in that experiment context were determined more by soil 
microclimate and chemical pesticides, rather than by tillage or cropping systems (Hulugalle et al., 1997). 

(+/-) In addition to this, tillage can lead to a significant reduction in the pH in the upper part of the soil, 
particularly for soils with highly acidic subsoil. For instance, the adoption of conventional tillage of a 
Kandosol in Chan et al. (1992)’s experiment decreased the soil pH from 5.38 to 4.98 in the 0 – 0.05 m layer. 
These changes in pH must be due to increased exchangeable A1 brought to the soil surface as a result of an 
inversion action. The change in pH may be a positive or negative outcome, depending on whether the found 
pH limits crop growth. 

(0) It is also interesting to notice that in this same experiment (Chan et al., 1992), C:N ratio remained 
constant at 12:1 under different tillage and stubble treatments. 

3.2.1.2 Conservation tillage 

In Australia, the conservation tillage movement, which was prompted by the energy crisis of the 1970s, was 
promoted as a way to save fuel rather than as a way to preserve resources. It was also recommended to use 
conservation tillage to reduce soil erosion. Many field experiments were set up with a focus on crop 
performance and generally few of them included organic C measurements (Chan et al., 2003).  

(+/0) Since the increased interest in greenhouse gases emissions and soils C storage, conservation tillage has 
been often promoted as a way to reduce fossil fuel emissions and to increase or maintain SOM and 
quality. However, the latter was not always confirmed in the experiments, as it was shown in the 
review of 16 publications (Tables 2 and 3). 
 
The lack of a positive response to conservation tillage for some experiments was probably a reflection of a 
number of factors, namely partial removal of stubble by grazing, the high mineralisation rate (due to 
the high temperature) and the low crop yield (due to low rainfall). For these reasons, and because of a 
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limited number of experiments and shallow soil samples, no conclusion could be drawn from Tables 2 and 3. 
These limitations will be discussed further in this section. 

Table 2: Impact of the adoption of conservation tillage, compared to conventional tillage, on SOC concentration for literature 
where results are described by soil layer. 

Source Location Mean 
annual 
rainfall 
(mm/yr
) 

Soil Treatments 
compared 

Sampling 
depth (m) 

Durat
ion 
(years
) 

Unit of 
organic C  
measured 

SOC when 
conservation 
tillage 
compared to 
conventional 
tillage  

Chan and 
Hulugalle, 
1999 

Merah North  
and Wee Waa, 
NSW 

615 

Irrigated 

Vertosol MT-IT 0 – 0.15m, 
0.15 – 
0.30m, 
0.45 – 
0.60m 

3 & 2 % Higher in all 
soil layers  

Hulugalle 
and 
Entwistle, 
1997 

Narrabri, NSW 616 
Irrigated 

Vertosol MT-IT 0 – 0.15m, 
0.15 – 
0.30m, 
0.45 – 
0.60m 

9 %  

 

Higher in all 
soil layers 

Carter and 
Mele, 1992 

Wodonga , VIC 714* Sodosol ZT-CT 0.025 10 % Higher  

Dalal et al., 
1995 

Warra, QLD  685 Vertosol ZT-CT 0.1 7 % Higher  

Pankhurst 
et al., 
2002b 

Harden and  
Cowra, NSW 

608* & 
632* 

Chromosol DD, SR-CT, 
SB 

0.1 6 & 
16 

% Higher 

Cavanagh 
et al., 1991 

Forbes, NSW   526* Chromosol 
red-brown 
earth 

DD-CT 0.1 2 % Higher 

Smettem et 
al., 1992 

Kapunda, SA 492 Sodosol red-
brown earth 

ZT-CT 0.05 5 % Higher 

Hamblin, 
1984 

Merredin, WA 287 Chromosol ZT-CT 0.25 6 % Higher in the 
top 2.5 cm 

Packer and 
Hamilton, 
1993 

Cowra and  
Grenfell, NSW 

632*& 
624* 

Chromosol 

Fragile light 
textured 
surface soil 

CT-MT 0.1 7 and 
6 

% No difference 

 

Armstrong 
et al., 2003 

Emerald, QLD  590 Shallow 
Vertosol 

CT-ZT 0.1 2 % No difference 

Fettell and 
Gill, 1995 

Condobolin, 
NSW 

430 Chromosol DD-CT 0.1 15 % No difference 

 

 

 

 

 

 

 

ZT Zero tillage MT Minimum tillage CT Conventional tillage SR Stubble retained 
IT Intensive tillage DD Direct drilling SB Stubble burnt * Australian Government - Bureau of 

Meterology, n.d. 
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Table 3: Impact of the adoption of conservation tillage, compared to conventional tillage, on soil C mass for literature where 
results are described for a single layer. 

Source Location Mean 
annual 
rainfall 
(mm/yr) 

Soil Treatments 
compared 

Sampling 
depth (m) 

Duration 
(years) 

Unit 
of OC  
measu
red 

SOC when 
conservation tillage 
compared to 
conventional tillage  

Hulugalle, 
2000 

Narrabri, 
NSW 

616 

Irrigated 

Vertosol 

 

MT-IT 0.6 5 soil C 
mass 

Higher - No 
significant decrease 
over time in SOC 
where MT 

Hulugalle, 
2000 

Warren, 
Wee Waa, 
Merah 
North, 
NSW 

478 & 616 
& 615 

Irrigated 

Vertosol 

 

MT-IT 0.6 5 soil C 
mass 

Lower the first 5years 
(low cotton 
decomposition rate: 
decrease in SOC) 

Higher >10y 

Heenan et 
al., 1995 

Wagga 
Wagga, 
NSW 

550 Kandosol DD-CT 0.1 14 soil C 
mass 

Higher and lower 
decrease over time for 
ZT compared to other 
treatments 

Standley et 
al., 1990 

Central 
QLD 

 

 Vertosol ZT-Disc-
Blade 

0.1 7 soil C 
mass 

Higher and lower 
decrease over time for 
ZT compared to other 
treatments 

Dalal et al., 
2007 

Warra, 
QLD 

685 Vertosol ZT-CT 0.1 10 soil C 
mass 

No difference 
because of the similar 
rates of straw and root 
decomposition and 
No increase over time 

 
However, Chan et al. (2003), in a review of 12 publications, including 3 publications in common with my 
review (Cavanagh et al., 1991; Fettell and Gill, 1995; Heenan et al., 1995) found that significantly higher 
SOC levels under conservation tillage compared with conventional tillage on light-textured soils in 
Australia were found only in the wetter areas (>500 mm) (see Appendix 1.3 for more details about the 
publications reviewed). Chan et al. (2003)’s conclusion is of high interest: as most of the cereal cropping in 
Australia is carried out under rainfed conditions in areas with annual rainfall of 250 – 600 mm (Northcote, 
1983), this relationship suggests that the potential of using soil as a C sink by adopting conservation tillage to 
sequester C in the lower-rainfall (<500 mm) areas is rather limited under the present management.  
 

White (1990) pointed out that the organic C concentration decreased steadily throughout the duration of his 
experiment in two common Western Australian wheat belt soils, even when direct drilling was used. This is 
in contrast to results obtained on some other Australian soils and suggests that continuously cropping this 
soil type, even with direct drilling, is producing a very fragile soil structure that may still be declining. Other 
results suggest that under continuous cropping in dry areas, SOC level continues to decline, even under 
conservation tillage (Chan et al., 2003; Heenan et al., 1995). 
 
In a lot of experiments on C sequestration, the soil sampling depth was 0.1m or less. A large percentage of 
the organic C is in the 0 – 10 cm layer due to a concentration of crop residues and roots in this layer. 
However, soil management like tillage often results in a change in distribution of SOM within the soil 
profile and not always in the total amount of SOC (Chan et al., 2002, 1992; Cookson et al., 2008; Dalal et 
al., 1995; Gupta et al., 1994; Haines and Uren, 1990). For that reason, conclusions from the scientific papers 

ZT Zero tillage MT Minimum tillage CT Conventional tillage SR Stubble retained 
IT Intensive tillage DD Direct drilling SB Stubble burnt * Australian Government - Bureau of 

Meterology, n.d. 
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could be different if deeper samplings were realised. There is a need for experiments with deeper and 
fractioned soils samplings.  
 
Experiment duration is also of high importance when looking at the effect of conservation tillage on SOC.  
For instance, Hulugalle (2000) concluded that in irrigated Vertisols under a crop rotation including cotton, in 
the short-term (<5 years), replacing intensive tillage with minimum tillage resulted in a fall in C 
sequestration. This was attributed to the low decomposition rate of cotton crop residues. Results from the 
long-term study at the Australian Cotton Research Institute indicate, however, that it was a short-term effect: 
C sequestration was highest where minimum tillage and rotation of cotton with wheat had been practiced for 
extended periods (>10 years). Thus, more long-term studies would help understand better C sequestration 
response to tillage management. 

(+/0) Better physical and biological properties in response to conservation tillage were mentioned in 
many papers. Because these properties are associated directly or indirectly with SOC, it is not known if 
those improvements are sustainable in the longer term (Packer and Hamilton, 1993).  

(+) Direct drilling can increase suppressiveness towards some fungal pathogens. Pankhurst et al. (2002b), 
by comparing the difference in plant growth in γ-irradiated and natural (unsterilised) soil in the presence of 
added Gaeumannomyces graminis var. tritici (Ggt) and Rhizoctonia inoculum, showed that the suppression 
towards Ggt observed, was greater in the direct drilled compared to the conventionally tilled soils. This was 
associated with higher levels of organic C and total N in the direct drilled compared to the conventionally 
tilled soils at Cowra and with higher microbial biomass, CO2 respiration and populations of fungi (including 
cellulolytic fungi) in the direct drilled compared to the conventionally tilled soils at both the sites. 

(+/0) The effect of maintaining low soil disturbance system on structured or aggregated soils is greater 
than on coarse textured sand. Packer and Hamilton (1993) indicated that the benefits of minimum tillage 
on soil physical and chemical properties were greater on a sandy loam textured soil at Cowra compared with 
a better buffered loam soil at Grenfell. This can be explained by their structural characteristics: sandy soils, 
which tend to be well aerated and have little absorptive capacity, generally retain little organic matter. 
Clayey soils, on the other hand, form strong physicochemical bonds between the active surfaces of the clay 
particles and the organic macromolecules of humus, which thus become resistant to further decay. 
Furthermore, clayey soils tend to form tight water-resistant aggregates, the  interior of which restrict aeration 
and further resist the decay of occluded organic matter (Hillel and Rosenzweig, 2011). Consequently, tillage 
reduces the chemical and physical SOM stability in clayey soils and leads to SOM mineralisation.  

(-/0) One of the drawbacks of zero tillage is that nutrients and organic inputs can become concentrated 
on the soil surface in those systems where they are less available to soil organisms. This concentration of 
organic matter, together with inadequate or spatially inaccessible fertiliser inputs can limit the availability 
of N, P and S required to build up stable SOM (Kirkby et al., 2011).  Its placement on the surface also makes 
any newly acquired C vulnerable to losses. Surface residues decompose with only minor contribution to 
SOM pool.  
However, this effect would be countered to some degree by the reduced erosion rates of nutrient-enriched 
topsoil associated with conservation tillage practices.  
Furthermore, the limited availability of nutrients for plants might occur mainly when the surface soil is 
dry and consequently when the nutrients diffusion to deeper soil layers is limited. Indeed, some studies on 
irrigated farming including cotton in the crop rotation (cotton have the potential to grow beyond 1 metre 
depth) indicate that nutrient concentrations in plant tissues were not significantly affected by tillage/crop 
combinations (Hulugalle and Entwistle, 1997). There can even be a higher nutrient uptake (Hulugalle et al., 
1997). The cause of the higher rates of N uptake in zero-tillage treatments is unclear. Increased biological 
activity, especially that of earthworms (Haines and Uren, 1990), is frequently associated with reduced tillage, 
and this may have enhanced mineralisation rates. 
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(-) Thompson (1992) found that there were higher rates of leaching of NO3-N below the sampling depth 
of 1.2m under zero-till than under mechanical-till. This could participate to N-deficiency in cropping 
systems. Thompson (1992)  found that the higher rates of leaching of NO3-N for plots under zero-tillage 
occurred due to better water movement occurring, compared to mechanical-till. This can be attributed to a 
greater surface porosity and water storage in the topsoil of mechanically-tilled plots that retards the wetting 
of the deeper profile. In addition to this, the continuity of drying cracks and permanent voids with zero-
tillage form conduits for water below the zone of rapid evaporative loss of 0 to about 15 cm depth. An 
additional factor is the protection from compaction by rain drop action of the soil surface under stubble on 
zero-tilled plots. This protection by stubble can greatly enhance infiltration rates. 

(+/-) Changes in pH with different tillage systems may have a bearing on fertiliser application strategies. 
For instance, conventionally cultivated sandy and sandy clay loam soils had a slightly higher pH than the 
direct drilled soils (White, 1990). However, conventional tillage led to a slightly lower pH in the 0 – 0.05 m 
layer compared to direct drilling in a red-brown earth (Sodosol) (Smettem et al., 1992) and  in a red earth 
(Kandosol) (5.38 to 4.98) (Chan et al., 1992), due to increased exchangeable A1 brought to the soil surface 
as a result of an inversion action. In case of a lower pH under conservation tillage management, which is 
limiting for crop growth, soil may require amelioration with lime. This disadvantage would be outweighed 
by the benefits of a greater pool of organic nutrients which would mean a reduction in fertiliser requirement.  

3.2.2 Stubble management 

After harvest, the stubble, stalks of plants left on a field, can be burnt or retained on the ground, where it will 
slowly decompose. These two stubble managements have different effects on SOC and soil properties, which 
will be detailed in this section. 

3.2.2.1 Burning crop residues 

(+/-) The potential for burning crop and pasture residues benefits is open to criticism. Where high weed 
pressure exists, it should increase yields. However, the impact on soil quality and particularly on C 
sequestration is most of the time negative.  

(-) One of the most significant effects of burning is a resulting decrease in SOM in the topsoil (0 – 10 cm). 
This loss of SOM is reflected in a decrease in biological activity, microbial biomass and the biodiversity of 
soil organisms across a range of different agroecological zones in Australia. Heenan et al. (1995) estimated 
that the average net loss of C is of 78 kg/ha/yr due to stubble burning compared with stubble retention. 
According to Chan et al. (2002), stubble burning reduced preferentially the dissolved organic C (<53 μm). 

(-) Burning of stubble and crop residues also contributes to a higher risk of surface crusting and hard-
setting associated with the loss of SOM content in soils.  

(-) Burning residues contributes to the loss of surface soil via erosion. Nutrients that remain in the ash 
are also at risk of loss from wind or water erosion events. Although some of the C is  deposited in flood 
plains, aquatic ecosystems, and carried to oceans where C is sequestered, a large quantity is mineralised and 
released into the atmosphere as CO2 (Lal, 2011). 

(-) In addition to this, burning leads to loss in soil fertility, which could decrease yields. Burning stubble 
results in the rapid loss of C, N (up to 80 %), P (about 25 %), S (about 50 %) and K (20 %) from crop 
residues resulting in poorer nutrients supply to crops (Hoyle, 2013).  

(+/-) Stubble burning can lead to a modification of soil pH. For instance, stubble burning resulted in pH 
increase in a Kandosol near Wagga Wagga, NSW (Chan et al., 1992). This change in pH may be a negative 
or positive outcome depending on whether the found pH limits crop growth.  
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3.2.2.2 Retaining crop and pasture residues 

(+) Retaining crop and pasture residues on the paddock leads to a higher nutrient cycling capacity and 
biological fertility. Leaving stubble standing will slow the decomposition rate, promote water 
conservation and decrease soil erosion. (Hoyle, 2013).  

(+/0) Leaving stubble standing can increase SOC content or limit the loss. However, when synthetising 8 
publications dealing with stubble management and C sequestration (Tables 4 and  5), the conclusions showed 
that in some cases, there was no significant difference in SOC levels between systems where stubble was 
retained versus those where crop residues had been burnt even if most of the time, SOC tended to be higher 
with stubble retention. 

The absence of difference between stubble burning and stubble retained might be because both systems lost a 
similar amount C over the long-term through biological C mineralisation, with only the more stable C 
retained.  In addition to this, improvement in SOC seemed to be small in this semi-arid environment (Tables 
4 and 5). This can be partially explained by the fact that, in this kind of environment, there is a high C 
mineralisation rate of stubble due to the high temperature, and low C inputs from crops, due to low rainfall. 
Conclusions about the influence of soil type on changes in SOC were not able to be made from these studies. 

Longer term experiments with deep sampling depths are needed to improve the interpretation of the 
influence of stubble retention on C sequestration. 

Table 4: Impact of stubble retention compared to stubble burning on SOC concentration. 

Source Location Mean 
annual 
rainfall 
(mm/yr
) 

Soil Treatments 
compared 

Sampling 
depth 
(m) 

Duration 
(years) 

C unit SOC when SR 
compared to SB  

Conteh et 
al., 1998 

Narrabri, 
NSW 

660* 
Irrigated 

Vertosol SI-SB 0.3 3 % Higher for SOC and 
labile C, and SOC 
increase over time 
when SR 

Carter 
and 
Mele, 
1992 

Wodonga, 
VIC 

714* 
 

Sodosol SR-SB 0.025 10 % Higher (small 
difference) 

Loch and 
Coughlan
, 1984 

Warwick, 
QLD 

670* 
 

Vertosol SR-SB 0.1 5 % Higher (small 
difference) 

Valzano 
et al., 
2001a 

Natimuk, 
VIC 

451 
 

Vertosol SR-SB 0.225 2.5 % 
 

No difference  
 

Fettell 
and Gill, 
1995  

Condoboli
n, NSW 

430 
 

Chromosol SB-SR-SI 0.1 15 % No difference 

 

 

SI Stubble incorporated SB Stubble burnt SR Stubble retained SM Stubble mulched * Australian 
Government - 
Bureau of 
Meterology, n.d. 
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Table 5: Impact of stubble retention compared to stubble burning on SOC mass. 

Source Location Mean 
annual 
rainfall 
(mm/y
r) 

Soil Treatments 
compared 

Sampling 
depth 
(m) 

Duration 
(years) 

C unit SOC when SR 
compared to SB  

Heenan 
et al., 
1995 

Wagga 
Wagga, 
NSW 

550 
 

Kandosol SB-SM 
Within the 
Lupin 
Wheat 
rotation 

0.1 14 soil C 
mass 

Lower rate of loss 
of SOC over time 

Standley 
et al., 
1990 

Central QLD <500 Vertosol SR-SR- 0.1 7 soil C 
mass 

Lower decrease of 
SOC over time 

Gupta et 
al., 1994 

Harden, 
NSW 

608* 
 

Kandosol SB-SM-SR-
SI 

0.15 1 soil C 
mass 

No difference 

(+/0) It appears that in northern NSW-southern QLD, stubble retention is unlikely to cause large increases 
in SOM in the absence of N fertiliser. Indeed, stubble retention resulted in a very small increase of SOC 
after 5 years in a Vertosol (cracking clay) at Warwick, QLD (Loch and Coughlan, 1984). Similarly, stubble 
retention without N fertilisation did not increase SOC in a black cracking clay (Marston and Hird, 1978). 
Average annual inputs of stubble were similar for both experiments (approximately 3,400 kg/ha). 
Other studies show that stubble retention can lead to a N deficiency in a short term, and consequently 
additional N fertilisation can be needed in the short term when stubble retention is first practiced: 

 Standley et al. (1990) indicated that, in the zero-tillage plots, net NO3
- decreases at 0.6 – 1.6 m 

during 7 years (from an initial general mean of 156 kg N/ha) ranged from 62 kg N/ha for stubble 
removed to 128 kg N/ha for stubble retained. The decrease for all tillage treatments was greater 
where stubble was retained than when it was removed.  

 Thompson (1992) found that poor growth of barley, that occurred with zero tillage and stubble 
retention in this long-term management experiment, occurred because of N deficiency.  

 Finally, Mason (1992) pointed out that response to N fertiliser was higher where the stubble was 
incorporated than where it was burnt. 

The mechanism leading to an N deficiency, as described by Thompson (1992) above, could be a N 
immobilization (resulting in less NO3

-) by recently retained stubble and lower rates of mineralisation of soil 
N under surface-retained stubble that occurred in a short-term in the experiment. However, the long-term 
effect of stubble retention is likely to be an improvement of the N-supplying capacity of the soil.  

(+) Stubble retention can increase macronutrients compared to stubble removal or burning. For 
instance, after five wheat and two legume/fallow crops in Warialda, NSW, the  balance of nutrients such as 
K, which are contained in larger proportions in stubble, were found to be up to 362 kg/ha lower on the straw-
removed treatments and up to 29 kg/ha higher on the straw-retained treatments (Whitbread et al., 2003). In 
addition to this, Standley et al. (1990) found higher exchangeable Ca and Mg at 0 – 0.1 m and higher 
exchangeable K at 0 – 0.02 m with stubble retained than with stubble removed.  

(+) Willis et al. (1997) found that on a hardsetting Alfisol (Sodosol) in Trangie, NSW, water entry was 
enhanced by the retention of cereal and pasture stubble which slowed the flow of irrigation water along the 

SI Stubble incorporated SB Stubble burnt SR Stubble retained SM Stubble mulched SR- Stubble 
removed 

* Australian 
Government - Bureau 
of Meterology, n.d. 
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furrow or bay, and potentially reduced  slaking of the soil surface. The increases in soil water content were 
associated with a reduction in soil strength; an important factor limiting crop growth on hardsetting 
Alfisols. In addition to this, Valzano et al. (2001a) observed lower penetrometer resistance values, and bulk 
densities in stubble retained plots than stubble burnt plots in a sodic grey Vertosol in western Victoria. 

(+) Stubble retention is also known to improve biological activity at least in the surface soil compared to 
stubble burning (Hoyle and Murphy, 2006; Valzano et al., 2001a). Hoyle and Murphy (2006) showed in a 
study in a Chromosol that microbial biomass-C was 34 % and CO2-C evolution 61 % greater in stubble-
retained treatments than in burnt-stubble treatments in the 0 – 0.05 m soil layer. They demonstrated that 
changes in stubble management significantly influenced the mass and activity of microorganisms (and in 
some cases N cycling), whilst having little influence on community diversity. 

(+/0) In case of grazing of stubble by livestock, grazing has to be well managed. For instance, in Southern 
Australia, even when stubble burning is not carried out, it has been a fairly common commercial practice to 
allow grazing of stubble by livestock during the fallow periods. This grazing pressure can have negative 
impacts such as increased erosion risk, soil compaction and decreased amount of organic matter returned to 
the soil.  

3.2.3 Tillage compared to stubble 

The effect of tillage practices on SOC and other soil properties has been compared to the effect of stubble 
management in several experiments in Australia. 

(+) In many studies, the association of conservation tillage and stubble retention had a positive effect on 
SOC content. Wang et al. (2004) indicated SOC contents being 1.1 to 3.4 t/ha higher under treatments 
combining zero tillage, fertilisation and stubble retention than under other treatments. Chan et al. (1992) 
found for a Kandosol in Wagga Wagga, NSW, that there was a 31 % difference in SOC content in the top 0.1 
m between the extreme management practices after 10 years (direct drilled/stubble retained: 2.42 % vs. 
conventional cultivation/stubble burnt: 1.68 %). After 19 years,  significant differences in SOC were detected 
to 0.20 m depth, but the largest differences existed in the top 0.05 m where a difference of 8.0 g/kg 
(equivalent to 5.2 t/ha) was found between the extreme treatments (Chan et al., 2002). 

(-) Some results showed that stubble burning and tillage can have a similar impact in reducing the 
total amounts of SOC (Chan et al., 1992; Heenan et al., 1995), while other studies found that 
conventional tillage leads to greater loss of SOC than stubble burning (Chan and Heenan, 2005; Chan et 
al., 2011, 2002). According to Chan and Heenan (2005)’s study, loss of total SOC attributed to stubble 
burning in the 0 – 10 cm layer was estimated to be 1.75 t C/ha over the period of the 19-year trial, equivalent 
to 29 % of that lost due to tillage. Packer and Hamilton (1993) also suggested that in Xeralfic Alfisols 
(Chromosol), lack of cultivation is more important than stubble retention to improve the hydraulic 
properties of these soils because of the destruction of continuous porosity by mechanical disturbance.  

(+) A substantial increase in SOC in response to stubble retention or conservation tillage is more likely 
when the initial SOC level is low. For example, a long-term crop/pasture experiment at a site with initial 
high SOC showed that the rate of SOC change in different treatments ranged from -278 to +257 kg C/ha/yr 
over 0 – 0.3 m soil depth. Under continuous cropping, even under conservation agriculture practices of zero 
tillage, stubble retention, and crop rotation, the high initial SOC stock (0 – 0.3 m) present after a long-term 
pasture phase was, at best, maintained (Chan et al., 2011). 

3.3 Crop system and rotation 

Crop rotation, which is the practice of growing different crops in succession on the same land, is commonly 
used by the Australian farmers. Rotation systems can vary in the diversity of crops used and frequency of the 
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rotation. Furthermore, the rotation can include a bare fallow 
or a pasture phase, for a short or long-term period. All these 
rotation systems have an impact on SOC, as it will be 
detailed in this section. 

3.3.1 Cultivation  of Australian  soils  causes  a  rapid 
loss  of  SOM  compared  to  native  woodlands 
and forests 

(-) SOM has decreased significantly in Australian soils 
following extensive clearing of native woodlands and forests 
for agriculture. Various experiments demonstrated that 
cultivation had caused an immediate and rapid loss of 
SOM, followed by a slower rate of loss lasting several 
decades (Luo et al., 2010a; White, 1990). Luo et al. (2010a), 
combining data from 20 published studies across Australian 
agro-ecosystems, showed that there is an exponential loss of 
SOC after the cultivation, with most loss occurring in the 
first 10 years (Figure 6). The loss of SOC in the surface 0.1m 
was 51 % and a quasi equilibrium was reached after about 50 
years of cultivation. The loss of SOC in the surface 0.3 m of 
soil was variable and ranged from 0.9 % to 73.4 %. 

3.3.2 Positive impact of crop rotations on soil properties 

(+) Many studies compared the impact of rotation with the impact of continuous cropping on soil properties. 
For instance, Willis et al. (1997) showed that relative to single cropping, double cropping or the inclusion of 
a legume pasture phase increased total water entry and SOC on an irrigated hardsetting Alfisol (Sodosol) 
in Trangie, NSW. These improvements in soil condition reduced crop water stress, and improved 
soybean yields by as much as 58 %. The increases in soil water content were associated with a reduction in 
soil strength; an important factor limiting crop growth on hardsetting Alfisols. Hulugalle and Entwistle 
(1997) indicated that in an irrigated Vertosol, after 9 years, in comparison with continuous cotton sowing, 
cotton-wheat-fallow-cotton sequence resulted in greater soil water extraction and better soil structure 
and a lower soil compaction in ridges (evaluated from shrinkage indices). These improvements in soil 
properties can result in increased crop biomass and yield, which may in turn be beneficial for SOC. 

3.3.3 Increasing rotational diversity and frequency   

(+/0) Increasing rotational diversity by including a legume or pasture phase, results in higher amounts and 
quality of organic residues. This supports a more functional microbial community (Hoyle, 2013). 
Increasing rotational frequency also has a positive impact on C sequestration provided no water deficit 
occurs in catch-crops, which are fast-growing crops that are grown between successive plantings of a main 
crop (Hoyle, 2013; Hoyle et al., 2011; Luo et al., 2010b; Sanderman et al., 2010). Increases in cropping 
frequency as increasing yields, resulting from increased sowing opportunities and improved soil water 
reserves will also produce greater demands on soil nutrient reserves (Armstrong et al., 2003). Nevertheless, a 
lack of profitable catch-crop options in low rainfall environments may decrease potential for profit. 

3.3.4 The impact of rotations on SOC depends on the species cropped 

(+/-) Rotations can have a positive effect on SOC, but not always. For example, an experiment on a 
Chromic Luvisol (Kandosol) in NSW, indicated that stable or increasing SOC contents occurred during 26 
years in wheat-subclover rotations, but decreasing SOC contents happened in wheat-lupin rotation 

Figure 6: The change of soil C relative to adjacent 
natural systems (Cr, unitless) in the surface 0.1 m 
(A) and 0.3 m (B) of Australian soils after years of 
cultivation (Luo et al., 2010a). 
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(Bünemann et al., 2008). Other examples are developed in the paragraph 3.3.5. Differences in root biomass, 
soil structure, yields and organisms associated with the crops can lead to different mineralisation rates and 
thus SOC contents.  

3.3.5 Addition of a pasture phase   
(+) Both short-term (up to 5 years) and long-term perennial pasture systems (grass and legume) can have a 
positive effect on the quantity and quality of SOM in Australian agro-ecosystems. Perennial pasture 
systems have a higher root to shoot biomass compared to annual crops; hence they produce more biomass 
underground where it is less susceptible to loss. Perennials also grow for a longer proportion of the year and 
are subject to less soil disturbance than cropping. They also have a slower rate of decomposition associated 
with less available soil moisture. However, sometimes no difference was found between annual and 
perennial species (Armstrong et al., 1999; Chan et al., 2011). A review of 8 publications showed that there 
was a range in impact of a pasture phase on SOC (Table 6).  

The different impacts of a pasture phase on SOC might be explained by the combinations of climate, soils, 
farming practices and species involved. Nevertheless it is difficult to draw general conclusions. SOC 
amounts can differ from one pasture to another because of the variety of productivity rates of the different 
pastures. The productivity of unimproved or native pastures is often limited by nutrients, resulting in lower 
biomass yields and therefore lower organic matter inputs into the SOM pool. A lack of summer rainfall to 
support continued growth, a mediocre pasture establishment or not well-managed weed and erosion 
risks can lead to limited pasture productivity and consequently to limited C sequestration. By comparison, 
pastures managed for biomass production are associated with increased N fertility and soil structural stability 
(Hoyle, 2013). Improved management of pastures in Australia can result in an increase in SOC of between 
0.1 – 0.3 t/ha (Sanderman et al., 2010). The higher organic matter inputs and lower soil disturbance of 
managed pasture systems often result in higher earthworm populations and greater species diversity 
(Clapperton et al., 2003). 

Table 6: Impact of a pasture phase types in the rotation on SOC: increasing (+), non-significant (0) or decreasing (-) effect on 
SOC. 

Pasture type - Effects on SOC 

  

Source  Location  Mean 
annual 
rainfall 
(mm/yr)  

Soil  Sam
pling 
dept
h 
(m) / 
Dur
ation 
(yr) 

C 
unit 

Treatment s studied in 
the publications 

+ o - 

Armstrong 
et al., 1999 

Emerald, 
QLD  

639 
Irrigated  

Vertosol, 
cracking 
clay  

0.1 / 
4  

% Continuous 
cropping (sorghum or 
mungbean) or pasture 
legumes 
(siratro, lucerne, lablab 
and desmanthus)  

Siratro 
(perennial), 

Desmanthus 
(perennial), 
sorghum  

Lucerne 
(perennia
l), 

lablab 
(annual), 
mungbea
n (pulse)  

 

Armstrong 
et al., 2003 

Emerald, 
QLD  

590  Vertosol  0.1 / 
6 

% 4 pastures : perennial 
legume, perennial grass, 
annual legume and 
legume-grass mixes  

Perennial 
legume,  
perennial grass, 

Legume-grass 
mixes  

Annual 
legume  

 

Blair and 
Crocker, 
2000 

Tamworth, 
NSW  

671  Vertosol  0.1 / 
29 

% Continuous wheat, long 
fallow, inclusion of a 
legume rotation crop  

Legume phase: 
increase labile 
C  
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Chan et al., 
2011 

Wagga 
Wagga & 
Book Book, 
NSW  

554 & 
650  

Kandosol 
& 
Sodosol  

0.3 / 
25 & 
13 & 
18 

%, 
soil 
C 
mass 

Perennial pasture, annual 
pasture, crop rotations  

Pasture phase 
(no difference 
perennial/annua
l)  

  

Cotching et 
al., 2001  

Northern 
midlands of 
Tasmania. 
25 
Tasmanian 
sodosols 
were 
assessed  

Often 
irrigated 

Sodosol  0.15 
/ NA 

% Potatoes, pasture  Pasture   Potatoes  

Willis et al., 
1997 

Trangie, 
NSW  

480 
Irrigated  

Sodosol, 
hardsettin
g Alfisol 

0.15/ 
4 

% Single cropping, double  
cropping, legume pasture 
phase  

Double  
cropping, 
legume pasture 
phase  

  

Holford et 
al., 1998 

Tamworth, 
NSW 

673* Kandosol 0.15 
/ 6 

soil 
C 
mass 

Legume phase 
(subterranean clover, 
medic, lucerne, 
chickpea)  in wheat 
rotations, fallow 

 Legume 
phase (C 
tended to 
be lower 
after 
chickpea 
than 
other 
legumes) 

 

Dalal et al., 
1995 

Warra, 
QLD 

685 Vertosol 0.1 / 
7 

% 2-year rotation of 
legume and wheat  

2-year rotation 
lucerne –wheat, 

2-year rotation 
annual medics- 
wheat  

2-year 
rotation 
of 
chickpea 
and 
wheat;  

 

* Australian Government - Bureau of Meterology, n.d. 

(-) The use of pasture in a rotation can affect soil moisture availability for the subsequent crop.  

(+/0) Leguminous crops are often incorporated into cereal cropping rotations to provide a source of N for 
subsequent crop. However, the likely production of N2O from N released during the decomposition of 
leguminous residues is unknown as is the impact on C input into the SOM pool when some cereal crops are 
replaced with grain legumes (Huth et al., 2010). Huth et al. (2010), through APSIM simulations highlighted 
some important issues in managing CO2 and N2O and the need for detailed models which capture the links 
between water, C and N managements.  

3.3.6 Bare fallow in the rotation   

(-) Fallows contribute to SOC losses because no additional biomass is generated while the erosion risk 
increases as surface cover decomposes. Soils devoid of plants have no input of organic matter and soil 
microbes continue to metabolise remaining SOM into CO2. Fallows during warm, moist periods will result in 
large losses of organic matter (Blair and Crocker, 2000; Holford et al., 1998). Bare fallows also increase the 
chance of soil erosion and in a dry summer large amounts of top soil can be lost, dramatically decreasing 
SOC levels. Elimination of fallow can be done with cover crops and has a positive effect on C storage (Blair 
and Crocker, 2000). 

3.4 Irrigation and fertilisation 

Irrigation and fertilisation are essential to increase yields in respectively water-limited and nutrient-limited 
regions. This section will summarise the main findings on the impact of irrigation and fertilisation on 
Australian soils. 
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3.4.1 Irrigation 

(+/-) Irrigation, especially in water limited regions, allows increased frequency of crops and pastures, 
contributing to higher biomass production and consequently to a higher SOC. Nevertheless, there is a 
potential trade-off between additional amount of C being returned to soil and increased C mineralisation 
rates due to increased biological activity (dependent on temperature and change in soil moisture conditions). 
Furthermore, the influence on the profit output of the farm is large (Hoyle et al., 2011; Sanderman et al., 
2010). 

Limited information about the effect of long-term irrigation on soil C dynamics in the Australian grain farm 
industry is available, possibly reflecting the limited opportunity for irrigation. Further research is needed to 
develop this field. 

3.4.2 Fertilisation  

(0/+) Fertilisation can increase SOC, however in low rainfall environments, where crop growth is limited by 
water availability, the impact of N fertiliser application can be small (Fettell and Gill, 1995). The application 
of inorganic fertilisers to low fertility soils can sometimes promote microbial activity and C mineralisation 
where nutrients are limiting, but also support greater plant productivity (Hoyle, 2013). Thus, a possible 
trade-off exists between additional C being returned to soil in response to fertiliser applications, and 
increased C mineralisation rates due to increased biological activity. 

(+) Inorganic fertiliser (urea, superphosphate and N-P-K) enables rapid supply and timing of nutrient 
availability to increase plant biomass, and potentially SOC. 

(+/-) Fertiliser should be applied in order to meet crop demand and maximise profitability without 
causing off-site pollution. Nutrient replacement should equal nutrient removal. An understanding by farmers 
of which nutrients are important and soil testing are required (Hoyle et al., 2011). 

(+) Conservation farming practices may interact with crop fertilisation needs. For example, the use of 
stubble retention might need to be associated with N fertilization to increase SOC (Loch and Coughlan, 
1984; Mason, 1992). For further details about the immobilisation of N in residues when the practice of 
stubble retention is first adopted, see section 3.2.2.2. Changes in pH with different tillage systems may also 
have a bearing on fertiliser application strategies (White, 1990).  
 
Valzano et al. (2001a) studied the effects of gypsum (CaSO4.2H2O) on the chemical and physical properties 
of a sodic grey Vertosol in western Victoria, and found that the use of gypsum in combination with stubble 
retained (and break crops) may improve soil physical and chemical properties at a greater depth than the use 
of gypsum with stubble burnt alone.  
 
Another study on the long-term effects of lime (CaCO3) and gypsum on the physical and chemical properties 
of a sodic red-brown earth (Sodosol) showed that the SOC was higher in plots with gypsum and high level of 
the lime-gypsum combination.  
 

Information about the effect of long-term fertilisation on Australian soil C dynamics are rare, and further 
research is needed to guide appropriate management practices. 

3.5 Other  management  options  for  improving  longterm  SOM  levels  in 
agricultural soils 

Additional management practices can improve C sequestration such as the application of off-paddock 
organic amendments, the retirement of non-productive areas, the revegetation and destocking of 



29 

 

cleared areas, a controlled traffic and the shifts from conventional to organic farming and from cropping to 
pasture systems (Table 7). 

Table 7: Management options for improving long-term SOM levels in agricultural soils (after Thorburn et al., 2013 ; 
Sanderman et al., 2010 ; Hoyle et al., 2011). 

Activity Qualification Influence on profit outcome 

Apply off-paddock 
organic 
amendments such as 
manures, 
compost and biochar 

C in manure and compost is often in 
a more stable form than that in biomass 
residues. 
While some farmers might be able to 
generate enough biomass residues to raise 
SOC, often only an external source 
of organic matter (manure, compost) will lift 
SOC levels. 
Amendments vary widely in their biological, 
physical and chemical properties and 
therefore in their effect on crops and soils. 
 

Likely to be negative in the short-term 
with little evidence of long-term profit 
outcome. 
Economic outcomes likely to be 
constrained by rate of application and 
costs, including transport. 
Agronomic responses vary widely and 
can be negative. Seek local trial data. 
Consider any potential environmental 
risks. 

Shift to different 
system : 

Retirement of non-
productive areas 

All annual C production (minus natural 
loss) is now returned to the soil, with 
replanting of native species on degraded 
land often resulting in large SOC 
gains. 
 

There are direct and indirect costs in 
retiring agricultural land. Economic 
viability dependent on foregone 
opportunity costs, C price and 
market opportunities. 

Shift to different 
system : 

Revegetation and 
destocking of 
cleared areas 

Large potential for C storage through 
the establishment of forests, trees and 
other perennial vegetation. 

Opportunity costs over the long-term 
should be considered. Economic viability 
dependent on C price and market 
opportunities. 

Shift to different 
system : 

Conventional to 
organic 
 

Likely highly variable depending on the specifics of 
the organic system (i.e. manuring, cover crops, etc.). 

 

Shift to different 
system : 

Cropping to pasture 
system 

Generally greater C return to soil in pasture systems; 
will likely depend greatly upon the specifics of the 
switch. 

 

Control traffic Using controlled traffic (Guidance systems, Match 
wheel track, etc.) is an essential partner to soil 
loosening for minimising or repairing compaction. 
Compaction can be minimised by confining all or 
most tillage and traffic operations to designated fixed 
vehicle pathways. 
 

 

3.6 Discussion of findings and future research priorities 

The research questions identified in the preceding literature review (sections 3.1 to 3.5) will be described in 
this section. 

3.6.1 SOC sampling depths 

In many Australian agricultural soils, a large percentage of the SOC is in the 0 – 0.1 m layer, due to a 
concentration of crop residues and roots in this layer and because of conservation tillage and stubble 
retention practices. This superficial layer has traditionally been the focus of any soil sampling and it is an 
observable fact among the publications reviewed in this report: 58 % of the scientific papers described 
experiments with sampling depth from 0.025 m to 0.1 m (Figure 7). However, soil management often results 
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in a change in distribution of SOM within the soil profile and results of comparisons between different 
agricultural practices on SOC can be influenced by the sampling depth. 

 

Figure 7: Soil sampling depth in the publications included in the literature review (see Appendix 1.1 Table A for the list of the 
publications). 

Efforts are needed to investigate SOC change in deeper soil layers in order to understand the impact of crop 
root growth and various agricultural practices on C distribution in soil profile (Luo et al., 2010b). Any 
measured changes in total SOM should be considered over the depth of soil likely to be influenced by a 
particular practice. Sampling soil to a minimum of 0.3 m in increments of 0.1 m will provide valuable 
information on soil resource condition and constraints to production (Hoyle, 2013).  

3.6.2 SOC seasonal changes and time of sampling 

Seasonal changes in SOC can occur, and so considering time sampling when comparing experiments and 
estimating the effect of farming practices on C sequestration is important. Results from a 33-year-old fallow 
management experiment on a Vertosol under subtropical climate in Queensland, demonstrated that there 
were significant seasonal fluctuations in SOC contents at different stages of the fallow period, and the lowest 
levels of SOC and treatment effects were observed in the late fallow period (Wang et al., 2004). As a result, 
the N effect was lowest and the stubble effect became insignificant by the end of the fallow period. By 
comparison, seasonal variations in the tillage effect were minor. For measurement of such changes, time of 
sampling, whether at the end of the fallow or at harvest, is obviously critical. Concerning seasonal changes in 
the surface microbial function and diversity, Hoyle and Murphy (2006) showed that seasonal increases in 
microbial biomass-C (P<0.001) were on average twice as large, and CO2-C evolution (P<0.001) nearly 4 
times greater, in September during crop flowering compared with other sampling times. Estimates of 
management-induced changes in microbial or biochemical processes as a result of burning stubble were most 
apparent between July and September when rapid crop growth and development was likely to have 
influenced root exudation and hence C availability. 

3.6.3 Longterm impact of conservative agricultural practices on SOC 

Most of the publications reviewed in this report relate to short or medium-term C measurement periods 
(Figure 8). 
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Figure 8: Duration of the experiments in the publications included in the literature review (see Appendix 1.1 Table A for the 
list of the publications). 

However, some questions remain regarding long-term changes in the SOC and soil quality under 
conservative agricultural practices (Luo et al., 2010b), which are related to the duration of the field 
experiments. Retaining crop residues, conservation tillage and adequate inorganic fertiliser can lead to 
increased SOM levels, but any measureable build up will be the result of a much slower process taking up to 
15 – 20 years particularly in drier regions (less than 500 mm) of Australia (Chan et al., 2003). The impact of 
management on C sequestration is therefore not always able to be detected in short-term experiments.  
Furthermore, once C is stored, a challenge is to ensure that it remains in the soil for the long-term rather than 
just cycling through quickly and returning to the atmosphere as CO2. Many experiments protocols plan soil 
sampling after the treatment period, as well as possible measurements before and afterwards. Long-term 
experiments with continuous SOC measurement and simulations are less susceptible to short term 
fluctuations in SOC, so can help to provide more information about the equilibrium levels of SOC in 
different agro-ecological zones under different farming practices and time to attain it.  

3.6.4 Monitoring SOC fractions rather than considering only the total amount of SOC present? 

Organic C stored in a soil exist in a range of different fractions that vary in their size, chemical composition, 
stage of decomposition and functions (see section 2). Dividing SOM into a number of pools with discrete 
bioavailability, size, and turnover rates can help to distinguish the labile and resistant components in terms of 
their roles in the C cycling and thus facilitate structuring of models. The density fractionation techniques 
divide total SOC into light fraction C (LFC) and heavy fraction C (HFC). It is generally considered that LFC 
provides an earlier and more sensitive indication of the consequences of different soil management practices 
than SOC (Hoyle, 2013). Nevertheless, few studies have examined the importance of LFC and HFC in 
relation to C sequestration under different farming practice. Wang et al. (2004), in an experiment on C 
sequestration and density distribution in a Vertosol under different farming practices,  found that SOC 
dynamics, either as a consequence of seasonal variations or as a long-term response to different farming 
practices, were predominantly controlled by the changes in the heavy fraction C (>1.6 g/cm3). According to 
Hoyle et al. (2011), greater insight into soil function can be gained by monitoring SOC fractions rather than 
considering only the total amount of organic C present. A simulation approach can contribute in 
understanding better the importance of the various C fractions in relation to C sequestration.  

3.6.5 Monitoring not only SOC but also other soil physical and chemical properties 

Most studies included in the literature review did not include measurement of different soil physical and 
chemical factors when looking at the impact of farming practices on SOC. Because all these factors are in 
relation and can influence each other in a short and long-term period, this information would also support 
decision-making about appropriate farming practices.  

3.6.6 Fertilisation, irrigation and their impact on C sequestration 

Among the papers of this report, there was limited information on fertilisation and irrigation and their impact 
on C sequestration. The possible trade-off between additional amount of C being returned to soil due to 
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fertilisation and irrigation, and increased C mineralisation rates due to increased biological activity 
(dependent on temperature and change in soil moisture conditions) could be analysed in a deeper extent 
through a system modelling approach.  

3.6.7 Application of off-paddock organic amendments  and  its  impact  on  C  sequestration  in  a 
longterm 

Amendments vary widely in their biological, physical and chemical properties, and therefore in their effect 
on crops and soils. There are few publications on the impact of these amendments on Australian soils, 
possibly because the high costs involved with the practice. SOM can be increased substantially by adding 
high rates of organic amendments such as manure and compost, but this is likely to involve significant 
transport costs. Increasing SOM will be more economic in farming systems and climates that support high 
production and generate on-farm supplies of organic soil amendments.  

3.6.8 Soil  pathogens,  a  potentially  important  determinant  of  crop  responses  to  the main 
farming practices 

Soil pathogens can be an important determinant of crop responses to tillage, stubble and N fertiliser 
managements and consequently biomass production and C sequestration. A study on a Vertosol in southern 
Queensland showed that the numbers of root-lesion nematodes (Pratylenchus thornei Sher and Allen) and 
stunt nematode (Merlinius brevidens (Allen) Siddiqi ) following a wheat crop were substantially greater with 
zero-till than with conventional-till. Root-lesion nematodes were increased by N fertilization of previous 
crops while stunt nematodes were increased by stubble-retention. High populations of root-lesion nematode 
and stunt nematode in the experiment warrant further work to elucidate their influence on the yield and N 
economy of the crop. Other work in the region has indicated that P. thornei is very damaging to wheat cv. 
'Timgalen' but not to barley cv. 'Clipper' and so this nematode could be an important determinant of wheat 
responses to the main management treatments of tillage, stubble and N fertiliser in  this experiment 
(Thompson, 1992). A system modelling approach including soil pathogens impact could bring a better 
understanding of the influence of farming practices on them and thus on yields and SOC. 

3.6.9 In the drier areas of the Australian grains region, i.e. <500 mm annual rainfall, is there a 
real influence of conservation tillage and stubble managements? 

Some studies in dry areas of Australia reported that there was no difference in SOC under conservation 
tillage or stubble retention when compared with conventional tillage or stubble burning. A system modelling 
approach could confirm or not on-farm experimentations’ conclusions.  

3.6.10 Need for study and quantification of greenhouse gases emissions from agroecosystems 
where climate, soils and management combine in complex ways 

Experimental results in the semiarid Mallee system in South eastern Australia shows that the processes 
controlling greenhouse gases emissions are different to those in temperate systems and are poorly understood 
(Galbally et al., 2010). Greenhouse gas emissions are difficult to quantify empirically because they are 
influenced by a wide range of environmental and management factors.  Through a systems modelling 
approach using APSIM, the complex interactions between crop management and C, N and water balances 
demonstrated in Huth et al. (2010) add weight to the argument that process-based models have much to 
contribute in the study and quantification of emissions from agro-ecosystems where climate, soils and 
management combine in complex ways.  This study, undertaken within the northern grain growing region of 
Australia, identified the importance of taking into consideration the impacts of various C management 
strategies on N2O emissions. An increased input of C into the SOM, if it is achieved via increasing crop yield 
or frequency, requires an increase in nutrient input as well. However, this increases the risk of adverse 
outcomes such as soil acidification or NO3

- leaching into streams or ground waters. Accordingly, there is also 
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the risk that increased production of nitrous oxide (N2O) during denitrification that might offset some of the 
greenhouse gas benefits of C sequestration.  

3.7 Conclusions 

In general, the adoption of conservation farming practices (zero tillage, stubble retention, crop rotation) and 
irrigation and fertilisation increased SOC and improved soil physical and chemical properties, but not 
always. Furthermore, most of the studies were based on a limited number of experiments conducted at 
specific locations, for short periods, and where the soil was sampled to shallow depth (e.g. 0 – 0.15 m). It 
was therefore impossible to identify the most efficient practices to increase SOC, and a more systematic 
modelling approach described in the following section will be an effective means to explore the impact of the 
complex interactions on SOC. 
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4 APSIM  Model,  testing  and  method  of 
application 

After a literature review on the influence of different farming practices on the sequestration of C in soils, 
research questions and hypothesis were raised. An APSIM cropping systems model was used to gain an 
understanding of how much the soil, weather and rotation, tillage, stubble and N fertilisation managements 
impact on C sequestration. 

4.1 APSIM – A modelling framework 

The modelling framework used in this study was APSIM version 7.6 (Keating et al., 2003). APSIM is owned 
by the APSIM Initiative, a joint venture between CSIRO, University of Queensland and Queensland 
Department of Agriculture, Fisheries and Forestry. APSIM was developed to simulate biophysical processes 
in farming systems, in particular where there is interest in the economic and ecological outcomes of 
management practice in the face of climatic risk (Keating et al., 2003).  

APSIM provides a flexible agricultural management capability enabling the user to specify the climate, soil, 
and complex crop rotations and land management regimes. APSIM has been more extensively validated in 
simulating long-term SOC dynamics in Australian crop-lands than other models (Zhao et al., 2013) and has 
been used in a wide range of studies dealing with crop rotation, tillage, stubble and fertilisation 
managements. 

4.2 Modelling approach undertaken 

APSIM simulations were created to simulate the influences of the location particularities (soil and weather) 
and farming practices determined by the farmer (fertilisation, rotation, tillage and stubble management) on C 
sequestration from the 1st of January 1924 to the 31st of December 2013.  

The simulations lasted 90 years so that the influences on SOC of the soil, weather and farming practices, 
called explanatory variables (Table 8), were studied both in a short and long-term. For example, comparing 
the average SOC for the first and last 10 years of the simulations gave us an understanding of the impact of 
time on the influence of the explanatory variables on SOC (i.e. Was the impact of stubble management on 
SOC the same the first and last 10 years?). Looking at SOC over the whole 90-year period gave us an 
understanding of the general trend of SOC evolution over time (i.e. Did SOC increase in a long-term when 
the land was not tilled?). 

 

Table 8: Explanatory variables of the APSIM model and their levels. Example of a combination of soil with weather and 
farming practices, which represents one of the 144 simulations: Brigalow grey Vertosol under Wubin weather, with a 
fertilisation rate of 50 kg N/ha/yr, a wheat-wheat rotation, zero-tillage and stubble burning. 

Variable to 
explain 

Explanatory variables Levels 

Brigalow grey Vertosol (clay, moderate organic C (0 – 0.3 m):1.1 %) 
Soil type 

Wubin deep yellow sand (sand, low organic C (0 – 0.3 m):0.4 %) 
Total SOC in 
the 0 – 0.3 m 
layer Weather type Brigalow weather (high rainfall : 702 mm/yr) 
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Wubin weather (low rainfall : 358 mm/yr) 
0 kg N/ha/yr 
50 kg N/ha/yr Amount of fertiliser 
100 kg N/ha/yr 
Wheat-wheat 
Wheat-chickpea (crop of the 1st year of the simulation s: chickpea) Rotation type 
Chickpea-wheat (crop of the 1st year of the simulation s: wheat) 
Zero Tillage 

Tillage practice 
Conventional Tillage 
Stubble retained 

Stubble practice 
Stubble burnt 

The influence of soil and weather on SOC was simulated using soils and weathers from Brigalow, QLD 
(26.84°S, 150.79°E) and Wubin, WA (30.10°S, 116.59°E) (Figure 9). This choice was made since these two 
locations have contrasting soils and weathers. Furthermore, CSIRO had access to soil information and 
agronomic records from two groups of farmers at Wubin and Brigalow that were involved in the project 
‘Achieving least cost GHG abatement-opportunities in Australian grains farms’ led partially by CSIRO. This 
data availability helped model creation, as detailed in section 4.3.1. 

The two contrasting soils used in the simulations were Brigalow grey Vertosol, which is a clay soil with a 
moderate SOC content (1.1 %  in the 0 – 0.3 m layer) and Wubin deep yellow sand, which has a low SOC 
content (0.4 %  in the 0 – 0.3 m layer) (Table 9) 

The two contrasting weathers used were Brigalow weather, which is characterised by high annual rainfall 
(702 mm/yr) homogeneously distributed over the year, and Wubin weather, which is characterised by low 
annual rainfall (358 mm/yr) with most (63 %) occurring during the winter months (May – July) (Figure 9).  
Rainfall at Wubin is very low during the summer months.  

  

 

 

Layer (cm) 
SOC 
(%) 

Wubin sand 

0 – 10 0.67 

10 – 20 0.29 

20 – 30 0.25 

30 – 150 0.13 

Brigalow clay 

0 – 15 1.19 

15 – 30 1.01 

30 – 150 0.28 

Figure 9: Location of Wubin (WA) and Brigalow (QLD). The configuration of the model 
and the test of APSIM modelling capability were undertaken using soil data, weather data, 
and agronomic records given by two groups of farmers from these two locations (Weather 
data from Australian Government - Bureau of Meteorology, n.d.). 

Table 9: SOC in Wubin sand 
and Brigalow clay (soil data 
collected by CSIRO). 

 

Three levels of N fertiliser were used: 0, 50 and 100 kg N/ha/yr. 50 kg N/ha/yr represented a usual average 
rate of fertilisation at Wubin and Brigalow. 0 kg N/ha/yr and 100 kg N/ha/yr gave additional information on 
the influence of zero fertilisation and high N fertilisation rate on SOC, and thus gave a better understanding 
of the influence of fertilisation on SOC. 



36 

 

The study of the influence of the rotation type on SOC was limited to the comparison of a wheat-wheat 
rotation with a wheat-chickpea rotation. Wheat and chickpea were chosen as they are typical cereal and 
legume crops in Wubin and Brigalow and to a larger extent in Australia. The influence of a legume phase 
(which has the special ability of fixing N from the atmosphere) in a cereal cropping system could therefore 
be studied. 

Two tillage and stubble management practices were simulated: zero tillage, conventional tillage, stubble 
retention and stubble burning. 

The modelling was a sensitivity type data analysis and hence was not based on real experiments and did not 
try to represent any real farming system. All the levels of soil, weather, and farming practices described 
below were combined in a factorial and simulated. For example, Brigalow Vertosol under Wubin weather, 
with a fertilisation rate of 50 kg N/ha/yr, a wheat-wheat rotation, zero tillage and stubble burning was one of 
the 144 combinations simulated. This type of modelling, by combining contrasting levels of explanatory 
variables is very useful when trying to gain a better understanding of the main relationships between soil, 
weather, farming practices and SOC. 

From 1908 to 1923, the same conventional farming practices were applied for the 144 simulations: wheat-
wheat rotation, 50 kg N/ha/yr, conventional tillage and stubble retention. This 15-year period was considered 
as a lead-in period which allowed the simulation environment to stabilize. The results of the simulations 
were analysed from the change of farming practices, in 1924, until 2013. Data was generated on a daily basis 
and also at harvest. 

Only SOC values in the soil top 30 cm will be discussed from this point in the report, in order to be 
consistent with the Kyoto Greenhouse gases inventories, which count in only SOC in this depth. It is also 
where the greatest C changes are likely to occur. 

4.3 Model creation 

4.3.1 Model configuration 

Long-term Brigalow and Wubin weather data was extracted from SILO weather database (Queensland 
Government - Department of Science, Information Technology, Innovation and the Arts, 2014) on 20140307 
(Wubin) and on 20140331 (Brigalow). It was of good quality for the period concerned by the simulations.  

APSIM soil parameters came from the APSIM-APSoil database, and so were measured on farm properties. 

The characteristics of the farming practices used in the simulations were chosen according to the typical 
farming managements of the farmers at Brigalow and Wubin. They included (Figure 10):  

 Tillage: on the 15th of December, 15th of February and 15th of April with a depth of 100 mm and a 
rate of surface organic matter incorporated to the soil of 30 %.  

 Stubble burning: on the 19th of April, before sowing. When burning, 100 % of the surface residues 
were removed, and consequently not added to the SOM pool.  

 Sowing window for the winter crops, wheat and chickpea: from the 25th of April to the 15th of July.  
 Fertiliser: applied at sowing, only when wheat was cropped. No fertiliser was applied during the 

chickpea crop, as chickpea fixes the N it needs from the atmosphere. 

 After harvest: the field was fallowed until the next sowing date.  

The wheat cultivar ‘Mace’ was sowed with a density of 100 plants/ha, at 30 mm depth, with a row spacing of 
300 mm. The chickpea cultivar ‘Dooen’ was sowed with a density of 30 plants/ha, at 50 mm depth, with a 
row spacing of 450 mm. Although chickpea is cultivated in Western Australia, the farmers from Wubin 
involved in CSIRO’s project do not typically grow chickpea. Thus the ‘Dooen’ cultivar was chosen 
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according to the Department of Agriculture and Food (2006), because it is grown in Wubin region, and 
consequently grows well in dry regions, and also when used in APSIM, resulted in realistic yields.  

Harvest occurred when the crop was ripe, or dead. When the crop was harvested, any remaining plant 
material was transferred to the soil surface with residue decomposition processes being represented by the 
APSIM-SurfaceOM module. Consequently, when stubble was retained after harvest, it was decomposed 
slowly, adding C to the SOM pool. 

  

Figure 10: Farming management in the APSIM model over a year period 

A sensitivity test on the influence of the choice of the soil initial water and N conditions on wheat yield 
showed that these initial soil parameters were not really important in the longer term since it impacted only 
the first two years. Indeed, in our experiment, the first 15 years of simulations were a lead-in period and thus 
were not taken into account in the results. 

4.3.2 APSIM modules used for the modelling 

APSIM is a component-based model. During the simulations, different modules calculated soil and crop 
processes, interacted on a daily time step and were driven by climate data and crop management activities. 
The main processes simulated in this study were C and N dynamics in soil including N2O emission (APSIM-
SoilN; Probert et al., 1998; Thorburn et al., 2010), soil water dynamics (APSIM-SoilWat; Probert et al., 
1998), soil temperature (APSIM-SoilTemp), plant growth and residue dynamics (APSIM-SurfaceOM; 
Probert et al., 1998). Management processes such as rotation, tillage, stubble management, sowing, 
fertilisation and harvest were applied via the APSIM-Manager module to represent the operations conducted 
during the simulations. The APSIM-wheat and APSIM-chickpea modules simulated the growth and plant 
development on a daily time-step on an area basis, not for a single plant. Plant growth generally responds to 
climate (temperature, rainfall and radiation), soil water and nitrogen supply (Keating et al., 2003). The 
dynamics of water, N, C and roots were simulated in soil layers, with water (and associated NO3

-) moving 
between layers where gradients existed. The soil water module used in this study was a ‘cascading bucket’ 
water balance model. N mineralisation, N immobilisation, nitrification (following Probert et al., 1998) and 

Fallow 

Winter crop 
Sowing and 
fertilisation

Harvestin

Tillage, 

Tillage, 

Tillage, 

Stubble burning, 



38 

 

denitrification (following Thorburn et al., 2010) were explicitly described in each layer. Soil moisture, pH 
and temperature affected all soil N cycling processes.  

N2O emissions in APSIM were modelled as originating from nitrification and denitrification. Nitrification in 
the APSIM-SoilN model followed Michaelis-Menten kinetics and was modified by pH, soil moisture and 
temperature (Probert et al., 1998). N2O emissions during nitrification were calculated as a fixed proportion of 
0.2 % of nitrified N (Thorburn et al., 2010). Denitrification was simulated as first-order reaction dependent 
on NO3

-. It was further driven by active C, temperature and soil aeration. Soil aeration was represented by a 
soil moisture factor increasing from zero to one for moisture contents between drained upper limit (DUL) 
and saturation (SAT). This assumed that denitrification took place only at water contents above DUL. 
Denitrification resulted in N2 and N2O, formed at a ratio which depended on the quotient of NO3

- 

concentration to respired CO2 as well as water filled pore space. A detailed description of the nitrification 
and denitrification processes can be found in Probert et al., 1998 and Thorburn et al., 2010.  

4.4 Model testing 

Before running all the simulations described in section 4.2 and 4.3, the model was tested in order to verify 
that the results were reasonable. 

Since the modelling was a sensitivity type data analysis and hence the modelling was not based on a real 
experiment, the model testing was mainly based on comparing the yields of the APSIM simulations with the 
farmers’ yields, for the similar soil, weather and farming practices. 

The model testing was also based on comparing APSIM SOC predictions over time with soil data from 
scientific publications, The Soil Carbon Research Program and Soil Quality Pty Ltd (2014), for close soil, 
weather and farming practices. 

In some cases, predictions of general productivity were similar to the farmer’s yields in Wubin and Brigalow 
regions (Table 10 andTable 11). In others, the expected over-prediction could be attributed to factors not 
represented within the APSIM model (Luo et al., 2011; Mason, 1992). Indeed, Hochman et al. (2014) 
showed for the northern cropping zone of Australia that individual crops typically achieved 65 % of their 
attainable yields as estimated by APSIM. These yield gaps, essentially the over prediction of observed 
yields, were assumed to be caused by crops being impacted by any combination of factors for which APSIM 
does not account - nutrient deficiencies/toxicities (non-N), weeds, pests and diseases, severe frost or 
excessive heat or sub-optimal operations resulting in poor establishment or harvest losses. 

Table 10: Comparison between yields from the APSIM simulations combining Wubin soil plus Wubin weather and literature. 

 WHEAT       CHICKPEA 

 APSIM Wubin soil + Wubin 
weather 

Farmers 
involved 
in 
CSIRO's 
project*-
Wubin 

Mason, 
1992 - 

Woogan 
Hills, WA / 
Nabawa, 
WA 

APSIM Wubin soil + Wubin 
weather 

Farmers 
involved in 
CSIRO's 
project*- 
Wubin 

N-
Fertiliser 
on wheat 
yields (kg 
N/ha/yr) 

0 50 100 80 50 0 50 100 80 

Average 
yield 
(kg/ha/yr) 

677 2055 2574 1900 1838/2200 1517 1483 1457 900 

* Project’s name: Achieving least cost GHG abatement-opportunities in Australian grains farms. 
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Table 11: Comparison between yields from the APSIM simulations combining Brigalow soil plus Brigalow weather and 
literature. 

 WHEAT CHICKPEA 

 APSIM Brigalow soil + 
Brigalow weather 

Fertilizer Industry Federation of 
Australia & CSIRO, 2006 – 
Dalby, QLD 

APSIM Brigalow soil + 
Brigalow weather 

Farmers involved 
in CSIRO’s  
project*-
Brigalow 

N-Fertiliser 
on wheat 
yields (kg 
N/ha/yr) 

0 50 100 0 40 60 80 0 50 100 70 

Average 
yield 
(kg/ha/yr) 

1664 2652 3039 2000 2500 3000 3000 2191 2162 2126 1500 

* Project’s name: Achieving least cost GHG abatement-opportunities in Australian grains farms. 

The harvest index, which is the ratio of harvested grain to total shoot dry matter, was quite well predicted by 
APSIM since it was close to the maximum harvest index given by Unkovich et al. (2010) and APSIM does 
not include disease, wind, pest impact, etc. on yields (Figure 11 and Table 12).  

 

 

              

 

Harvest 
index  

Literature 
dryland 
crop 
(Unkovich 
et al., 2010) 

APSIM - 
Brigalow 
soil and 
weather 

APSIM 
- Wubin 
soil and 
weather  

Chickpea Mean:0.37 

Max : 0.55  

Min: 
0.51 

Max: 
0.55  

Min: 
0.54 

Max: 
0.63  

Wheat  Mean:0.37 

Max : 0.56 

Min: 
0.30 

Max: 
0.42  

Min: 
0.30 

Max: 
0.34  

Figure 11: Example of harvesting index for wheat crop. The blue 
line is the linear regression line. Data from the APSIM simulation 
combining Wubin weather and soil, conventional tillage and 
stubble burning.  

Table 12: Comparison of harvesting index between 
APSIM simulations and literature. 

 

In APSIM, seed germination is determined by soil water availability in the seeded layer. The crop dies if 
germination does not occur before a certain period, which default value is 40 days. The few crop failures 
predicted by APSIM in this study was considered reasonable and occurred during the driest years. 

APSIM was able to adequately describe the major processes and resultant changes in SOC within the surface 
soil layer (0 – 0.3 m). For instance, cultivation often leads to a decline in SOC (Luo et al., 2010a; White, 
1990) and this trend was captured with the model. Prediction of SOC after 90 years of production was 
globally coherent with literature (Farmers’ data; Luo et al., 2011; Soil Quality Pty Ltd, 2014; The Soil 
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Carbon Research Program - CSIRO Australian Universities and State Government Agencies, 2014; White, 
1990).  

4.5 Statistical analysis  

Statistical analysis was conducted using the analyses of variance and covariance methods, which results are 
detailed in Appendix 2.1. 

4.6 Conclusions 

APSIM was able to adequately describe the major processes and resultant changes in SOC within the surface 
soil layer (0 – 0.3 m). The model was configured to gain an understanding of how much the soil types, 
weather types and different farming practices impact on C sequestration. The following section will deal 
with the interpretation of the results of the APSIM model.
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5 APSIM Model, results and discussion 
5.1 How  soil,  weather,  and  the  different  farming  practices  influence  SOC 

balance? 

5.1.1 Do soil, weather, and  the different  farming practices have a significant  impact on SOC 
and how big is this impact?  

This part will provides us with the main conclusions from statistical analyses detailed in Appendix 2.1.  

The first and last 10 years of the APSIM simulations described in the following sections (sections 5.1.1.1 and 
5.1.1.2) correspond respectively to the periods 1924 – 1933 and 2004 – 2013 and were analysed separately to 
gain an understanding of the influence of the different treatments (soil, weather and farming practices) on 
SOC just after a change of farming practices and after more than 80 years of constant farming management. 

5.1.1.1 A  multiple  linear  regression  approach:  Have  the  explanatory  variables  a  significant 
impact on SOC the first and last 10 years of the simulations? 

An analysis of variance indicated that soil, weather, rotation, fertilisation, stubble and tillage practices and 
their first order interactions, could significantly explain SOC in the 0 – 0.3 m layer, during the first and last 
10 years of the simulations (P <0.05), except the interaction between stubble practice and rotation type which 
was not significant for the last 10 years of simulations (Appendix 2.1.1.2).  

The average of simulated SOC during the last 10 years was higher under Wubin weather than Brigalow 
weather. As all the simulations started at the same SOC content for a given soil type (i.e. Brigalow clay or 
Wubin sand), a higher SOC content under Wubin weather indicated that less rainfall gave more SOC as a 
general effect. In the same way, more N fertiliser inputs led to more SOC, conventional tillage led to more 
SOC than zero tillage and stubbble retention led to more SOC than stubble burning (Figure 12).The type of 
rotation, in the long term, had very little effect on SOC. The conclusions were the same for the first 10 years 
but the differences of effects among the levels of each explanatory variable on SOC were smaller (Figure A - 
Appendix 2.1.1.2). 
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Figure 12: General effect of weather type, amount of fertiliser, rotation type, tillage practice and stubble practice 
on simulated SOC for the last 10 years of the simulations (2004 – 2013). There are 10 years of output in each of 
boxplot. 

5.1.1.2 A  sensitivity analysis: How much  the explanatory variables explain  the variation of SOC 
the first and last 10 years of the simulations? 

A sensitivity analysis indicated that the soil, weather, and the different farming practices had interactions that 
influenced SOC (Appendix 2.1.1.3).  

The type of soil explained the majority of the variation in SOC, especially during the first 10 years of the 
simulations. The type of soil and its interactions with the weather and the farming practices explained 96 % 
of the SOC variation during the first 10 years and 66 % during the last 10 years (Figure 13). The type of 
weather (i.e. Wubin or Brigalow) and its interactions with the other explanatory variables also had a 
significant influence on the variation of SOC (first 10 years: 3 %, last 10 years: 18 %). Also, SOC was 
influenced to a smaller extent and often after several decades of constant practices by the fertilisation rate 
(last 10 years: 15 %). Rotation type, stubble practice and tillage practice had much lower levels of influence 
(last 10 years: respectively 3 %, 2 % and 1 %). 

 

 

Figure 13: Graph of the R2 of the variable i and the semi-partial R2. (A): first 10 years of the simulations, (B): last 10 years of 
the simulations. R2 of the variable i and the semi-partial R2 represent the contribution of the variable alone and the 
contribution of the variable with its interaction with other variables to the SOC variance respectively. 

(B) 

(A) 

         soil          weather      fertilisation      tillage        stubble        rotation 

         soil          weather      fertilisation    rotation        stubble        tillage 

Variables 

Variables 
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The two locations in the study (i.e. Wubin soil plus weather and Brigalow soil plus weather) were separately 
subjected to a sensitivity analysis to determine if the sensitivity to management differed between the 
locations.  

For Wubin, the analysis indicated that (Figure 14): 

 During the first 10 years, the tillage practice and its interactions with the other farming practices 
explained 32 % of the variation of SOC, fertilisation also explained 32 %, followed by stubble (10 
%) and rotation (9 %) practices. 

 During the last 10 years, the fertilisation practice and its interactions with the other farming practices 
explained 70 % of the variation of SOC, followed by stubble (23 %), rotation (13 %) and tillage (12 
%) practices. 

For Brigalow, the analysis indicated that (Figure 15): 

 During the first 10 years, the fertilisation practice and its interactions with the other farming 
practices explained 25 % of the variation of SOC, followed by rotation (8 %), stubble (3 %) and 
tillage (2 %) practices. 

 During the last 10 years, the fertilisation practice and its interactions with the other farming practices 
explained 92 % of the variation of SOC, followed by rotation (33 %), stubble (6 %) and tillage (3 %) 
practices. 

Thus, the contributions of the explanatory variables to SOC variations were different between Wubin and 
Brigalow locations and between the first and last 10 years of the simulations. However, for both locations, 
during the last 10 years, fertilisation was the variables that contributed the most to SOC variations (Wubin: 
70 %, Brigalow: 92%). 

 

Figure 14: Graph of the R2 of the variable i and the semi-partial R2 for Wubin soil and weather. (A): first 10 years of the 
simulations, (B): last 10 years of the simulations. R2 of the variable i and the semi-partial R2 represent the contribution of the 
variable alone and the contribution of the variable with its interaction with other variables to the SOC variance respectively. 

(A) (B) 

fertilisation     stubble       rotation        tillage       tillage     fertilisation     stubble        rotation        
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Figure 15: Graph of the R2 of the variable i and the semi-partial R2 for Brigalow soil and weather. (A): first 10 years of the 
simulations, (B): last 10 years of the simulations. R2 of the variable i and the semi-partial R2 represent the contribution of the 
variable alone and the contribution of the variable with its interaction with other variables to the SOC variance respectively. 

5.1.1.3 A  test  of  the  interaction  between  time  and  soil,  weather,  and  the  different  farming 
practices: What is the influence of the explanatory variables on SOC trend over the whole 
90 years? 

A test of the interaction between time and the explanatory variables indicated that, over 90 years, the rate of 
loss of C averaged across all farming practices and both climates was faster in Brigalow clay than in Wubin 
sand (Appendix 2.1.2). Furthermore, it was faster under Brigalow weather than Wubin weather, and faster 
under wheat-wheat rotation than wheat-chickpea rotation. Application of N fertiliser reduced the rate of SOC 
loss with slowest rate of change occurring in the 100 kg N/ha/yr treatment and the fastest rate of change 
occurring when no fertiliser was applied. Stubble burning led to a faster rate of SOC loss than stubble 
retention. In addition to this, zero tillage led to a faster rate of SOC loss than conventional tillage.  

5.1.2 What  is  the  influence of  the  soil  type, weather  type,  fertilisation,  rotation,  tillage and 
stubble management practices on SOC? A graphical analysis 

This section will provide more detailed discussion of the interactions amongst the explanatory variables and 
the influence of each level of variables on SOC. This discussion will also consider the physical and chemical 
processes that explain the differences in SOC, by considering the major variables involved in the SOC 
balance of the 0–0.3 m layer, such as C addition from the crop residues and C lost to the atmosphere as CO2 
after mineralisation. 

Soil organic N of the 0 – 0.3 m layer will also be considered, and results mainly from N inputs from 
fertilisers and returned crop residues and N outputs through runoff, leaching and N2O emissions. N2O 
emissions are a by-product of denitrification and nitrification. 

The soil water content also needs to be considered to be able to understand SOC processes, and depends on 
the inputs from rainfall, and the loss through plant water uptake, drainage and runoff. 

5.1.2.1 Influence of soil on SOC 

Within a particular combination of weather and farming practices (e.g. Wubin weather, 100kg N/ha/yr, 
stubble burnt, conventional tillage and wheat-chickpea rotation), for a given year, SOC was higher for 
Brigalow clay than Wubin sand (Figure 16). The difference in SOC content was mainly explained by the 
initial C of the two soils. 

A faster rate of C loss for Brigalow clay compared to Wubin sand was most obvious under Brigalow weather 
(top three rows of Figure 16). The difference in rate of loss among the two soils could be mainly explained 
by the kinetics of C decomposition: C decomposition is a proportional effect (a first order reaction), i.e. there 
was a loss of a constant proportion of C each day. Thus the C mass loss each day was greater for the soil 
with a higher SOC content (Brigalow clay). The faster rate of C loss for Brigalow clay was most obvious 

(B) (A) 

fertilisation     rotation        stubble       tillagefertilisation     rotation        stubble       tillage
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under Brigalow weather. This could be because in a heavy textured soil (i.e. Brigalow clay), water from high 
rainfall (Brigalow weather) was able to be stored in the soil for longer periods of time than in a sandy soil, 
increasing the soil water content (Figure G - Appendix 2.2.1) and hence leading to higher microbial activity. 
These wetter conditions were favourable to a higher rate of decomposition of plant biomass and 
mineralisation of SOC, resulting in more C lost to the atmosphere (Figure H - Appendix 2.2.1) and 
consequently in a lower SOC content.  

The amplified decomposition with increased soil water content occurred when N input was not too limiting, 
as found in the fertilised and wheat-chickpea rotation scenarios. Indeed, when N was limiting, there was less 
aboveground plant biomass returned to soil. In that case, SOC decreased as well, but not particularly because 
of more C loss but because of less C input into the SOM pool.  

 

 

Figure 16:  Influence of the type of soil on SOC (0 – 0.3 m) over 90 years of APSIM simulations. 

 

Soil type contributed the most to soil C storage compared to weather type and farming practices.  

In low rainfall environments (Wubin weather), the rate of SOC loss was quite the same for a heavy or a 
light textured soil. For a high rainfall environment (Brigalow weather), a heavy textured soil led to more 
SOC loss than in a sandy soil. 
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5.1.2.2 Influence of weather on SOC 

Observation 

Within a particular combination of soil and farming practices, for a given year, SOC was lower under 
Brigalow weather than under Wubin weather (Figure 17). Under Brigalow weather, SOC decreased except 
when there was a combination of Wubin sand with fertilisation, where SOC remained quite stable.  

Under Wubin weather, when there was no N input from fertiliser and chickpea, SOC decreased (see column 
5 to 8, row 1 and 4). However, when fertilisation occurred, SOC increased; except when there was a 
combination of zero tillage and stubble burning, where SOC remained steady or decreased.  

Explanation 

When fertilisation occurred, SOC difference between the two weathers could not be exclusively explained by 
a difference in the amount of biomass C returned to soil since the difference in yields between the two 
weathers depended also on the type of soil (Figures I and J - Appendix 2.2.2). 

As mentioned before, Brigalow weather, with a higher annual rainfall than Wubin weather, led to more C 
mineralisation and therefore more C lost to the atmosphere. The positive effect of the combination of 
Brigalow weather with Wubin sand compared to Brigalow clay was not explained by the amount of biomass 
C returned to soil, since yields were higher with Brigalow clay (Figure J - Appendix 2.2.2). A possible 
explanation was that the sandy soil compared to the clay soil limited the effect of high rainfall on soil water 
content because of higher drainage. Therefore C mineralisation rate, which occurred mainly in the top 30cm, 
was also limited (Figure K - Appendix 2.2.2). Furthermore, increasing the amount of N fertiliser led to larger 
crops of which the majority was returned to the soil surface at harvest, and for the combination of Brigalow 
weather and Wubin sand meant that C inputs from the larger crops was similar to the C losses. 

Wubin weather, when the land was fertilised, led to a SOC increase. It could be explained by the fact that the 
biomass C returned to soil was larger than the C mineralised. When there was zero tillage and stubble was 
burnt, very little biomass C was added to soil, so SOC decreased (e.g. column 7 in Figure 17). It is maybe 
because the organic matter (i.e. crop residues) on the soil surface was slowly decomposed before any C was 
added to the SOM pools compared to the organic matter incorporated via tillage which is directly transferred 
into the SOM pool.  

Comparison with literature 

It is often said in literature that when the land in low rainfall environment is continuously cropped, 
improvement of SOC is very small or even not possible, partially because in this hotter and drier 
environment, there is a high decomposition rate of stubble and low crop yields, respectively (Chan et al., 
2003; Heenan et al., 1995; White, 1990).  

However, in our simulations, Wubin weather, compared to Brigalow weather was better in limiting SOC 
loss. It was not because of higher yields under Wubin weather than under Brigalow weather: indeed, yields 
under Wubin weather were higher only for Wubin sand and not for Brigalow clay. It could be explained by 
the fact that C mineralisation was affected notably by soil temperature and soil water. Over the summer 
fallow period, when the stubble was present, Wubin weather was dry and less conducive to C mineralisation 
than with Brigalow weather (warm and wet summers). 
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Figure 17: Influence of the weather type on SOC (0 – 0.3 m) over 90 years of APSIM simulations. 

5.1.2.3 Influence of fertiliser on SOC 

For a given year and combination of explanatory variables (except fertilisation), SOC was higher when the 
land was fertilised compared to when it was not. The absence of fertilisation always led to a decrease of SOC 
over the years. Adding N fertiliser reduced the rate of decrease of SOC in some cases (e.g. column 7, row1 in 
Figure 18A) and in the others enhanced the rate of increase of the SOC (e.g. column 5, row 2 in Figure 18A). 
The effect of fertilisation on SOC was greater when it was a wheat-wheat rotation than a wheat-chickpea 
rotation, since the chickpea crop was able to contribute positively to the soil N balance via N fixation from 
the atmosphere.   

Indeed, increased soil N (caused by higher fertilisation rates or chickpea in rotation) supported greater plant 
productivity which led to more C being returned to the soil surface in the crop residues at harvest, and 
ultimately to higher SOC (see paragraph 5.2.1).  

SOC was lower under high rainfall weather than under low rainfall weather. It could be explained by a 
higher rate of C mineralisation. 

Under Brigalow weather, SOC decreased; except when Wubin sand was fertilised, resulting in a stable 
SOC.  

Under Wubin weather, when there was no N input from fertiliser or chickpea crop, SOC decreased. 
However, when fertiliser was applied, SOC increased most of the time. 
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We could deduce that the increased C mineralisation rate due to increased microbial activity promoted by N 
fertilisation was lower than the additional amount of C being returned to soil in the simulations.  

Contrary to what has been found in literature dealing with low rainfall environments (Fettell and Gill, 1995), 
fertilisation with Wubin weather had an impact on SOC even more important than under Brigalow weather. 
It was because, the low soil C:N ratio combined with high C content of the Brigalow soil meant soil N 
available to the plant was higher in the Brigalow soil. Consequently in this soil, the contribution of fertiliser 
to increase N available for plant was lower.  

 

 

Figure 18: Influence of the N fertiliser amount on SOC (0 – 0.3 m) over 90 years of APSIM simulations. (A): Brigalow clay, 
(B): Wubin sand. 

Fertilisation increased crop yields and therefore had a positive impact on C sequestration, but in high 
rainfall environment, fertilisation seemed to hardly invert the tendency of SOC decrease. 

(B) 

(A) 
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5.1.2.4 Influence of stubble management 

Under Wubin weather, stubble retention promoted, most of the time, a faster increase of SOC than stubble 
burning, especially when the land was not tilled (e.g. column 2, row 6 in Figure 19). Under Brigalow 
weather, the impact of stubble retention on SOC was not so visible. 

Stubble retention allowed a higher return of plant biomass to soil than stubble burning. There was no impact 
of stubble retention under Brigalow weather partially because the stubble was standing during summer, and 
this period of the year was wetter and warmer at Brigalow than at Wubin, resulting in a higher rate of 
mineralisation of the C of the residues added to the soil. 

In literature, stubble retention is sometimes shown to be unlikely to cause large increases in SOC in the 
absence of N fertiliser or even to have a negative impact on SOC, compared to stubble burning (Loch and 
Coughlan, 1984; Marston and Hird, 1978). It was not the case in our simulations (Figures L and M - 
Appendix 2.2.3), which could indicate that N immobilised for stubble decomposition was never limiting N 
uptake by plant, and consequently yield and SOC. 

 

 

Figure 19: Influence of stubble management on SOC (0 – 0.3 m) over 90 years of APSIM simulations. 

Under Wubin weather, stubble retention was most of the time more favourable to an increase in SOC than 
stubble burning, especially when the land was not tilled.  

Under Brigalow weather, the impact of stubble retention on SOC was not visible. 
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5.1.2.5 Influence of tillage management on SOC 

Conventional tillage was favourable to SOC compared to zero tillage. The positive influence of conventional 
tillage on SOC was more important in the stubble burnt scenario and even more in a stubble burnt plus 
Wubin weather scenario (e.g. column 3, row 6 in Figure 20). When stubble was retained or under Brigalow 
weather, the difference between the two tillage managements was little or inexistent. 

The influence of conventional tillage was more important when stubble was burnt afterwards, maybe because 
when burning was used (removal of all the surface residues on the 19th of April, without adding C to soil), 
the highest C input from stubble had occurred during the preceding tillages (15th of December, February and 
April). Under Wubin summer fallow, because of the dry weather, the stubble was decomposed very slowly 
on the surface, and maybe incorporating it by tillage increased the decomposition and the C input into the 
SOM pool. 

White (1990) observed that the effect of tillage was exacerbated in Merredin soil (calci red-brown earth with 
20 % clay in the 0 – 0.1 m) compared to Wongan Hills (yellow earthy sand with 10 % clay in the 0 – 0.1 m) 
and Avondale (non-calcic brown earth with 16 % clay in the 0 – 0.1 m) and deduced that the effect of tillage 
is less important in a sandy soil. Nevertheless, according to a sensitivity analysis, the contribution of the 
tillage practice and its interactions with the other treatments to explain SOC variation was higher in Wubin 
sand (contribution to explain SOC variation during the first 10 years: 3.7 %, last 10 years: 5.7 %) than 
Brigalow clay (first 10 years: 1.9 %, last 10 years: 2.9 %). 

In addition to this, Chan et al. (2003), found that significantly higher SOC levels under conservation tillage 
compared to conventional tillage on light-textured soils in Australia were found only in the wetter areas 
(rainfall>500 mm/yr). This statement was not validated by the simulations, since SOC under conventional 
tillage was always superior to SOC under zero-tillage. Furthermore, for the same farming practices, with 
Wubin light textured soil, SOC levels were lower under zero-tillage compared to conventional tillage even 
more when the weather was dry (Wubin). 

 

Conventional tillage was favourable to SOC compared to zero tillage, especially when stubble was burnt 
under Wubin weather.  

When stubble was retained or under Brigalow weather, the difference of impact between conventional 
tillage and zero tillage on SOC was little or inexistent. 
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Figure 20: Influence of tillage management on SOC (0 – 0.3 m) over 90 years of APSIM simulations. 

5.1.2.6 Influence of rotation type on SOC 

When no fertiliser was used, the inclusion of chickpea in the rotation was better for SOC (e.g. rows 1 and 4 
in Figure 21). It could be because chickpea, when decomposing added N to the soil, promoting higher wheat 
yields in a low N input environment, especially after many years of constant farming practices (Figure N - 
Appendix 2.2.4). It might also be due to the chickpea residues containing more N and therefore decomposing 
more quickly. This difference did not depend on stubble management. 

When fertiliser was applied, a wheat-wheat rotation was favourable to SOC compared to a wheat-chickpea 
rotation except in Wubin sand under Brigalow weather, where there was no visually significant difference 
between the two rotations.  

The fact that SOC was higher for a wheat-wheat rotation than a wheat-chickpea rotation could be justified by 
the fact that chickpea in a wheat-chickpea rotation led to less incorporated biomass C into the SOM pool 
than wheat in a wheat-wheat rotation. Under the association of Wubin sand with Brigalow weather, the 
average biomass C added to the soil was quite similar between chickpea and wheat (Figure O - Appendix 
2.2.4). Furthermore, different root characteristics (e.g. rooting depth and mass) impact on soil structure, and 
could lead to different mineralisation rates.  
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Figure 21: Influence of rotation type on SOC (0 – 0.3 m) over 90 years of APSIM simulations. 

5.2 How the variables that increase SOC impact the environment? 

The previous part dealt with the influence of the explanatory variables, their levels and interactions with 
other variables on SOC. In this part, SOC will not only be studied but also N and water. Indeed, the 
interactions between N, water and SOC with the air pool, plant pool, soil pool and explanatory variables will 
be described, thanks to a soil-centred analysis.  

This part is of high environmental interest since it is possible that farming practices that promote C 
sequestration may lead to negative side effects for the environment. 

5.2.1 An increase in wheat yield increased SOC, an increase in chickpea yield decreased SOC 

An increase in wheat yields increased SOC (Figure 22). This could be because, in the simulations, higher 
wheat biomass C was returned to soil, increasing SOC. 

When fertiliser was applied, a wheat-wheat rotation was favourable to SOC compared to a wheat-
chickpea rotation, except in Wubin sand under Brigalow weather where there was no difference. 

When the land was not fertilised, the effect of rotation was reversed, with a wheat-chickpea rotation being 
more favourable to SOC than a wheat-wheat rotation. 
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Figure 22: Influence of average wheat yields on SOC change over 90 years (1924 - 2013). (A): Wheat-wheat rotation. (B): 
Wheat-chickpea rotation  

Furthermore, SOC decreased with increased chickpea yields (Figure 23). Increasing fertilisation during the 
wheat crop decreased the following chickpea yield, but led to a higher SOC. It could be explained because 
after a high productivity wheat crop, simulated soil water content was lower prior to the chickpea crop, 
leading to low chickpea yields due to water stress. SOC was increased though partially because of high 
wheat biomass C returned to soil. Furthermore, a higher chickpea yield contributed to higher soil N which 
promoted C mineralisation and consequently SOC loss. 

 

(B) 

(A) 
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Figure 23: Influence of average chickpea yields on SOC change over 90 years (1924-2013). 

The positive influence of wheat yields on SOC is of interest because it means that the process of increasing 
SOC is supported by the farmers’ goals to increase wheat yields. Looking at the explanatory variables that 
increase wheat yields will help us, in the following paragraph, understand what can increase SOC. However, 
do the practices that increase yields and therefore SOC also reduce environmental impacts? 

5.2.2 An increase in rainfall increased yield  

Wheat and chickpea yields generally increased with an increased cumulative rainfall during the crop growing 
season (wheat: Figure 24, chickpea: Figure P- Appendix 3). Therefore, rainfall had a positive effect on wheat 
and chickpea yields, allowing more water availability for plant uptake. When considering the relationship 
between wheat and chickpea yields with the sum of cumulative rainfall during the crop growing season plus 
soil water content at sowing, it is even tighter (In Figure 25, collection of points closer to each other and to 
the linear regression line compared to Figure 24), indicating that both an increase in cumulative rainfall 
during the crop growing season and an increase in soil water content at sowing influence positively crop 
yields (wheat: Figure 25, chickpea: Figure Q - Appendix 3).  
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Figure 24: Interaction between wheat yield and cumulative rainfall during the growing season, period simulated: 1924-2013. 
The lines are linear regression lines. 

 

Figure 25: Interaction between wheat yield and the sum of cumulative rainfall during the growing season plus soil water 
content at sowing, period simulated: 1924-2013. The lines are linear regression lines. 
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The increase of chickpea yields with increasing rainfall during the growing season was not limited by 
fertilisation (Figure P - Appendix 3). It could be explained because chickpea fixed N from the air more than 
from the soil. 

The positive effect of rainfall on wheat yield could be limited by N inputs (N from chickpea decomposition, 
or from fertilisation), which needed to be higher in an environment susceptible to leaching like a sandy soil 
(Figure 24). Indeed, the more rainfall, the more likely there is water draining below the root zone, 
particularly in a sandy soil.  This deep drainage combined with the fact that NO3

--N is highly soluble may 
lead to higher N loss by leaching (Figure 26) and could also lead to reduced crop yields due to N stress.  

 

Figure 26: Interaction between cumulative rainfall during the growing season and N leached, period simulated: 1924-2013. 
The lines are linear regression lines. 

Thus, increasing fertiliser amount to increase wheat yields and promote C sequestration can have 
consequences on the environment by increasing the chance of N loss by leaching and N2O emissions (Figure 
27).  
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Figure 27: Influence of fertilisation rate on N2O emissions, period simulated: 1924-2013. 

When comparing the N leaching process during the fallow period and during the crop period: 

 With Brigalow weather, N leaching occurred mainly during the fallow period: during the crop 
period, plant N uptake effectively reduced the amount of soil N available to be leached (first 4 rows 
in Figure 28).  

 With Wubin weather, N leaching occurred during crop period because seasonal rainfall during the 
crop period is higher than in the Brigalow weather, which increased drainage even if plant uptake 
was present (last 4 rows in Figure 28).  

When comparing the N2O emitted during the fallow period and during the crop period, simulated N2O 
emissions occurred mainly during the crop period, except for the combination of Brigalow weather with 
Brigalow clay where N2O emissions were the same during the fallow and crop period (Figure 28). It can be 
explained because N2O emissions were dependent on water availability. Wubin rainfall occurred mainly 
during the crop period, promoting N2O emissions during this period. Brigalow had higher rainfall, quite 
homogeneously distributed over the year. The Brigalow clay soil retained water for a longer time than the 
sandy soil, and allowed N2O emissions during the fallow period, especially if rainfall was not very low. 
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Figure 28: Some variables involved in the soil N balance over a fallow and crop period of a wheat-wheat rotation, simulated 
average during the period: 2004 – 2013. 

This observation raised the question of importance of cover crops during the fallow period:  a fallow period 
is more susceptible to N leaching and can be a period of N2O emissions. Cover crops, by absorbing the 
excess of N, and uptaking soil water, can be a solution to limit N in the underground water and N returned to 
the atmosphere. However, crops, by covering the soil surface, also limit soil water evaporation and 
consequently can promote N2O emissions. Studying which of the limited soil water evaporation and water 
uptake during cover cropping has a stronger effect on soil water content and on N2O emissions could be a 
topic of modelling research. Furthermore, the soil water content after the cover crop, in order to allow the 
growth of the following crop called ‘cash crop’, must not be too low.  

5.3 Conclusions 

The systematic APSIM modelling approach was an effective means to gain an understanding of the influence 
of the complex interactions on SOC. Simulated SOC was mainly explained by the soil properties. In addition 
to this, the choice of a management practice to increase C sequestration depended on the weather, complex 
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interactions with other farming practices, soil characteristics and time. The study also drew attention to some 
important issues in managing C sequestration, N leaching and N2O emissions together in farming systems: 
the simulated N2O emissions and N leached increased when the land was fertilised to increase both wheat 
yields and SOC. Furthermore, in the case of including a chickpea in a crop rotation to reduce N fertiliser 
applied to wheat, the effect on simulated SOC were negative since less biomass C was returned to soil. 
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6 Conclusion 
The influence of farming management on C sequestration in Australian cropping soils has been the topic of 
numerous publications dealing with on-farm experiments. This report evoked many of them, helping to 
synthesis the scientific information currently available and highlighting some needs and gaps in research. 

In general, adoption of zero tillage, stubble retention, crop rotation, nitrogen fertilisation and irrigation 
increased SOC by increasing C inputs into the soil, but there were large variations among their effects over 
time and space. Concluding exhaustively from a review of published on-field experiments on which farming 
practices are the most efficient at increasing SOC for each combination of soil and climate was difficult. 
Indeed, most of the studies were based on limited number of experiments conducted at specific locations, for 
relatively short periods and where the soil was sampled to shallow depth (e.g. 0 – 0.15 or 0 – 0.3 m).  

A more systematic APSIM modelling approach based on an understanding of the processes in the soil-plant-
atmosphere system, supported by experimental data, was an effective means to explore the impact of the 
complex interactions on SOC. Simulated SOC was mainly explained by the soil properties. Furthermore, the 
choice of a management practice to increase C sequestration depended on the weather, complex interactions 
with other farming practices, soil characteristics and time. 

The study also drew attention to some important issues in managing C sequestration, N leaching and N2O 
emissions together in farming systems. N2O is 296 times more potent than CO2 as a greenhouse gas (Kong et 
al., 2010). Therefore, agricultural management practices that truly mitigate climate change cannot simply 
sequester SOC, but must concomitantly attenuate emissions of other greenhouse gases from agro-
ecosystems. However, the simulated N2O emissions and N leached increased when the land was fertilised to 
increase both wheat yields and SOC. Furthermore, in the case of including a chickpea in a crop rotation to 
reduce the requirement of N fertiliser during the wheat crop was simulated to result in less sequestered C due 
to less plant biomass C returning to the soil. Eventually, there can be other impacts of farming management, 
not shown in this report, upon hydrology, cropping frequency and time of sowing that could counterbalance 
the effect of fertilisation reduction on the environment (Huth et al., 2010). 

These complex interactions between crop management and C, N and water balances showed in our analyses 
highlighted the importance of models and their systematic approach in understanding better the emissions 
from agro-ecosystems where climate, soils and management combine in complex ways. 

In a context of changing climate, the predictions of C sequestration are changing: elevated atmospheric CO2 
concentration, global warming and rainfall change could all alter the C balance of agricultural soils. The rate 
of C mineralisation is expected to increase in regions, which experience warming conditions, where adequate 
soil moisture is available for biological activity. Elevated atmospheric CO2 levels could increase plant 
biomass. However, the complexity of soil and plant responses to elevated CO2 makes it difficult to determine 
long-term changes in SOC. Further system modelling approach integrating climate change scenarios would 
provide an effective means to analyse the impact of different management practices and future climate 
change on SOC dynamics.
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Appendix 1  
Appendix  1.1:  Summary  of  53  studies  analysing  the  effect  of  agricultural 
practices on SOC dynamics mainly in Australia agroecosystems 

Appendix table A: Summary of 53 studies analysing the effect of agricultural practices on SOC dynamics mainly in Australia 
agro-ecosystems. 

SB Stubble burnt IT Intensive tillage Mb Deep moulboard ploughing N nitrogen 

SM Stubble mulched 1C/3C 1/3 cultivation(s) Disc Disc ploughing P Phosphorus 

SR Stubble retained CT Conventional tillage Rp Deep ripping K Potassium 

SI Stubble incorporated MT minimum tillage Blade Blade Zn Zinc 

SR- Stubble removed ZT zero tillage RT Rotary till * After Australian 
Government - 
Bureau of 
Meterology, 
n.d.  

Reference Location Mean 
annual 
rainfall 
(mm/yr) 

Soil type (Isbell 
2002) 

Agricultural 
practices 

Duration (year) C sampling 
frequency 
(times/trial) 

C 
measured** 

max C 
sampling 
depth 
(m) 

Armstrong 
et al., 1999 

Emerald, 
QLD 

639 Vertosol R 4 (1993-1997) 4 (11/93: before 
imposition of 
treatments; 
12/95, 10/96, 
04/97) 

fraction 0.1 

Armstrong 
et al., 2003 

Emerald, 
QLD 

590 Vertosol R(ID,IP),  
T(CT,ZT), 
F(N,P,Zc) 

6 (1991-1997) 5 (03/91, 09/93, 
05/96, 04/97, 
12/97) 

% 0.1 

Blair and 
Crocker, 
2000 

Tamworth, 
NSW 

671 

 

Vertosol R 29 NA fraction 0.1 

Bünemann 
et al., 2008   

Wagga 
Wagga, 
NSW 

 523* Kandosol R(ID), S(SB,SM), 
T(3C,ZT) 

26 (1979-2005) 1 (07/05) fraction 0.05 

Carter and 
Mele, 1992  

Wodonga , 
VIC 

 714* Sodosol S(SB,SR), 
T(CT,ZT) 

10 (1981-1991) 1 (1991) % 0.025 

Cavanagh 
et al., 1991  

Forbes, 
NSW 

526* Chromosol T(CT,ZT) 2 (1986-1988) 1 (after the final 
harvest, 1988) 

% 0.1 

Chan and 
Heenan, 
2005 

Wagga 
Wagga &  
Temora, 
NSW 

554 &  
535 

Kandosol & 
Chomosol/Sodosol? 

S(SB,SR), 
T(CT,ZT) 

19 (1979- 1998) & 5 
(1997-2001) 

2 (One at the start 
of the 
experiment then 
Wagga Wagga ; 
03/98 after 
harvest. Temora 
:05/01 ) 

fraction, soil 
C mass 

0.2 & 0.1 

Chan and 
Hulugalle, 
1999 

Trangie & 
Merah 
North  and 
Wee Waa, 
NSW 

<500 & 
615 

Vertosol R 3 & 2 (`Glenarvon'': 
1993-1994, 
``Beechworth'': 
1994-1996) 

2 (``Glenarvon'': 
06/93, 06/96. 
``Beechworth'': 
05/94 05/96) 

fraction 0.1 & 
0.15 & 
0.6 

Chan et 
al., 2003 

Australia  

 

 

Chromosol, 
Sodosol, 
Calcarosol, 
Tenosol, Kandosol 

S(SB,SR), 
T(CT,MT,ZT) 

3 to 19   %, soil C 
mass 

0.1 

Chan et 
al., 1992 

Wagga 
Wagga, 
NSW 

550  Kandosol S(SB,SR), 
T(CT,ZT) 

10 (1979-1989) 1 (summer 1989) %, soil C 
mass 

0.2 

Chan et 
al., 2002 

Wagga 
Wagga, 
NSW 

523* Kandosol S(SB,SR), 
T(CT,ZT) 

19 (1979-1998) 1 (03/98 after 
harvesting lupin) 

fraction 0.2 

Chan et Wagga 554 & Kandosol & R(Perennial 25 & 13 & 18 25 & 13 & 18 %, soil C 0.3 



71 

 

al., 2011 Wagga & 
Book Book, 
NSW 

650  Sodosol pasture/ Annual 
Pasture/crop R), 
S(SB,SR), 
T(CT,ZT) 

(SATWAGL: 1979–
2004,MASTER: 
1992–2005, 
WWPCRE: 1963–
1981) 

mass 

Conteh et 
al., 1998 

Narrabri, 
NSW 

660* Vertosol S(SB,SI), F(N) 3 (1991-1994) 2 (start and end of 
the 3-year) 

fraction 0.3 

Cookson et 
al., 2008 

Gabby Quoi 
Quoi 
Catchment, 
WA 

 322 Tenosol T(CT,ZT, RT) 6 (1998-2004)  2  (1998 and 
09/04) 

mgC/ cm−3 0.1 

Cotching 
et al., 2001 

Northern 
midlands of 
Tasmania 

 Sodosol R(IF), T(CT, MT), 
CWP 

Attributes of 25 
Tasmanian sodosols 
were assessed using 
field and laboratory 
techniques 

1 %, C 
fraction 
:fraction 

0.15 

Dalal, 1989 Warwick, 
QLD 

 685 Vertosol S(SB,SR), 
T(CT,ZT), F(N) 

13 (1968-1981) 1 (05/81) fraction, soil 
C mass 

1.2 

Dalal and 
Mayer, 
1986 

Waco, 
Langland-
Logie, Cecil 
vale, Billa 
Billa, 
Thallon, 
Riverview, 
QLD 

 Vertosol, 
Kandosol? 

  0.5-70  1 and 2 on 
cultivated and 
adjacent virgin 
area 

%, soil C 
mass 

0.1 

Dalal et 
al., 1991 

 Warwick, 
QLD 

685 Vertosol S(SB,SR), 
T(CT,ZT), F(N) 

20 (1968-1988) 4 to 5  % 0.1 

Dalal et 
al., 1995 

Warra, 
QLD 

685 Vertosol R, T(CT,ZT), F(N) 7 (1986- 1993)  18 (May and 
November each 
year) 

% 0.1 

Dalal et 
al., 2007 

Warra, 
QLD 

685 Vertosol T(CT,ZT), F(N) 10 (1987- 1997) 4 (12/85, 11/89, 
11/94, 10/97) 

soil C mass 0.1 

Fettell and 
Gill, 1995   

Condobolin, 
NSW 

430 Chromosol S(SB,SR,SI), 
T(CT,ZT), F(N) 

15 (1979-  1994) 2 (02/93, 02/94) % 0.1 

Galbally et 
al., 2010 

VIC  275 Calcarosol     5 (at the end of 
each of the five 
measurement 
periods) 

Not 
measured 

0.05 
then0.1 

Gupta et 
al., 1994 

Harden, 
NSW 

608* Kandosol S(SB,SM,SR,SI), 
T(MT,ZT) 

1 2 (17/08/90, 
23/10/90) 

soil C mass 0.15 

Haines and 
Uren, 1990 

Rutherglen, 
VIC 

587* Sodosol S(SB,SR), 
T(CT,ZT) 

6 (1981-1987)  4 (11/86, 05/87, 
08/87, 11/87)  

%, when 
speaking 
about 
difference 
between 2 
practices: 
soil C mass 

0.25 

Hamblin, 
1984 

Merredin, 
WA 

287  Chromosol T(CT,ZT) 6 (1977-1983) 2 (02/80, 02/83, 
after the third and 
sixth years' 
harvest ) 

% 0.25 

Heenan et 
al., 1995 

Wagga 
Wagga, 
NSW 

550 Kandosol R, S(SB,SM), 
T(3C,1C,ZT), F(N) 

14 (1979-1993) About 14 (Almost 
every year) 

soil C mass 0.1 

Holford et 
al., 1998 

Tamworth, 
NSW 

673* Kandosol R 6 (1987-1993) 4 (06/87, 06/89, 
06/91, 06/93) 

soil C mass 0.15 

Hoyle and 
Murphy, 
2006 

Merredin, 
WA 

294 Chromosol S(SB,SR), Sea 16 (1987-2003) 4  (8/05/03 
21/06/03, 
15/09/03 
28/11/03) 

%, soil C 
mass 

0.05 

Hoyle et 
al., 2006 

Merredin, 
WA 

325 Chromosol S(SB,SR) 16 (1987-2003)  1 (05/2003) %, soil C 
mass 

0.05 

Hulugalle, 
2000  

Narrabri & 
Warren, 
Wee Waa 
, Merah 
North, 
NSW 

616 & 
616, 
615, 478 

Vertosol R,  T(IT,MT) 5 (1993-1998)  At ACRI and 
"Auscott" , 
"Beechworth": 5 
and 4. 
"Glenarvon": 0, 5, 
17, 30, 36, 42, 47, 
52, and 63 
months after 
commencing the 
experiment 

soil C mass 0.6 
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Hulugalle 
and 
Entwistle, 
1997 

Narrabri, 
NSW 

 616 Vertosol R, T(IT,MT) 9 (1985-1994) 2 (08/93, and 
between  05/94 
and 06/94) 

% 0.6 

Hulugalle 
et al., 2006 

Warren & 
Merah 
North, 
NSW 

 467 & 
595 

Vertosol R 8 & 12 (1993-2001 
& 1993-2005) 

3 and 4 (Warren : 
04/99, 04/00, 
04/01 & Merah 
North: 04/01, 
04/02, 04/03, 
04/05.) 

soil C mass 0.6 

Hulugalle 
et al., 1997 

Narrabri, 
NSW 

 616 Vertosol R, T(IT,MT) 10 (1985-1995) 1 (04/95)  % 0.6 

Hulugalle 
et al., 2007 

Warra, 
QLD 

 668 Vertosol R 11 (1993-
2004) 

9 (last 
week of March or 
the first week of 
April from 1996 
to 2004)  

fraction, soil 
C mass 

0.6 

Huth et al., 
2010 

Theodore, 
QLD for 
model 
testing 

 732*   R, F(N), 
leguminous crops 

25 APSIM  0.3 

Loch and 
Coughlan, 
1984 

Warwick, 
QLD 

 670* Vertosol S(SB,SR), 
T(CT,ZT) 

5 (1968-1973) 1 (05/73) % 0.1 

Luo et al., 
2010a 

World and 
Australia 

    R, S, T, F     review that 
converted 
all to % 

  

Luo et al., 
2010b 

World    T(CT,ZT)     

Mason, 
1992 

Merredin & 
Wongan 
Hills & 
Nabawa, 
WA 

325* & 
359* & 
444* 

Kandosol& 
Chromosol 

R, S(SB,SI), F(N) 9 (1978-1987)  Between 5 and 8 
(depends on the 
site, 
February or 
March each year) 

% 0.1 

Halloran 
et al., 2010 

Northern 
VIC, and 
southern 
NSW 

      10 1 % 0.3 

Packer 
and 
Hamilton, 
1993 

Cowra and  
Grenfell, 
NSW 

 632* & 
624* 

Chromosol T(CT,MT,ZT) 7 & 6 (Cowra: 1980-
1987, Grenfell: 
1981-1987) 

8 (each year later 
in the fallow 
period prior to 
sowing.) 

% 0.1 

Pankhurst 
et al., 
2002a 

Cowra, 
NSW 

632* Chromosol S(SB,SR,SI), 
T(CT,ZT) 

17 (1980-1997) 1 (25/09/97) % 0.1 

Pankhurst 
et al., 
2002b 

Harden 
and  Cowra, 
NSW 

 608* & 
632* 

Chromosol S(SB,SR,SI), 
T(CT,ZT) 

6 & 16 
(Harden:1990-1996, 
Corwa:1980-1996) 

2 (08/95, 07/96) % 0.1 

Smettem et 
al., 1992 

Kapunda, 
SA 

492 Sodosol R, T(CT,ZT) 5?(1984-1987) 1 (early 07/87.) % 0.05 

Standley et 
al., 1990 

Central 
QLD 

  Vertosol S(SR-,SR), 
T(Disc,Blade,ZT) 

7 (1978-1985)  4 (06/78, 06/81, 
06/83, 06/85) 

soil C mass 0.1 

Thompson, 
1992 

Warwick, 
QLD 

670* Vertosol S(SB,SR), 
T(CT,ZT), F(N) 

11 (1968-1979) 2 (1976, 1979) % 0.125 

Valzano et 
al., 2001a 

Natimuk, 
VIC 

451 Vertosol S(SB,SR), Gypsum 2.5 (1995- 1997) 1 (11/97) % 0.225 

Valzano et 
al., 2001b 

Peak Hill, 
NSW 

562* Sodosol T(RT,ZT), Lime, 
Gypsum 

3 (1994-1997) 2 (1995, 1997) fraction 0.1 

Wang et 
al., 2004 

Warwick, 
QLD 

685 Vertosol S(SB,SR), 
T(CT,ZT), F(N) 

33 (1968-2001) 3 (03/01, 07/01, 
12/01) 

soil C mass 0.1 

Whish et 
al., 2009 

Northern 
grain zone 
of eastern 
Australia,  

 Vertosol   3 (2004-2007)   Not 
measured 

  

Whitbread 
et al., 2003 

Warialda, 
NSW 

642 Dermosol S(SR-,SR), 
F(N,P,S), leaf litter 

7 (1992–1999) 8 times, once a 
year. 

fraction 0.05 

White, 
1990 Wongan 

Hills & 
Merredin & 
Avondale , 

 307 & 
389 

Tenosol & 
Chromosol 

T(CT,ZT) 9 (1977-1986) 4 (Prior to the 
beginning of the 
experiment and in 
the summers of 

% 0.25 
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WA 1979/80, 1982/83 
and 1985/86) 

Willis et 
al., 1997  

Trangie, 
NSW 

480  Sodosol R(single cropping, 
double  cropping 
and pasture), 
T(Rp,Mb,Disc), I 
(permanent beds, 
border ditch) 

4 (1986-1990) 2 (09/88, 10/90) % 0.15 

Note: the duration of the experiment in the table above correspond to period from the beginning of the experiment described in the paper to the last 
sampling for C measurement. 
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Appendix 1.2: Simplified description of the Australian soils 
 
Appendix table B: The major soil types in Australia (after State of the Environment 2011 Committee, 2011) 

Soil order 
(Isbell 2002) 

Simplified description Proportion 
of 
Australian 
soil  
(%) 

Are there publications 
of the literature review 
dealing with 
experiments on this 
type of soil? (see Appendix 
1.1 Table A for the list of the 
publications) 

Anthroposols Soils formed by humans No data No 

Calcarosols Soils dominated by carbonate 9.2 Yes 

Chromosols Neutral to alkaline soils with a sharp increase in 
texture with depth 

3 Yes 

Dermosols Structured B horizons (having a concentration 
of silicate clay, iron, aluminium and organic 
material) and gradational to minor changes in 
texture with depth 

1.6 Yes 

Ferrosols High iron levels and gradational to minor 
changes in texture with depth 

0.8 No 

Hydrosols Wet soils 2.2 No 

Kandosols Strongly weathered earths with minor changes 
in texture with depth 

16.5 Yes 

Kurosols Acid soils with sharp increases in texture with 
depth 

1 No 

Organosols Organic soils 0.1 No 

Podosols Soils with accumulated organic matter, iron and 
aluminium 

0.4 No 

Rudosols Minimally developed soils 14 No 

Sodosols Soils with sodic subsoils, which are often 
alkaline, and with a sharp increase in texture 
with depth 

13 Yes 

Tenosols Slightly developed soils 26.5 Yes 

Vertosols Cracking clay 11.5 Yes 
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Appendix  1.3:  Changes  in  SOC  under  conservation  tillage  compared  with 
conventional tillage for the lighttextured soils at different location in southern 
Australia 

Appendix table C: Changes in SOC under conservation tillage compared with conventional tillage for the light-textured soils 
at different location in southern Australia (after Chan et al., 2003). 

ZT Zero tillage MT Minimum tillage CT Conventional tillage SR Stubble retained 

IT Intensive tillage DD Direct drilling SB Stubble burnt * Australian Government - Bureau 
of Meterology, n.d. 

Source Location Mean 
annu
al 
rainfa
ll 
(mm) 

Soil Treatme
nts 
compare
d 

Samp
ling 
depth 
(m) 

Duration 
(years) 

Unit 
of OC  
meas
ured 

SOC when 
conservation tillage 
compared to 
conventional tillage 
(statistically 
significant) 

Chan and 
Mead, 
1988 

Cowra, 
NSW 

564 Red duplex 
(Dr2.62) 
Chromosol, sandy 
loam 

DD–SR v. 
CT–SB 

 3  Higher 

Heenan et 
al., 1995 

Wagga 
Wagga, 
NSW 

550 Red earth (Gn2.12) 
Kandosol, clay 
loam 

DD–SR v. 
CT–SB 

 

 14  Higher 

Packer et 
al., 1992 

Cowra, 
NSW 

564 Red duplex 
(Dr.3.22) 
Chromosol, sandy 
loam 

Packer 

DD–SR v. 
CT–SB 

 7  Higher 

Packer et 
al., 1984 

 

Ginninder
ra, NSW 

633 Red podzolic 
Kurnosl, sandy 
loam 

DD–SB v. 
CT–SB 

 

 5  Higher 

Cavanagh 
et al., 1991 

Forbes, 
NSW 

527 Red-brown earth 
(Dr 2.23) 
Chromosol, sandy 
loam 

Carter 

DD v. CT  3  Higher 

Carter et 
al., 1994 

Ruthergle
n, Vic 

593 Yellow duplex 
(Dy3.33) Kurosol, 
sandy clay loam 

DD–SR v. 
CT–SB 

  10 Higher 

Grabski et 
al., 1997 

Grafton, 
NSW 

1057 Podzolic Kurosol, 
loam 

DD–SR v. 
CT–SR 

  14 Higher 

Burch et 
al., 1986 

Lockhart, 
NSW 

430 Red-brown earth 
Sodosol 

DD–SR v. 
CT–SB 

 

  3 No difference 

Fettell and 
Gill, 1995 

Condobol
in, NSW 

430 Red-brown earth 
(Dr2.13) 
Chromosol, clay 
loam 

DD–SR v. 
CT–SB 

  14 No difference 

Jarvis, 
1996 

Merredin, 
WA 

287 Red-brown earth 
Sodosol, clay loam 

DD–SR v. 
CT–SR 

  19 No difference 

Roget 
(pers. 
comm.) 

 

Avon, SA 350 Calcareous sandy 
loam Calcarosol, 
sandy loam 

DD–SR v. 
CT–SR 

  15 No difference 

Roget Kapunda, 500 Red-brown earth DD–SR v.   11 No difference 
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(pers. 
comm.) 

SA Chromosol/Sodosol
, loam 

CT–SR 

 

Appendix 2 
Appendix 2.1:  Statistical analysis  How the treatments influence soil C balance? 

Appendix 2.1.1:   Influence of the soil type, weather type, and fertilisation, rotation, tillage and 
stubble management practices on SOC (0–0.3 m) during the first and last 10years of the APSIM 
simulation 

Appendix  2.1.1.1:   Graphical  exploration  of  the  SOC  data  for  the  first  and  last  10  years  of  the 
simulations 

A number of explanatory variables can influence SOC: soil type, weather type, amount of fertiliser, rotation 
type, tillage practice and stubble practice (Appendix table D). 

Appendix table D: Explanatory variables and their levels. 

Explanatory variables - qualitative Levels 
Brigalow clay Soil type 
Wubin sand 
Brigalow weather 

Weather type 
Wubin weather 
0 kg N/ha/yr 
50 kg N/ha/yr Amount of fertiliser 
100 kg N/ha/yr 
Wheat-wheat 

Rotation type 
Wheat-chickpea 
Zero Tillage 

Tillage practice 
Conventional Tillage 
Stubble retained 

Stubble practice 
Stubble burnt 

A graphical exploration (Appendix figures A and B) confirms that SOC varied depending on the type of 
explanatory variable. The average of simulated SOC during the last 10 years was higher under Wubin 
weather than Brigalow weather. As all the simulations started at the same SOC content for a given soil type 
(i.e. Brigalow clay or Wubin sand), a higher SOC content under Wubin weather indicated that less rainfall 
gave more SOC as a general effect. In the same way, more N fertiliser inputs led to more SOC, conventional 
tillage led to more SOC than zero tillage and stubbble retention led to more SOC than stubble burning.The 
type of rotation, in the long term, had very little effect on SOC. The conclusions were the same for the first 
10 years but the differences of effects among the levels of each explanatory variable on SOC were smaller. 

Statistical analysis is utilised to provide more detail about the relationship between the SOC and the various 
variables, and is explained below. 
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Appendix figure A: General effect of weather type, amount of fertiliser, rotation type, tillage practice and stubble practice on 
simulated SOC for the first 10 years of the simulations (1924 – 1933). There are 10 years of output in each of boxplot. 

 

 

Appendix figure B: General effect of weather type, amount of fertiliser, rotation type, tillage practice and stubble practice on 
simulated SOC for the last 10 years of the simulations (2004 – 2013). There are 10 years of output in each of boxplot. 

 

Appendix 2.1.1.2: Do soil, weather, and the different farming practices have a significant influence 
on SOC? A multiple linear regression approach 
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Objective: To investigate the variation in SOC (0 – 0.3 m) during the first 10 years of the experiment due to 
the effect of explanatory variables (soil type, weather type, and fertilisation, rotation, tillage and stubble 
management practices). 

Method 

The statistic approach of multiple linear regression was used to model the relationship between the scalar 
dependent variable - ‘SOC in 0 – 0.3 m layer’ - and the multiple explanatory variables (Appendix table D). 
As the explanatory variables are categorical (not numeric), the model of multiple linear regression utilised 
was ANOVA (analysis of variance). 

General multiple regression equation: 

E (Y|X) =α+β1X1+···+βpXp, 

Where Y is the response measurement, Xi the explanatory (predictor) variable i, α is the intercept, the βj are 

the slopes or coefficients and Ɛ the errors. 
 
In our particular case, this leads to the following “multiple regression” mean function: 

 

E(SOC| Soil type, Weather type, Fertiliser type,  Rotation type, Tillage practice, Stubble practice) = α  + β1 × Soil 
type  +  β2 × Weather type +   β3 × Fertiliser type +   β4 × Rotation type + β5 × Tillage practice + β6 × Stubble 

practice + Ɛ 

The assumptions of ANOVA of independence, normality and homogeneity of the variances of the residuals 
were satisfied for the periods statistically analysed. 

Results 

SOC was significantly explained by all the explanatory variables and their first order interactions during the 
first and last 10 years of the simualtions, with the exception of the interaction between stubble practice and 
rotation type (Appendix tables E and F). 

Appendix table E: Analysis of Variance Table. Influence of weather, soil, fertilisation, tillage, stubble and rotation and their 
first order interactions, on SOC (0 – 0.3 m) for the first 10 years of the simulations (1924 – 1933). 

Response: carbon_tot_top30cm 
                          Df     Sum Sq    Mean Sq    F value    Pr(>F)     
soilCode                   1 1.5440e+11 1.5440e+11 4.2539e+05 < 2.2e-16 *** 
metCode                    1 5.1707e+09 5.1707e+09 1.4246e+04 < 2.2e-16 *** 
fertCode                   2 2.3939e+08 1.1970e+08 3.2979e+02 < 2.2e-16 *** 
tillageCode                1 8.2978e+07 8.2978e+07 2.2862e+02 < 2.2e-16 *** 
stubbleCode                1 2.6044e+07 2.6044e+07 7.1757e+01 < 2.2e-16 *** 
rotationCode               1 4.7850e+06 4.7850e+06 1.3184e+01 0.0002977 *** 
soilCode:metCode           1 1.9922e+08 1.9922e+08 5.4890e+02 < 2.2e-16 *** 
metCode:tillageCode        1 5.0172e+07 5.0172e+07 1.3823e+02 < 2.2e-16 *** 
metCode:fertCode           2 4.1006e+07 2.0503e+07 5.6490e+01 < 2.2e-16 *** 
soilCode:fertCode          2 1.7115e+07 8.5574e+06 2.3577e+01 1.023e-10 *** 
metCode:stubbleCode        1 7.2024e+06 7.2024e+06 1.9844e+01 9.418e-06 *** 
fertCode:tillageCode       2 7.0665e+06 3.5333e+06 9.7348e+00 6.540e-05 *** 
tillageCode:stubbleCode    1 6.2104e+06 6.2104e+06 1.7111e+01 3.843e-05 *** 
fertCode:rotationCode      2 2.3931e+07 1.1965e+07 3.2967e+01 1.460e-14 *** 
tillageCode:rotationCode   1 6.1585e+06 6.1585e+06 1.6968e+01 4.138e-05 *** 
metCode:rotationCode       1 2.6482e+06 2.6482e+06 7.2964e+00 0.0070343 **  
fertCode:stubbleCode       2 3.0686e+06 1.5343e+06 4.2273e+00 0.0148708 *   
Residuals                936 3.3972e+08 3.6295e+05                          
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Appendix table F: Analysis of Variance Table. Influence of weather, soil, fertilisation, tillage, stubble and rotation and their 
first order interactions, on SOC (0 – 0.3 m) for the last 10 years of the simulations (2004 – 2013). 
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Response: carbon_tot_top30cm 
                          Df     Sum Sq    Mean Sq    F value    Pr(>F)     
soilCode                   1 1.0576e+11 1.0576e+11 62168.4567 < 2.2e-16 *** 
metCode                    1 2.4873e+10 2.4873e+10 14621.3308 < 2.2e-16 *** 
fertCode                   2 1.7387e+10 8.6933e+09  5110.3480 < 2.2e-16 *** 
stubbleCode                1 2.0364e+09 2.0364e+09  1197.1206 < 2.2e-16 *** 
tillageCode                1 1.0104e+09 1.0104e+09   593.9797 < 2.2e-16 *** 
rotationCode               1 4.9916e+07 4.9916e+07    29.3429 7.716e-08 *** 
metCode:fertCode           2 2.4340e+09 1.2170e+09   715.4086 < 2.2e-16 *** 
soilCode:metCode           1 1.5181e+09 1.5181e+09   892.4239 < 2.2e-16 *** 
metCode:stubbleCode        1 6.7682e+08 6.7682e+08   397.8711 < 2.2e-16 *** 
stubbleCode:tillageCode    1 5.8842e+08 5.8842e+08   345.9018 < 2.2e-16 *** 
soilCode:fertCode          2 5.2148e+08 2.6074e+08   153.2768 < 2.2e-16 *** 
metCode:tillageCode        1 3.8332e+08 3.8332e+08   225.3355 < 2.2e-16 *** 
fertCode:stubbleCode       2 1.7413e+08 8.7066e+07    51.1817 < 2.2e-16 *** 
fertCode:tillageCode       2 1.6318e+08 8.1589e+07    47.9625 < 2.2e-16 *** 
fertCode:rotationCode      2 4.3633e+09 2.1816e+09  1282.4854 < 2.2e-16 *** 
tillageCode:rotationCode   1 3.6770e+07 3.6770e+07    21.6152 3.811e-06 *** 
metCode:rotationCode       1 3.3102e+07 3.3102e+07    19.4588 1.148e-05 *** 
soilCode:tillageCode       1 5.1125e+06 5.1125e+06     3.0054   0.08332 .   
stubbleCode:rotationCode   1 4.1038e+06 4.1038e+06     2.4124   0.12071     
Residuals                934 1.5888e+09 1.7011e+06                          
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Appendix 2.1.1.3: What importance of impact the variables have on SOC? A sensitivity analysis 

Objective: In order to better understand the importance of the explanatory variables on SOC, a sensitivity 
analysis was used.  

Method 

Sensitivity analysis is the study of how the uncertainty in the output of a mathematical model or system 
(here, SOC) can be apportioned to different sources of uncertainty in its inputs (here, explanatory variables). 
Since we have a linear model, a combination of R2 (coefficient of determination) of the variable alone with 
semi-partial R2 is efficient to summarise the influence of the variables on the SOC. 

 R2 of the variable i was calculated for the model including only the variable i : E(SOC| Variable i) = 

α  + β1 × Variable i  + Ɛ  

 Semi-partial R2 of the variable i was calculated by the difference between the R2 of the general 
model and the R2 of the general model without the variable i (and consequently without all the 
interactions where this variable i is involved). Semi-partial R2 signifies the increase of R2 due to the 
addition of the variable i in the model.  

Results 

For each variable i, for both the first 10 years and last 10 years of the simulations, the R2 of the variable i 
alone was lower than the semi-partial R2 (Appendix figure C and table G). This indicates that the variable 
had interactions with other variables. Therefore, for each variable, a part of the variable predicted uniquely 
SOC. Another part, in common with the other explanatory variables explained SOC.  

For the first 10 years of the simulations, the type of soil and its interactions with other variables explained 96 
% of the SOC variance, the weather 3 %, and the fertilisation, rotation, stubble and tillage types explained 
very little of the variance of SOC. However, for the last 10 years, so after more than 80 years of farming with 
the same practices, the type of soil had less importance in the variance of the SOC (66 %) and the other 
variables had an increased importance in the variance of SOC. The weather type explained 18 % of the SOC 
variance, the fertilisation rate, 15 %, and the rotation type, stubble practice and tillage practice, 3 %, 2 % and 
1% respectively. 
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Appendix figure C: Graph of the R2 of the variable i and the semi-partial R2 ((A): first 10 years of the simulations, (B): last 10 
years). R2 of the variable i and the semi-partial R2 represent respectively the contribution of the variable alone and the 
contribution of the variable with its interaction with other variables to the SOC variance. 

Appendix table G: Table of R2 values of the variable i and the semi-partial R2 for the first and last 10 years of the 
simulations. 

First 10 years / Last 10 
years. Approximation 

Contribution of the 
variable alone to the 
SOC variance (%) - R2 
variable alone 

Contribution of the 
variable and its 
interaction with other 
variables to the SOC 
variance (%)  - Semi 
partial R2  

Soil 96/65 96/66 
Weather 3/15 3/18 
Fertilisation 0.1/11 0.2/15 
Rotation 0/0 0/3 
Stubble 0/1 0/2 
Tillage 0/1 0/1 

The two locations in the study (i.e. Wubin soil plus weather and Brigalow soil plus weather) were separately 
subjected to a sensitivity analysis to determine if the sensitivity to management differed between the 
locations.  

For Wubin, the analysis indicated that (Appendix figure D): 

 During the first 10 years, the tillage practice and its interactions with the other farming practices 
explained 32 % of the variation of SOC, fertilisation also explained 32 %, followed by stubble (10 
%) and rotation (9 %) practices. 

 During the last 10 years, the fertilisation practice and its interactions with the other farming practices 
explained 70 % of the variation of SOC, followed by stubble (23 %), rotation (13 %) and tillage (12 
%) practices. 

For Brigalow, the analysis indicated that (Appendix figure E): 

(A) 

(B) 

         soil            weather      fertilisation      tillage         stubble         rotation 

         soil          weather      fertilisation    rotation        stubble        tillage 

Variables 

Variables 
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 During the first 10 years, the fertilisation practice and its interactions with the other farming 
practices explained 25 % of the variation of SOC, followed by rotation (8 %), stubble (3 %)  and 
tillage (2 %) practices. 

 During the last 10 years, the fertilisation practice and its interactions with the other farming practices 
explained 92 % of the variation of SOC, followed by rotation (33 %), stubble (6 %)  and tillage (3 
%) practices. 

Thus, the contributions of the explanatory variables to SOC variations were different between Wubin and 
Brigalow locations and between the first and last 10 years of the simulations. However, for both locations, 
during the last 10 years, fertilisation was the variables that contributed the most to SOC variations (Wubin: 
70 %, Brigalow: 92%). 

 

Appendix figure D: Graph of the R2 of the variable i and the semi-partial R2 for Wubin soil and weather. (A): first 10 years 
of the simulations, (B): last 10 years of the simulations. R2 of the variable i and the semi-partial R2 represent the contribution 
of the variable alone and the contribution of the variable with its interaction with other variables to the SOC variance 
respectively. 

 

Appendix figure E: Graph of the R2 of the variable i and the semi-partial R2 for Brigalow soil and weather. (A): first 10 
years of the simulations, (B): last 10 years of the simulations. R2 of the variable i and the semi-partial R2 represent the 
contribution of the variable alone and the contribution of the variable with its interaction with other variables to the SOC 
variance respectively. 

 

 

 

Appendix table H: Comparison for Wubin and Brigalow of the values of R2 of the variable i and the semi-partial R2 for the 
first and last 10 years of the simulations. 

Location Soil: Wubin sand 
Weather : Wubin weather 
 

Soil: Brigalow clay 
Weather : Brigalow  weather 
 

First 10 years / Contribution of the Contribution of the Contribution of the Contribution of the 

(A) (B) 

(B) (A) 

fertilisation     stubble       rotation        tillage

fertilisation     rotation        stubble       tillagefertilisation     rotation        stubble       tillage

       tillage     fertilisation     stubble        rotation        
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Last 10 years. 
Approximation 
 

variable alone to 
the SOC variance 
(%) 

variable and its 
interaction with 
other variables to 
the SOC variance 
(%) 

variable alone to 
the SOC variance 
(%) 

variable and its 
interaction with 
other variables to 
the SOC variance 
(%) 

Rotation 4/0 9/13 1/0 8/33 
Fertilisation 26/54 32/70 18/59 25/92 
Stubble 7/16 10/23 2/4 3/6 
Tillage 26/6 32/12 1/1 2/3 

 

Summary of the results of Appendix 2.1.1 

 

 

The soil, weather, and the different farming practices (rotation, rate of fertilisation, tillage and stubble 
practices) had a significant influence on carbon in the 0-0.3m soil layer. 

A sensitivity analysis indicated that the soil, weather, and the different farming practices had interactions 
that influence soil C.  

The soil type explained the most the variation in SOC, especially in the first 10 years of the simulation. 
The soil type and its interactions with the weather and the farming practices explained 96% of the soil C 
variation for the first 10 years of the simulations and 66% for the last 10 years. The weather type also had 
a significant influence on the variation of soil C (first 10 years: 3%, last 10 years: 18%), as well as, to 
smaller extent and mainly in the last 10 years of the simulations: the fertilisation rate (last 10 years: 15%) 
and the rotation type, stubble practice and tillage practice (last 10 years: respectively 3%, 2% and 1%). 

The two locations in the study (i.e. Wubin soil plus weather and Brigalow soil plus weather) were 
separately subjected to a sensitivity analysis to determine if the sensitivity to management differed 
between the locations. The contributions of the explanatory variables to SOC variations were different 
between Wubin and Brigalow locations and between the first and last 10 years of the simulations. 
However, for both locations, during the last 10 years, fertilisation was the variables that contributed the 
most to SOC variations (Wubin: 70 %, Brigalow: 92%). 
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Appendix  2.1.2:  Influence  of  soil  and  weather  types  and  rotation,  fertilisation,  tillage  and 
stubble farming practices on the rate of loss of SOC over the whole 90 years 

Objective: To study the general trend of evolution of SOC in 0 – 0.3 m layer during a long-term period of 90 
years of simulations. The explanatory variables utilised were: Soil type, Weather type, Fertiliser type, 
Rotation type, Tillage practice and Stubble practice. 

Method 

The statistic approach of multiple linear regression was used to model the relationship between the scalar 
dependent variable ‘SOC in 0 – 0.3 m layer’ and the multiple explanatory variables: Time, Soil type, 
Weather type, Amount of fertiliser, Rotation type, Tillage practice and Stubble practice. Because the 
explanatory variables are numeric (variable Time) and non numeric, the model of multiple linear regression 
is also called ANCOVA (analysis of covariance).  

Then, the test of the interaction between Time and the other explanatory variables of the ANCOVA model 
was used to compare globally all the slopes corresponding to the rate of loss of SOC over time for the 
different variables (soil type, weather type, fertilisation rate, etc.). 

General multiple regression equation: 

E (Y|X) =α+β1X1+···+βpXp, 

Where Y is the response measurement, Xi the explanatory (predictor) variable i, α is the intercept, the βj are 

the slopes or coefficients and Ɛ the errors. 

In our particular case, this leads to the following “multiple regression” mean function: 

E(SOC| Time, Soil type, Weather type, Fertiliser type,  Rotation type, Tillage practice, Stubble 
practice) = α + β1 × Time + β2 × Soil type  +  β3 × Weather type +   β4 × Fertiliser type +   β5 × Rotation 

type + β6 × Tillage practice + β7 × Stubble practice + Ɛ 

The assumptions of ANCOVA of independence of the error terms, linearity of regression, normality of 
residuals, and homogeneity of the variances and regression slopes were satisfied for the periods statistically 
analysed. 

Are the residual of the ANCOVA time dependent? 

Method 

For a given combination of soil, weather, fertilisation rate, rotation, tillage and stubble practices, the 
autocorrelation function (ACF) was used to calculate the auto correlation of the time series at which values 
are significant to the 95 % level. A time series is a sequence of data points, measured at successive points in 
time spaced at uniform time intervals (lag). The ACF represents the degree of persistence over respective 
lags of a variable, which are in this study the residuals of SOC. The assumption of ACF of weakly stationary 
was satisfied: the autocorrelation for any particular lag is the same regardless of where we are in time. 

Results 

The autocorrelation analysis was significant: the residuals of the ANCOVA were time dependant. The 
conclusions were the same for the other 94 time series (e.g. Appendix figure F). 
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Appendix figure F: Example of ACF on two particular time series. The two blue dashed lines across the plot indicate the 
point of statistical significance – the values are above and below the lines. This shows that the two autocorrelations are 
significants. 

Smoothing out short-term fluctuations and highlighting longer-term trends or 
cycles 

Method 

Because the residuals of the ANCOVA were time dependent, short-term fluctuations were smoothed to 
highlight longer-term trends or cycles. Hence, the moving average of order 6 was calculated for SOC for 
each combination of soil, weather, fertilisation rate, rotation, tillage and stubble practices and each year. The 
moving average of order 6 on year n calculated the average SOC from year n-3 to year n+2. The resulting 
smoothed SOC values were then analysed using ANCOVA.  

Results 

All the explanatory variables and their first order interactions significantly explained SOC (Appendix table 
I). 

Appendix table I: Analysis of Variance Table. Influence of weather, soil, fertilisation, tillage, stubble and rotation and their 
first order interactions on the moving average of order 6 of SOC (0 – 0.3 m) for the first 10 years of the simulations (1924 – 
2013). 

Response: d$Cmobileavrg 
                           Df     Sum Sq    Mean Sq    F value    Pr(>F)     
soilCode                    1 1.1336e+12 1.1336e+12 6.0210e+05 < 2.2e-16 *** 
metCode                     1 1.3686e+11 1.3686e+11 7.2689e+04 < 2.2e-16 *** 
fertCode                    2 6.4593e+10 3.2297e+10 1.7153e+04 < 2.2e-16 *** 
stubbleCode                 1 7.1961e+09 7.1961e+09 3.8220e+03 < 2.2e-16 *** 
time                        1 5.4725e+09 5.4725e+09 2.9066e+03 < 2.2e-16 *** 
tillageCode                 1 4.9357e+09 4.9357e+09 2.6215e+03 < 2.2e-16 *** 
rotationCode                1 5.5003e+07 5.5003e+07 2.9214e+01 6.655e-08 *** 
soilCode:metCode            1 8.8359e+09 8.8359e+09 4.6930e+03 < 2.2e-16 *** 
metCode:fertCode            2 8.2934e+09 4.1467e+09 2.2024e+03 < 2.2e-16 *** 
fertCode:time               2 1.2911e+10 6.4557e+09 3.4288e+03 < 2.2e-16 *** 
metCode:time                1 7.2533e+09 7.2533e+09 3.8524e+03 < 2.2e-16 *** 
soilCode:time               1 4.1755e+09 4.1755e+09 2.2177e+03 < 2.2e-16 *** 
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soilCode:fertCode           2 2.3093e+09 1.1547e+09 6.1327e+02 < 2.2e-16 *** 
stubbleCode:tillageCode     1 2.0587e+09 2.0587e+09 1.0934e+03 < 2.2e-16 *** 
metCode:stubbleCode         1 1.9875e+09 1.9875e+09 1.0556e+03 < 2.2e-16 *** 
metCode:tillageCode         1 1.8967e+09 1.8967e+09 1.0074e+03 < 2.2e-16 *** 
stubbleCode:time            1 1.4940e+09 1.4940e+09 7.9349e+02 < 2.2e-16 *** 
fertCode:tillageCode        2 7.0507e+08 3.5254e+08 1.8724e+02 < 2.2e-16 *** 
fertCode:stubbleCode        2 5.6594e+08 2.8297e+08 1.5029e+02 < 2.2e-16 *** 
time:tillageCode            1 5.3766e+08 5.3766e+08 2.8556e+02 < 2.2e-16 *** 
fertCode:rotationCode       2 1.4492e+10 7.2458e+09 3.8484e+03 < 2.2e-16 *** 
tillageCode:rotationCode    1 2.5231e+08 2.5231e+08 1.3401e+02 < 2.2e-16 *** 
metCode:rotationCode        1 1.3083e+08 1.3083e+08 6.9485e+01 < 2.2e-16 *** 
time:rotationCode           1 9.5714e+07 9.5714e+07 5.0836e+01 1.085e-12 *** 
soilCode:tillageCode        1 4.5126e+07 4.5126e+07 2.3968e+01 9.975e-07 *** 
stubbleCode:rotationCode    1 1.6762e+07 1.6762e+07 8.9026e+00  0.002856 **  
Residuals                8606 1.6203e+10 1.8828e+06                          
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Test of the interaction between Time and the other explanatory variables 

Method 

Statistical analysis that tests for an interaction between time and the other explanatory variables of the 
ANCOVA model was used to compare all the slopes of the lines of linear regressions, which corresponded to 
the rate of loss of SOC over time for the different variables (soil type, weather type, fertilisation rate, etc.). 

To obtain the value of the slope corresponding to the level j of the variable i, Estimate(time:variable-levelj) 
was summed to Estimate(time) presented in Appendix table J. If the level j of the variable j is the level of 
reference in the ANCOVA, Estimate(time:variable-levelj) is equal to 0. Estimate(time) corresponds to a 
slope where all the other variables are considered to their level of reference.  The Estimate value is found in 
the summary of the ANCOVA. 

Appendix table J: Summary of the Analysis of Variance Table. Influence of weather, soil, fertilisation, tillage, stubble and 
rotation types and their first order interactions, on the moving average of order 6 of SOC (0 – 0.3 m) for the first 10 years of 
the simulations (1924 – 2013). 

Residuals: 
    Min      1Q  Median      3Q     Max  
-5209.0  -747.0   -55.9   784.9  5924.6  
 
Coefficients: 
                                                      Estimate Std. Error t value Pr(>|t|)     
(Intercept)                                          1.676e+04  7.528e+01 222.699  < 2e-16 *** 
soilCodeBrigalow clay                                1.966e+04  6.602e+01 297.829  < 2e-16 *** 
metCodeWubin weather                                 3.031e+03  7.812e+01  38.801  < 2e-16 *** 
fertCode50N kg/ha                                    3.563e+02  8.858e+01   4.022 5.82e-05 *** 
fertCode100N kg/ha                                  -1.673e+02  8.858e+01  -1.889 0.058948 .   
stubbleCodeStubble retained                         -8.963e+02  7.232e+01 -12.393  < 2e-16 *** 
time                                                -3.368e-06  5.093e-08 -66.134  < 2e-16 *** 
tillageCodeZero till.                               -3.019e+02  7.812e+01  -3.865 0.000112 *** 
rotationCodeWheat-wheat                             -3.686e+03  7.232e+01 -50.959  < 2e-16 *** 
soilCodeBrigalow clay:metCodeWubin weather           4.048e+03  5.905e+01  68.548  < 2e-16 *** 
metCodeWubin weather:fertCode50N kg/ha               3.466e+03  7.232e+01  47.930  < 2e-16 *** 
metCodeWubin weather:fertCode100N kg/ha              4.601e+03  7.232e+01  63.618  < 2e-16 *** 
fertCode50N kg/ha:time                               2.661e-06  4.411e-08  60.333  < 2e-16 *** 
fertCode100N kg/ha:time                              3.498e-06  4.411e-08  79.305  < 2e-16 *** 
metCodeWubin weather:time                            2.235e-06  3.602e-08  62.063  < 2e-16 *** 
soilCodeBrigalow clay:time                          -1.696e-06  3.602e-08 -47.093  < 2e-16 *** 
soilCodeBrigalow clay:fertCode50N kg/ha              1.462e+03  7.232e+01  20.220  < 2e-16 *** 
soilCodeBrigalow clay:fertCode100N kg/ha             2.522e+03  7.232e+01  34.874  < 2e-16 *** 
stubbleCodeStubble retained:tillageCodeZero till.    1.953e+03  5.905e+01  33.067  < 2e-16 *** 
metCodeWubin weather:stubbleCodeStubble retained     1.917e+03  5.905e+01  32.462  < 2e-16 *** 
metCodeWubin weather:tillageCodeZero till.          -1.873e+03  5.905e+01 -31.722  < 2e-16 *** 
stubbleCodeStubble retained:time                     1.015e-06  3.602e-08  28.170  < 2e-16 *** 
fertCode50N kg/ha:tillageCodeZero till.             -1.358e+03  7.232e+01 -18.773  < 2e-16 *** 
fertCode100N kg/ha:tillageCodeZero till.            -9.730e+02  7.232e+01 -13.454  < 2e-16 *** 
fertCode50N kg/ha:stubbleCodeStubble retained        1.131e+03  7.232e+01  15.635  < 2e-16 *** 
fertCode100N kg/ha:stubbleCodeStubble retained       1.035e+03  7.232e+01  14.306  < 2e-16 *** 
time:tillageCodeZero till.                          -6.087e-07  3.602e-08 -16.900  < 2e-16 *** 
fertCode50N kg/ha:rotationCodeWheat-wheat            4.437e+03  7.232e+01  61.348  < 2e-16 *** 
fertCode100N kg/ha:rotationCodeWheat-wheat           6.146e+03  7.232e+01  84.987  < 2e-16 *** 
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tillageCodeZero till.:rotationCodeWheat-wheat       -6.836e+02  5.905e+01 -11.576  < 2e-16 *** 
metCodeWubin weather:rotationCodeWheat-wheat         4.926e+02  5.905e+01   8.343  < 2e-16 *** 
time:rotationCodeWheat-wheat                        -2.568e-07  3.602e-08  -7.130 1.09e-12 *** 
soilCodeBrigalow clay:tillageCodeZero till.         -2.891e+02  5.905e+01  -4.896 9.98e-07 *** 
stubbleCodeStubble retained:rotationCodeWheat-wheat  1.762e+02  5.905e+01   2.984 0.002856 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 1372 on 8606 degrees of freedom 
Multiple R-squared:  0.9887, Adjusted R-squared:  0.9887  
F-statistic: 2.287e+04 on 33 and 8606 DF,  p-value: < 2.2e-16 
 

Table 13: Values of the linear regressions’ slopes and the influence on each level of explanatory variable on its value 

Variable Level Value of the slope Influence of the variable  on the slope 
-: decreases the slope 

- -: decreases the slope more compared to the other 
level of the same variable 

+:increases the slope 
Wubin sand ‐3.37E‐06  ‐ Soil 
Brigalow clay ‐5.06E‐06  ‐ ‐ 
Wubin weather ‐1.13E‐06  ‐ Weather 
Brigalow weather ‐3.37E‐06  ‐ ‐ 
Wheat-wheat ‐5.94E‐06  ‐ ‐ Rotation 
Wheat-chickpea ‐3.37E‐06  ‐ 
0 kg N/ha/yr ‐3.37E‐06  ‐ ‐ 
50 kg N/ha/yr ‐7.07E‐07  ‐ 

Fertilisation 

100 kg N/ha/yr 1.30E‐07  + 
Conventional tillage ‐3.37E‐06  ‐ Tillage 
Zero tillage ‐3.98E‐06  ‐ ‐ 
Stubble burnt ‐3.37E‐06  ‐ ‐ Stubble 
Stubble retained ‐2.35E‐06  ‐ 

Results of Appendix 2.1.2 

 

Over 90 years, the rate of loss of carbon in the 0–0.3 m soil layer was faster in Brigalow clay than in 
Wubin sand. Furthermore, it was faster under Brigalow weather than Wubin weather, and faster under 
wheat-wheat rotation than wheat-chickpea rotation. The application of fertiliser at a rate of 100 kg N/ha/yr 
limited the rate of loss of soil carbon in the 0–0.3 m layer whereas an amount of 50 kg N/ha/yr increased 
the rate of loss of carbon in soil and 0 kg N/ha/yr resulted in an even higher loss. Stubble burning led to a 
faster rate of loss of soil carbon than stubble retention. In addition to this, the rate of loss of carbon in the 
0–0.3 m soil layer was significantly faster when the land was not tilled compared to when it was 
conventionally tilled.  
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Appendix 2.2: What is the influence of the treatments’ levels on SOC? A graphical 
analysis 

Appendix 2.2.1:  Influence of soil on SOC 

 

Appendix figure G: Soil water content for different combinations of soils and weathers, period simulated: 1924-2013. Soil 
water content is higher for Brigalow clay than Wubin sand. 

 

Appendix figure H: Influence of soil water content on CO2 emissions, period simulated: 1924-2013. Soil: Brigalow clay. An 
increase in soil water content results in higher C loss to the atmosphere when N is not a limiting factor. 
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Appendix 2.2.2: Influence of weather on SOC 

 

Appendix figure I: Influence of weather type on wheat yields, period simulated: 1924-2013. The difference in yields between 
the two weathers depends also on the type of soil 
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Appendix figure J: Influence of soil type on wheat yields, under Brigalow weather, period simulated: 1924-2013. Yields are 
higher when the soil is a clay compared to a sand. 

 

Appendix figure K: CO2 emissions, cumulative drainage and average soil water content for Wubin sand and Brigalow clay, 
period simulated: 1924-2013. Soil water content is lower for Wubin sand, the average cumulative drainage higher and the 
average CO2 emissions lower compared to Brigalow clay for each type of weather. 
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Appendix 2.2.3:  Influence of stubble management 

 

Appendix figure L: Influence of stubble management on wheat yields, period simulated: 1924-2013. There is no influence of 
fertilisation on the difference of effect between stubble retention and stubble burning. 
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Appendix figure M: Influence of stubble management on wheat yields over time, period simulated: 1924-2013. There is no 
influence of fertilisation on the difference of effect between stubble retention and stubble burning. 
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Appendix 2.2.4: Influence of rotation type on SOC 

 

Appendix figure N: Influence of the type of rotation on wheat yield over time, period simulated: 1924-2013. Note: To limit the 
weather influence when looking at the wheat yields in a wheat-chickpea rotation, and to compare yearly the wheat yield from 
wheat-chickpea with the wheat yields from wheat-wheat rotations, the annual wheat yields from both a wheat-chickpea 
rotation where wheat in planted during even years and a chickpea-wheat rotation, where wheat is planted during odd years, 
were studied. Chickpea promotes higher wheat yields in a low N input environment, especially after many years of constant 
farming practices. 
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Appendix figure O: Biomass C added to soil from chickpea and wheat crops, period simulated: 1924-2013. Biomass C added 
to soil is calculated as the sum of aboveground biomass C plus C in roots minus C in grains. Chickpea in a wheat-chickpea 
rotation leads to less incorporated biomass C into the SOM pool than wheat in a wheat-wheat rotation. 
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Appendix 3  

 

Appendix figure P: Interaction between chickpea yield and cumulative rainfall during the growing season, period simulated: 
1924-2013. 

 



95 

 

Appendix figure Q: Interaction between chickpea yield and the sum of cumulative rainfall during the growing season plus 
soil water content at sowing, period simulated: 1924-2013.



 

 

 

 

 

 

 

 

 

 

 

 

 

 


