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ABSTRACT  

Wheat is the dominant crop in the grain growing region of Western Australia and accounts for 

nearly two thirds of the area of crop sown annually. The low prevalence of grain legumes 

currently used in the crop rotation, and the demise of the legume pasture phase over the last 

30 years suggests that wheat crops may be prone to low N availability. This may be exacerbated 

by immobilisation of N from retaining crop residue under no-tillage, which is practised by over 

90% of farms in Western Australia. The objective of this study was to quantify the supply of N 

from the soil and crop residue, and determine the relationship with grain yield and grain N 

uptake, using an N balance approach, for two contrasting crop rotations under no-tillage in 

Western Australia. A long-term no-tillage trial site that was in its third cycle of a three-year crop 

rotation (years 7 to 9) was used to compare a chickpea-canola-wheat rotation with wheat-

wheat-wheat monoculture at two N fertilisation levels (Nil-N and Applied-N), both with high 

levels of retained crop residue. The yield benefit of growing wheat in crop rotation was only 

significant in growing seasons of above average rainfall. The application of N fertiliser to 

monoculture wheat increased grain yield and grain N uptake in most years, and was able to 

effectively close the gap between wheat grown in rotation with no nitrogen fertiliser, across all 

seasons. However, the application of N fertiliser caused a reduction in the mineralisation of N in 

soil under monoculture wheat, whereas under rotated wheat there was no effect. The 

relationship between the supply and uptake of N was improved with the inclusion of crop 

residue-N in a partial N balance, indicating that crop residue forms an important source of N in 

no-tillage systems. This study indicates that wheat grown in monoculture can be a viable option 

if supplemented with adequate N fertiliser in Western Australia, and assuming no significant 

disease effect. 
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 General introduction and Literature review 

 Agricultural systems in Western Australia 

1.1.1 Location and climate 

Grain production represents a large proportion of agricultural production in Western Australia 

(WA), with approximately 12.7 M ha of agricultural land in Western Australia currently under 

crop production or improved pastures (ABS, 2015). The agricultural area, commonly known as 

the ‘wheatbelt’, extends from near Geraldton in the north to Esperance in the south (Figure 1.1). 

While regions closer to the coast receive a greater amount of annual rainfall, a large proportion 

of the wheatbelt is classified as a low to medium rainfall cropping environment, with an average 

annual (January to December) rainfall of 275 to 450 millimetres (mm) (BUREAU OF 

METEOROLOGY, 2015; Harries et al. 2015) (Figure 1.1). The wheatbelt is a Mediterranean 

climate, with a winter dominant rainfall pattern, and a mean winter daily temperature between 

15 and 21°C (BUREAU OF METEOROLOGY, 2015). In contrast, the summer period is hot and dry, 

with summer rainfall being low and variable between seasons. Soil water for crop production is 

largely based on rainfall in the growing season in Western Australia due to the poor water 

holding capacity of the soil, with only a small contribution from stored soil water from summer 

rainfall events contributing to grain yield (Hunt and Kirkegaard 2011). This is in contrast to equi-

seasonal rainfall environments in Australia, where stored soil moisture can contribute 

significantly to grain yield (Hunt and Kirkegaard 2011). This combination of hot dry summers and 

cool wet winters means temperate crops are the most suitable option for agricultural 

production. 

1.1.2 Traditional farming techniques were not suited to Western Australian conditions 

Until the mid-1980’s, grain production was based on traditional farming techniques where the 

soil was frequently tilled during the summer period between growing seasons, and crop residue 

was removed by burning or grazing, or incorporated into the surface layers of the soil (Crabtree 
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2010). Traditional tillage practices are generally linked to a decline in soil health, soil structure 

stability, and relative crop yield (D'Emden et al. 2006; Kassam et al. 2012). More specific to 

Western Australia, traditional tillage practices left the predominantly sandy soil type prone to 

wind erosion following cultivation, and this became one of the largest driving forces behind the 

adoption of reduced tillage practices in Australia (D'Emden et al. 2006; Llewellyn et al. 2012).  

 

 

 

Figure 1.1 The geographic location of the 275 – 450 mm rainfall zone 

(shaded area) in which the wheatbelt of Western Australia is predominantly 

located. The relative locations of the cities of Geraldton, Perth and 

Esperance are also included. Inset: The wheatbelt in relation to the 

Australian continent. 
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1.1.3 Adoption of Conservation Agriculture practices 

Cropping systems have taken a significant step forward in the last three decades with the 

adoption of conservation agriculture (CA) practices, which represents the largest change in soil 

management and cropping systems in both a global and Australian context (D'Emden et al. 2006; 

Kassam et al. 2012; Llewellyn et al. 2012). CA has expanded globally from 45 million hectares in 

1999 to approximately 125 million hectares in 2011. Locally, 17 million hectares was under CA 

practices in Australia, and 11.43 million hectares in Western Australia in 2011 (Kassam et al. 

2012). This represents an adoption rate of over 90% across the wheatbelt of Western Australia. 

The commercial release of knockdown herbicides in the 1980’s also helped the adoption of CA 

practices in Australia, as herbicide application was able to successfully replace tillage for weed 

control (D'Emden et al. 2006). One of the main benefits of CA across the world has been an 

increase in grain yield following the adoption of CA (Kassam et al. 2012; Kirkegaard et al. 2014). 

However, in the Australian environment, increases in grain yield have not been consistent, and 

the driving force for adoption of CA in Western Australia after soil erosion prevention has been 

the increase in operational efficiency from a reduction in the number of tillage events (D'Emden 

et al. 2006; Kirkegaard et al. 2014). 

1.1.4 Key principles to improve soil health under conservation agriculture 

Conservation agriculture (CA) promotes three key principles, which when practiced together, 

lead to an increase in grain yield from improved soil health. The definition of ‘improved soil 

health’ is often broad, very philosophical, and hard to measure precisely (Karlen et al. 1997), but 

common to all definitions of soil health is that the soil or the environment are not being 

degraded for the purpose of crop production (Karlen et al. 1997; Doran and Zeiss 2000; 

Kibblewhite et al. 2008). Consequently, Acton and Gregorich (1995) defined soil health as ‘the 

soils fitness to support crop growth without becoming degraded or otherwise harming the 

environment’. The three key principles of conservation agriculture that contribute to improved 

soil health are: 1) maintenance of permanent soil cover through retaining crop residue, 2) a 
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reduction in tillage through the adoption of ‘no-tillage’, and 3) a diverse rotation of economically 

viable crops. (Fuentes et al. 2009; Kassam et al. 2012; Kirkegaard et al. 2014). All three of these 

components have been previously practiced individually in farming systems, however, 

conservation agriculture aims to link all three principles together under the stewardship of 

localised best management practices to provide greater improvements in soil health (Kassam et 

al. 2012).  

1.1.5 The adoption of no-tillage and retaining crop residue in Western Australia 

The reduction in soil disturbance following the adoption of no-tillage practices leads to an 

increase in the biological function of the soil (Hoyle et al. 2011, Turmel et al. 2015). The use of 

no-tillage practices to sow crops means that there is no prior mechanical disturbance of the soil 

before crop is sown, in contrast to traditional tillage based systems where multiple cultivations 

were performed prior to sowing (Crabtree 2010, Verhulst et al. 2010). There are many broad 

descriptions of reduced tillage under CA across the world that are classified by the amount of 

soil disturbance that occurs at sowing.  In Western Australia, ‘no-tillage’ is described as the 

sowing of crops without prior cultivation to create less than 20% soil disturbance (D'Emden et 

al. 2008; Crabtree 2010). This can be achieved using narrow tine or disc openers (Derpsch 2005). 

Further, a reduction in tillage allows for crop residue to be retained on the soil surface, 

compared to traditional tillage, where crop residue caused issues with cultivation, and had to 

be reduced or removed (Crabtree 2010). As a consequence, residue management options such 

as windrow burning, harrowing, removal of crop residues by baling, or grazing have been 

practiced (Kirkegaard et al. 2014, Verhulst et al. 2010). Crop residue is defined as the organic 

matter left on the soil surface following harvest of a given crop (Verhulst et al. 2010). Ideally, 

this should cover 100% of the soil surface and supply enough organic matter to maintain or 

enhance soil organic matter levels (Kassam et al. 2012). The combination of no-tillage and 

permanent soil surface cover can increase crop yield significantly over tillage based systems 

where crop residue is removed (Fuentes et al. 2009; Verhulst et al. 2010; Dalal et al. 2011, ), but 
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lead to decreases in grain yield where no-tillage is practiced in the absence of retained crop 

residue (Carter and Mele 1992; Kirkegaard et al. 2014; Pittelkow et al. 2015). Permanent soil 

surface cover can decrease soil temperature and increase soil moisture compared to residue 

removed systems, as the crop residue acts as a mulching layer on the soil surface (Schoenau and 

Campbell 1996; Fuentes et al. 2009). Increased levels of organic matter being returned to the 

soil results in more stable aggregates (Six et al. 1999), and increases the water holding capacity 

of the soil (Fuentes et al. 2009). For clarity in this study, no-tillage in Western Australia is defined 

as the crop being sown in one pass with <20% soil disturbance, and all crop residue being 

retained in-situ with no additional residue management. 

1.1.6 The rotation of crops in Western Australia 

The benefits of growing a diverse range of crops in a crop rotation are well established in 

Australia. Grain legume and pasture phases in a crop rotation benefit subsequent crops by 

increasing the amount of available nitrogen in the soil through symbiotic nitrogen fixation, while 

providing some disease control benefits depending on the species of pathogen present 

(Kirkegaard et al. 2008). A large amount of N is fixed during a legume pasture phase that may 

last for many years, and which can potentially be used by many subsequent crops (Angus et al. 

2006). In comparison, the amount of N fixed by a grain legume crop is generally less when 

compared to pasture, and typically lasts for 1-2 crops following the growing of the legume crop 

(Evans et al. 2003a; Angus et al. 2006). Canola (Brassica napus) has been shown to be effective 

in controlling the cereal root diseases of take-all (Gaeumannomyces graminis var. tritici) and 

crown rot (Fusarium pseudograminearum) by reducing the build-up of pathogen inoculum 

(Kirkegaard et al. 1999; Kirkegaard et al. 2000; Angus et al. 2015). Canola root systems have soil 

bio-fumigation properties from the release of isothiocyanate compounds during root 

decomposition, however the yield benefit specifically from this was found to be negligible 

(Kirkegaard et al. 2000; Smith et al. 2004). Canola can also facilitate an increase in plant available 
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N for the following crop by enhanced mineralisation during the non-growing season, although 

the mechanism by which this occurs is still unclear (Kirkegaard et al. 1999; Ryan et al. 2006).  

The grain yield benefit of growing legumes or canola in crop rotation are well established across 

the world, and were evident well before the advent of conservation agriculture. In a worldwide 

review of break crop benefits to wheat grain yield Angus et al. (2015) determined the yield 

increase following a break crop was 0.8 t ha-1. The break crop yield benefit was also shown to be 

consistent across a range of grain yields, 1-5 t ha-1.  However, the wheat grain yield benefit 

following a break crop can be reduced due to other influencing factors, such as the N benefit of 

legumes where high rates of fertiliser N are applied to both rotated and monoculture wheats 

(Kirkegaard et al. 2008). Yield increases from break crops are higher where there is a greater 

proportion of wheat in the crop rotation, and less where there is a high percentage of break 

crops in the rotation (Kirkegaard et al. 2008). The break crop benefit can also be preserved for 

future years where low rainfall limits the growth of crops in the years following a legume break 

crop (Kirkegaard and Ryan 2014). However, while the benefits of break crops are well 

established (Angus et al. 2008; Kirkegaard et al. 2008; Angus et al. 2015), a review of break crop 

benefits in Western Australia by Seymour et al. (2012) highlighted that the wheat grain yield 

benefit was significantly less than in other areas of Australia, being 0.6 t ha following legumes 

and 0.4 t ha following canola.  

The range of crops that can be grown and the benefits of break crop rotation are strongly limited 

by the low rainfall environment of the wheatbelt region of WA (Farre et al. 2007; Robertson et 

al. 2010). The four main grain crops grown in WA during the period 2010-2013 were wheat 

(Triticum aestivum), barley (Hordeum vulgare), canola, and lupins (Lupinus angustifolius), and 

accounted for 84% of the land use across all regions (Harries et al. 2015). Other more specialised 

crops, such as faba bean (Vicia fabae), and chickpea (Cicer arietinum) comprise 0.8% of area and 

are confined to higher rainfall and higher clay content soils within WA (Harries et al. 2015). There 

are also small pockets of the C4 crops grown such as sorghum (Sorghum bicolor), pearl millet 
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(Pennisetum glaucum) and sunflower (Helianthus spp.), although the total area of summer crop 

is negligible. Wheat is the dominant crop grown across all regions of the WA wheat belt, 

accounting for 57-63% of total crop sown during the period 2004-2014 (Seymour et al. 2012; 

GIWA 2014; Harries et al. 2015; Malik et al. 2015). Where rainfall tends to be lower in the 

northern wheatbelt, wheat grown in a monoculture accounted for 23% of crop sequences, 

compared to 9% and 2% for the central and southern wheatbelt regions respectively (Harries et 

al. 2015). When considering a 3-year crop rotation, 69% of crop sequences contained wheat for 

2 out of the three crops in the rotation (Harries et al. 2015). The percentage of break crops 

grown as reported by Harries et al. (2015) is low compared to the modelled optimum percentage 

of break crops (23-38% of total farm area), as determined by Robertson et al. (2010) using bio-

economic modelling. Thus, the diversity of crops might be considered lower than ideal for 

conservation agriculture, although there is no clear definition to how much diversity is actually 

required. Considering that the economic returns from break crops is equal or less than wheat 

production, with greater variability and economic risk, the improvement in yield of the following 

wheat crop needs to be significant to outweigh the risk (Kirkegaard et al. 2014). From this, it is 

clear that wheat production forms a large part of the farming system in Western Australia, and 

that rotational diversity and the yield benefit of break crops is severely limited by low annual 

rainfall in this environment. 

1.1.7 Effectiveness of conservation agriculture principles in Western Australia, and 

opportunities for further work 

Anecdotally, Crabtree (2010) believes that the adoption of conservation agriculture principles 

have led to a doubling of crop water use efficiency over a 10 year period in Western Australia. 

While Roper et al. (2010) set out to explore this, their conclusion was that no-tillage tended to 

maintain grain yield and soil organic matter, while intense tillage was likely to reduce the long 

term production capability of the soil. Further, Roper et al. (2010) identified the need for further 

long term work into the effect of crop residue quality and quantity on the soil processes under 
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no-tillage. Kassam et al. (2012) conceded that the mechanisms and magnitude of the benefits 

of long-term conservation agriculture are still poorly understood. Derpsch (2005) identified that 

the productivity of no-tillage systems in Western Australia had plateaued due to low crop 

residue levels and lack of a highly diverse crop rotation in this low rainfall environment. The 

amount of crop residue on the soil surface under no-tillage is strongly dependant on the biomass 

of the grain crop, which in turn, is limited by the amount of growing season rainfall (French and 

Schultz 1984). While the further reduction of soil disturbance may provide some increases in 

productivity under no-tillage (Derpsch 2005), it is considered that crop residue has a greater 

effect than reducing tillage (Flower and Braslin 2006). This study addresses the gap in 

knowledge on the effect of crop residue and crop rotation on wheat grain yield under long-

term no-tillage in Western Australia. 

 

 Contribution of crop residue to organic matter cycling under no-tillage 

1.2.1 Soil organic matter as a series of pools in the soil 

Retaining crop residue under no-tillage provides a pathway for the recycling of organic matter 

back into the soil (Hoyle et al. 2011). The assimilation of carbon (C) during crop growth is 

referred to as ‘net primary production’, while the decomposition of crop residue and recycling 

of C occurs during ‘net secondary production’ (Howarth 2006; Robertson and Groffman 2006).  

Measuring changes in the total amount of organic carbon in the soil is useful in identifying long 

term trends due to changes in soil management (Dalal et al. 1991; Chan et al. 1992; Dou et al. 

2007; Wright et al. 2007; Dalal et al. 2011), however, short term changes are often not seen 

(Gupta et al. 1994) as a large percentage of this pool contains inert or resistant carbon molecules 

(Howarth 2006; Hoyle et al. 2011). Soil organic carbon can be more accurately defined as a series 

of pools based on the physical size of carbon molecules, with crop residue on the soil surface 

(consisting of leaves and stems of the previous crops) being greater than 2000 µm diameter, and 

the labile pool of light fraction organic matter (LFOM) defined as being 50-2000 µm in diameter 
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and a specific density of < 1 g cm-3 (Cookson et al. 1998; Murphy et al. 1998b).  LFOM primarily 

consists of partly decomposed plant residue and microbial debris (Howarth 2006; Cookson et al. 

2007) and has a major influence on mineralisation of N (Cookson et al. 2007; Murphy et al. 2011). 

A more detailed description of the pools of organic carbon in the soil are given by Hoyle et al. 

(2011), including the recalcitrant pool of organic carbon that is more resistant to decomposition 

and takes many years to decompose. However, this study will focus on the changes in labile 

organic matter under no-tillage, such as LFOM, as this pool is very sensitive to management 

induced changes in soil conditions (Janzen et al. 1992; Howarth 2006; Cookson et al. 2007).   

1.2.2 Effect of crop residue on soil processes 

The recycling of organic matter has previously been highlighted to be an important part of the 

three key principles for improving soil health under conservation agriculture and no-tillage. Crop 

residue on the soil surface, and root residue below the soil surface, represent the direct 

pathways where nutrients assimilated by the crop during net primary production are returned 

to the soil via net secondary production. The removal of N in the grain at harvest represents the 

largest export of N from the soil-plant system. This is in contrast to traditional tillage based 

systems where the crop residue could be removed by baling, or decreased by grazing or windrow 

burning, leading to a greater loss of nutrients from the soil-plant system. Crop residue is 

deposited on the soil surface at harvest under no-tillage, and there is little incorporation into 

the soil during sowing. As a consequence, the concentration of organic matter in the soil is 

greatest in the 0-10 cm depth, with an increasing gradient towards the soil surface where the 

crop residue is situated (Cookson et al. 2007; Roper et al. 2010; Murphy et al. 2011). Below the 

10 cm soil depth, a lower concentration of organic matter reduces the potential for the 

mineralisation of N considerably (Smith et al. 2000; Angus et al. 2006). This is in comparison to 

tillage based systems where soil inversion can place significant amounts of organic matter to 

depths of up to 15 cm (Cookson et al. 2007), leading to the increased potential for the 

mineralisation of N at greater depths. 
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The stratification of crop residue on the soil surface has the potential to alter the soil micro-

environment to enhance the process of decomposition. Soil temperature and moisture can be 

influenced due to the ‘mulching’ effect of crop residue (Schoenau and Campbell 1996), which 

allows the soil to stay moist for a greater period of time, as well as buffering the soil from rapid 

changes in soil temperature. Soil structure improves following an increase in stable micro and 

macro soil aggregates that form around the decaying organic matter, which were reduced by 

tillage in the previous tillage based systems (Six et al. 1998; Six et al. 1999; Roper et al. 2010). 

The formation of stable soil aggregates can be beneficial in occluding organic matter in the soil, 

and lead to increases in the long term storage of organic matter in the soil under no-tillage (Six 

et al. 1999; Hoyle et al. 2011).  

1.2.3 Decomposition of soil organic matter 

Decomposition of organic matter from retained crop residue during net secondary production 

can be defined as the stepwise reduction of complex plant structural and amino acid compounds 

into their component carbon and nitrogen monomers (Fenchel et al. 2012). This process is 

governed by a diverse decomposer community in the soil of macro-organisms (macro- and 

micro-arthropods, earthworms, and termites) and micro-organisms (fungi, bacteria, algae, 

nematodes, and protozoa) (Roper and Gupta 1995; Gupta et al. 2011). While macro-organisms 

are generally responsible for breaking down crop residue into smaller fragments, it is the role of 

the large and diverse range of micro-organisms in the soil, commonly referred to as the microbial 

biomass, to drive the process of mineralisation (Fenchel et al. 2012). Mineralisation involves the 

conversion of smaller organic compounds resulting from net secondary production, to soluble 

organic and inorganic monomers that are available in the soil for plant growth and further 

uptake by the microbial biomass (Roper and Gupta 1995; Fenchel et al. 2012). Crop residue also 

has a small percentage of simple carbon based monomers, such as glucose, and simple protein 

monomers, that can be rapidly mineralised by bacteria to provide a short term source of energy 

for bacterial mineralisation (Fenchel et al. 2012). In this process, carbon (C) is regarded as the 
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energy source for the microbial biomass (Roper and Gupta 1995; Howarth 2006; Robertson 

2006; Fenchel et al. 2012), while nitrogen (N) is important for bacterial cell structure and 

function (Robertson and Groffman 2006). Thus, the microbial biomass is sensitive to the carbon 

to nitrogen (C:N) ratio of the organic matter, as shortages in nitrogen will reduce cell 

development and function, limiting the amount of carbon that can be assimilated (Robertson 

2006). Within the microbial biomass, bacteria has very narrow C:N ratio of 6:1, while fungi have 

a wider ratio of  approximately 9:1 (Howarth 2006; Robertson and Groffman 2006), and both 

are limited in cell function when the concentration of N in the organic matter when the C:N ratio 

is above 25:1 (Robertson and Groffman 2006). 

Retaining crop residue on the soil surface leads to higher microbial biomass towards the soil 

surface (Gupta et al. 1994; Murphy et al. 1998b; Roper et al. 2010). The size and activity of the 

microbial biomass near the soil surface is greatly influenced by the environmental factors of soil 

moisture and temperature (Roper 1984; Angus et al. 2006), while also being sensitive to 

chemical changes in the soil, such as a change in pH (Cookson et al. 2007; Garbuio et al. 2011). 

The microbial biomass is also quick to respond to changes in soil management, such as the 

adoption of no-tillage and retained crop residue, and are considered an early indicator of long 

term effects of a change in management practices (Gupta et al. 1994; Roper et al. 2010). The 

microbial biomass has been shown to increase in the first year of no tillage with residue 

retention (Gupta et al. 1994) and to remain high for 3-4 years in Western Australia (Roper et al. 

2010), and after 10 years in Eastern Australia (Carter and Mele 1992). This sustained increase in 

microbial biomass when crop residue is retained can be attributed to increases in the amount 

of C substrate, leading to higher amounts of microbial biomass-C and biomass-N (Carter and 

Mele 1992; Gupta et al. 1994; Murphy et al. 1998b; Roper et al. 2010).  

While the size of the microbial biomass increases with the quantity of crop residue, the quality 

of crop residue determines the microbial community structure and function (Murphy et al. 

2011). For example, retaining crop residue can lead to a shift in the composition of the microbial 
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community, with fungal communities being more adapted to drier conditions present at the soil 

surface where crop residue is concentrated (Murphy et al. 2011), or where crop residue is higher 

in C:N ratio (Roper and Gupta 1995; Robertson and Groffman 2006). The sensitivity of the 

microbial biomass to the C:N ratio of organic matter makes this the largest determinant of crop 

residue quality when assessing the decomposability of the crop residue. More complex plant 

structural compounds, such as the amount of cellulose, chitin and lignin, are considered more 

resistant to decomposition and can also influence the process of decomposition (Howarth 2006; 

Robertson and Groffman 2006). The C:N ratio of crop residue is largely dependent on the type 

of crop residue (crop species), and the change in the concentration of N relative to concentration 

of C in the crop residue (van Vliet et al. 2000). For example, wheat residue N content can vary 

from 9.4 g kg-1 with a C:N ratio of 43.1 (Bremer and van Kessel 1992), to an N content of 4 to 

5.06 g kg-1 and C:N ratio of 97 to 105 (Soon and Arshad 2002), and even a C:N ratio of 211 (van 

Vliet et al. 2000). In all cases though, legume crop residue tends to be less than the respective 

wheat comparison, and varied from 31 to 67 where it was included in studies (Bremer and van 

Kessel 1992; Soon and Arshad 2002). Canola residue can vary in N content from 5.86 to 7.04 g 

kg-1, and C:N ratios of 71 to 89 (Soon and Arshad 2002). While the quality of crop residue is 

dependent on both crop species type, growing conditions prior to harvest in the previous year 

can also alter the concentration of N in the crop residue (Schoenau and Campbell 1996). 

Crop residue under no-tillage also varies in its crop type and chemical composition (Redin et al. 

2014). Decomposition of crop residue is often not completed in each year due to limitations in 

soil moisture and temperature, leading to an accumulation of partly decomposed crop residue 

from one year to the next (Schoenau and Campbell 1996; Chen et al. 2014). This accumulation 

potentially leads to a mix of differing crop residue types (species), depending on the crop 

rotation, and age of crop residue decomposing on the soil surface at one time. Redin et al. (2014) 

studied the effect of mixed crop residue under no-tillage by mixing plant components (stems, 

leaves, stems+leaves) to vary the C:N ratio of the crop residue, however, this did not include the 

age effects from temporal accumulation of crop residue from many seasons. There have been 
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no previous studies on the effect of mixed crop residue on the mineralisation of N under no-

tillage in the low rainfall environment of Western Australia.  

1.2.4 Mineralisation versus immobilisation of N 

The net mineralisation of N in soil represents the balance between gross mineralisation of N and 

gross immobilisation of N by the microbial biomass (Murphy et al. 1998a; Robertson and 

Groffman 2006). These two processes occur simultaneously in the soil as the microbial biomass 

utilises N from the organic matter, or from the soil environment, while consuming C from the 

organic matter for cell growth (Robertson and Groffman 2006). Where the concentration of N 

in organic matter is relatively high, the microbial biomass receives most or all its N requirements 

to decompose the organic matter without any need for further sources of N. In this case, any 

surplus N released during decomposition, or from senesced bacteria and fungi, is released into 

the soil and is available either as inorganic ammonium (NH4
+), or as simple organic amino acid 

monomers (Robertson and Groffman 2006). Through the nitrification process, NH4
+ is rapidly 

converted to inorganic NO3
- where it can be still used for plant uptake, or be prone to being lost 

through leaching processes (Fenchel et al. 2012).  

Net immobilisation occurs where the N requirements for growth of the microbial biomass are 

greater than the concentration of N in the organic matter. In this case, the microbial biomass 

utilises available mineral N from the soil to maintain the consumption of C from organic matter 

(Robertson 2006). This creates competition between the microbial biomass and plant uptake of 

N, and can lead to reduced uptake of N by the crop. From a review of 424 sets of data comparing 

the competition between plant root uptake and microbial biomass uptake of N, Kuzyakov and 

Xu (2013) concluded that the microbial biomass was more effective at scavenging for N from the 

soil compared to plant roots. However, an alternate view is that both the microbial biomass and 

plant uptake are reduced when the availability of N is low in the soil-plant system (Schimel and 

Bennett 2004). 



14 
 

In early studies of the adoption of no-tillage with retained crop residue, Kirkegaard et al. (1994a) 

concluded that while there was the potential for immobilisation of N under no-tillage, it was not 

likely to have been a factor influencing grain yield. Further, previous work under no-tillage that 

focussed on the relationship between gross mineralisation, gross immobilisation, and net 

mineralisation have agreed that these processes generally occur in a ratio of 3:2:1 respectively 

(Mary and Recous 1994; Murphy et al. 1998a), indicating that net mineralisation of N is generally 

achieved after an undefined period. However, short periods of net N immobilisation have been 

observed following the addition of crop residue to the soil, as the microbial biomass increases 

in response to the additional C substrate (Recous et al. 1995; van Vliet et al. 2000; Shindo and 

Nishio 2005).  Low soil mineral N levels have also been shown to decrease the mineralisation of 

N in the presence of high levels of crop residue with a high C:N ratio, such as found under a 

cereal dominant crop rotation (Mary et al. 1996). It is expected, but not previously shown, that 

long periods of net N immobilisation could decrease the net amount of N mineralised in soil 

during the growing season under no-tillage with retained crop residue. 

1.2.5 Accounting for the supply and uptake of N under no-tillage 

Soil processes can adapt to changes in the soil environment, such as reduced soil disturbance 

(no-tillage) and the addition of crop residue (Murphy et al. 2011). A further change in the 

composition of the microbial biomass could be the increase in non-symbiotic nitrogen fixing 

bacteria (NSNFB) under the low soil mineral N conditions frequently found under wheat 

monoculture and no-tillage with retained crop residue. NSNFB have been shown to provide an 

additional 8-12 kg N ha-1 of mineral N to cropping systems in Southern Australia (Gupta et al. 

2006). Anecdotally, Crabtree (2010) believes that NSNFB activity in long-term wheat 

monocultures under no-tillage in Western Australia appear to be fixing greater amounts of N 

than previously described by Gupta et al. (2006), however, further work is required to clarify 

this. 
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A change in the function of the macro-arthropod community could also affect the recycling of 

crop residue under no-tillage. Farmers in Western Australia have reported that crop residues 

rapidly disappear with the presence of termites in farm paddocks (Crabtree 2011). 

Consequently, Evans et al. (2011) conducted a study in the northern wheatbelt region of 

Western Australia where termites are most prevalent, and showed that the presence of termites 

in soil under no-tillage were associated with an increase in wheat yield of 36%. This was linked 

to an improvement in rainfall infiltration into the soil, as well as an increase in soil mineral 

nitrogen. 

The use of an N-balance has been successfully used to account for the supply and uptake of N 

under agricultural systems across the world (Hafner et al. 1993; Armstrong et al. 1994; Smith et 

al. 2000; Evans et al. 2001; Kumar and Goh 2002; Whitbread et al. 2003; Sieling and Kage 2006; 

Constantin et al. 2010). While this approach has been mainly used in Europe to assess the 

potential for N to be leached from the soil-plant system, an N-balance approach only been used 

to assess the effectiveness of the uptake of N from fertiliser in Australia (Smith et al. 2000). 

There are no studies that use an N-balance approach to determine the main sources of the 

supply and uptake of N under no-tillage in Western Australia. 
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 Thesis objectives 

This study focusses on three consecutive but very contrasting growing seasons where wheat was 

grown either in rotation with break crops, or as a wheat monoculture. The research has a 

number of broad objectives that were identified in the general introduction: 

 Assess how crop rotation influences wheat grain yield under long-term no-tillage in 

Western Australia 

 Determine the quantity and quality of crop residue under long-term no-tillage 

 Determine the amount and pattern of the mineralisation of N in soil under long-term 

no-tillage with retained crop residue for the Western Australian environment and soil 

type 

 Construct a partial N-balance for wheat monoculture and rotated wheat to determine 

the main supplies of N under no-tillage. 

 

 

 Thesis hypothesis: 

“Increasing the diversity of crops grown in rotation with wheat does not improve the temporal 

pattern in the mineralisation of N compared to wheat grown in monoculture where high levels 

of crop residue are retained under long-term no-tillage.” 
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 Structure of the Thesis 

This thesis has been prepared as a series of four papers, which is an acceptable format under 

the University of Western Australia’s guidelines for formatting a thesis. Chapter 1 is a general 

introduction and literature review. It focusses on the changes that have occurred in the last two 

decades of no-tillage systems and crop rotations in Western Australia. The impacts of retaining 

crop residues on the soil surface are discussed along with its decomposition by microbial 

communities. Chapter 2 provides an overview of the experimental site used for this research 

and provides a detailed description of the layout, treatments and experimental. The next four 

chapters are written as research papers for publication. The Abstract provides the context for 

each research chapter in relation to the overall thesis objectives. A detailed review of the 

literature and description of methodology relevant to the research topic is included in each of 

these chapters, while avoiding where possible unnecessary repetition. Chapter 3 – Seasonal 

rainfall interacts with crop rotation to drive wheat grain yield and nitrogen uptake under long-

term no-tillage – establishes the climatic conditions that were present in each of the three years; 

the mean wheat yield and uptake of nitrogen in the grain, and the determinants of yield 

achieved under both rotation treatments. Chapter 4 – Crop rotation has limited effect on crop 

residue dynamics under long-term no-tillage – defines the temporal changes in crop residue 

quantity, and the effect of crop rotation in altering the C:N ratio of the crop residue. Chapter 5 

– Growing season mineralisation of N in soil is similar for wheat grown in rotation and 

monoculture under long term no-tillage – focusses on the in-situ measurement of the 

mineralisation of N in soil under the two contrasting crop rotations, and the effect that N 

fertilisation has on the cumulative amount of N mineralised in the growing season. Chapter 6 – 

The partial N-balance is improved by the inclusion of crop residue under no-tillage – A partial N-

balance is constructed for wheat grown in both monoculture and rotation to assess whether the 

inclusion of crop residue in the N-balance improves the relationship between supply and uptake 

of nitrogen under no-tillage.  
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Lastly, Chapter 7 is a general discussion which draws together the key findings from each of the 

research chapters, and aims to apply them in a practical farming systems context. 
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 General methodology 

 The long-term no-tillage trial site 

2.1.1 Site background 

A long term no-tillage trial site was set up by the Western Australian No-tillage Farmers 

Association (WANTFA) in 2007 at Cunderdin (117°14´E, 31°38´S) in Western Australia. Prior to 

the establishment of the long-term field study, the site had been in continuous crop production 

for at least 10 years. The project aims were based on advice from Derpsch (2005) who 

recommended that more diverse crop rotations need to be employed, higher levels of crop 

residue need to be retained on the soil surface, and a move to more holistic weed management 

practices is required under no-tillage in Western Australia. An important aspect of this trial site 

is that a large plot size allows the use of field scale machinery to sow and harvest each plot, and 

provides relevance to the limitations of current no-tillage systems in Western Australia. Four 

cropping ‘philosophies’ were established that vary in the amount of crop diversity and the 

amount of crop residue being retained for permanent soil cover (Flower et al. 2012a). Each 

treatment was designed as a three-year crop rotation, with two cycles of crop rotation being 

completed before the commencement of this study in 2013. It was considered that this was an 

adequate length of time for treatment effects to be apparent on the long-term accumulation of 

crop residue under no-tillage. 

2.1.2 Site layout 

The site was arranged in a randomised complete block design with 3 blocks and a plot size of 80 

m by 36 m. There were four philosophies/treatments that vary around the recommendations 

advocated by Derpsch (2005), and are presented in Table 2.1. Philosophies P1-P3 were sown 

with a disc seeder to represent the least amount of disturbance possible when seeding, 

compared to P4, which was sown using a no-tillage seeder with knife points and represents 

current farmer practice in Western Australia. All plots were harvested with a commercial size 
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harvester, with the aim that all crop residue would be retained evenly across the soil surface 

during the harvesting process. 

Table 2.1 Description of each of the treatment philosophies present at the long term no-tillage trial 

site as described by Flower et al. (2012a). 

Philosophy Description 

P1 Name: ‘maximum carbon input’. A three-year rotation with cereals only and 

every phase presented every year. Crops seeded with a minimum disturbance 

disc opener. No burning or tillage. Sequences P1/S1, P1/S2 and P1/S3. 

Philosophy: Low crop diversity with maximum residue retention. 

P2 Name: ‘maximum diversity’. A diverse three-year rotation (cereal – legume – 

brassica) with every phase presented every year. Crops seeded with a minimum 

disturbance disc opener. No burning or tillage. Sequences P2/S4, P2/S5 and 

P2/S6. Philosophy: high crop diversity with maximum residue retention. 

P3 Name: ‘controls’. Continuous wheat and continuous pasture. Crops seeded with 

a minimum disturbance disc opener. No burning or tillage. The continuous wheat 

at Mingenew was only started in 2010. Sequences P3/S7 (wheat) and P3/S8 

(pasture). Philosophy continuous wheat with maximum residue retention. 

P4 Name: “maximum profit”. A three-year rotation (cereal – cereal – legume) with 

every phase presented every year. Crops sown with a higher disturbance tine 

and knife-point no-till seeder. Burning and tillage allowed. Sequences P4/S9, 

P4/S10 and P4 S11. Philosophy current farmer practice with low residue 

retention.  

 

At the commencement of the second cycle of the crop rotation in 2010, split plots of 80 m by 18 

m were introduced into the P1 and P2 treatments to achieve either; full crop residue retention 

as previously practiced, or windrow burning to reduce crop residue levels. In 2012, the P4 

treatment was modified to include a tillage split plot, and the legume replaced with a fallow 

phase to make the rotation cereal-cereal-fallow. Therefore, there is a wide range of 

treatment/split plot combinations available at the trial site to be able to compare the effect of 

crop rotation and crop residue management on the mineralisation of N for contrasting crop 

rotations under long-term no-tillage. 
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2.1.3 Integration of the current study within the existing site design  

The current study compared the P2-diverse rotation of chickpea-canola-wheat (high crop 

residue split plot only) and P3-wheat monoculture to represent the two crop rotations with the 

greatest contrast in crop rotational diversity and highest levels of crop residue. Further, the site 

design allowed that each crop in rotation was present in each year, allowing a year-wise 

comparison between rotated and monoculture wheat (Table 2.2). Two fertiliser split-plots (4.5 

m x 10 m) were established in each main rotation treatment prior to sowing in 2013 for Nil-N 

fertiliser and Applied-N fertiliser. The Applied-N fertiliser rate was 46 kg N ha-1 for both Wh-r 

and Wh-m in 2013 and 2014, while this rate differed between treatments in 2015, with 30 and 

52 kg N ha-1 being applied to Wh-r and Wh-m respectively. Fertiliser application consisted of 

granular fertiliser at sowing (Agras® Nitrogen 16.1%, Phosphorus 9.1%, Sulphur 14.3%, Zinc 

0.06%) and a spray application using liquid stream (urea ammonium nitrate Flexi N® - 42% 

Nitrogen) in narrow bands at 50 cm spacing in July each year. The crops were sown at 30 cm row 

spacing using no-tillage seeding machinery (NDF SA550 disc openers) and GPS guidance to 

achieve inter-row sowing. Full details of crop husbandry management for each crop sequence 

are presented in Appendix A. 

Table 2.2 Description of treatment structure and crop type used in this study. Each crop type in 

rotation is present in each year of study for year-wise comparison. A description of each philosophy 

is given in Table 2.1, while sequence refers to the alternate 3-year crop rotation under each 

philosophy. 

Treatment: Split plot Year of study 

Philosophy/Sequence N fertilisation 2013 2014 2015 

P2/S4 Nil Wheat Chickpea Canola 

 Added Wheat Chickpea Canola 

P2/S5 Nil Chickpea Canola Wheat 

 Added Chickpea Canola Wheat 

P2/S6 Nil Canola Wheat Chickpea 

 Added Canola Wheat Chickpea 

P3/S7 Nil Wheat Wheat Wheat 

 Added Wheat Wheat Wheat 
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2.1.4 Soil type at the long-term no-tillage field site 

The soil type at the long-term no-tillage field site at Cunderdin (WA) was a red sandy clay loam 

(Flower et al. 2012a). A more detailed analysis of the soil profile was conducted in March 2016 

to finalise this study, with the soil profile sectioned into 0-10, 10-20, 20-30, 30-60, 60-90, and 

90-120 cm soil depths for analysis. The clay content of the soil was 18.5% in the 0-10 cm soil 

depth, but increased considerable to 28-32% in the depth layers below this (Table 2.3). The 

percentage of calcium carbonate present in each soil depth was low in the 0-20 cm soil layer, 

but increased greatly to above 7.8% in the soil depths below this (Table 2.5). 

Table 2.3 Physical characteristics of the red sandy clay loam soil at the Cunderdin (WA) study site. 

Soil Depth Clay Sand Silt 

0-10 18.5% 73.3% 8.3% 

10-20 31.0% 50.0% 19.0% 

20-30 31.9% 52.1% 16.0% 

30-60 31.6% 55.6% 12.8% 

60-90 30.7% 55.4% 13.9% 

90-120 28.3% 60.2% 11.5% 

 

Table 2.4 Soil water characteristics of the red sandy clay loam soil at the Cunderdin field site. Field 

capacity represents the maximum amount of water held in the soil layer, while crop lower limit 

represents the lowest amount of water that can be extracted by plants from the soil. PAWC = Plant 

available water content for the soil layer. 

Soil depth 
Gravel content 

>2mm diameter 
Bulk Density 

Field 

capacity 

Crop lower 

limit 
PAWC 

cm % w/w g/cm3 mm/mm mm/mm mm 

0-10 9% 1.37 0.16 0.05 13 

10-20 18% 1.67 0.26 0.16 10 

20-30 33% 1.59 0.30 0.21 16 

30-60 44% 1.50 0.29 0.28 31 

60-90 47% 1.58 0.32 0.21 56 

90-120 35% 1.58 0.32 0.26 47 

   Total PAWC (mm) 173 
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The potential rooting depth of this soil has been observed to be at least 120 cm in this soil type 

(Ward, P, pers. comm.) as the bulk density increases only slightly with depth, and significant 

amounts of water can be stored throughout the soil profile (Table 2.4). However, the increase 

in conductivity (increased salt levels), boron, and calcium carbonate at depths greater than 60 

cm (Table 2.5) is expected to impact on the use of resources in this soil depth, and this was 

confirmed by visual observations of the soil profile during sampling. Phosphorus was 

concentrated in the 0-10 cm soil depth, while Potassium and Sulphur were distributed 

throughout the soil profile (Table 2.5). 

 

Table 2.5 Chemical characteristics of the red sandy clay loam soil present at the Cunderdin field 

site to a depth of 120 cm. 

Soil 

depth 

Phosphorus 

Colwell 

Potassium 

Colwell 

Sulphur Conductivity pH 

(CaCl2) 

Boron  Calcium 

Carbonate 

(cm) mg/Kg mg/Kg mg/Kg dS/m pH mg/Kg % 

0-10 41 508 7.1 0.122 6.1 1.55 0.22 

10-20 5 442 6.7 0.132 7.6 3.74 0.73 

20-30 4 257 13.7 0.147 7.8 4.38 7.80 

30-60 3 293 20.2 0.200 7.8 6.43 16.56 

60-90 < 2 452 38.1 0.368 8.0 16.03 6.80 

90-120 < 2 589 31.0 0.465 8.3 23.29 12.62 
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2.1.5 Statistical analyses 

Data were analysed using the R statistical program (R Core Team 2015). The package ‘nlme’ 

(Pinheiro et. al 2016) was used to fit a mixed effects model for each year, with fixed effects for 

rotation and applied nitrogen, and random effects for split-plot nested within main-plot nested 

within block. The restricted maximum likelihood (REML) approach was used for estimation, and 

F-tests for evaluating statistical significance of effects.  Where statistical significance (P<0.05) 

was detected, Tukey HSD contrasts were used to identify differences between individual 

treatments, and the ‘predictmeans’ package (Dongwen et al. 2014) was used to calculate the 

least significant differences (lsd) where displayed.  

Where indicated, regression analysis was conducted using a mixed effects model, with random 

effects assigned as split-plot nested within main-plot nested within block. The marginal 

coefficient of determination (R2) is reported in this study, with values generated from the 

‘piecewiseSEM’ package (Lefcheck 2015); this represents a conservative measure of the 

goodness of fit for the model based on fixed effects only. The less conservative goodness of fit 

based on fixed and random effects (conditional coefficient of determination) is not reported in 

this study. 
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 Seasonal rainfall interacts with crop rotation to drive wheat grain 

yield and nitrogen uptake under long-term no-tillage. 

 Abstract 

Wheat is the dominant crop in the grain growing region of Western Australia and accounts for 

nearly two thirds of crop sown annually. The low prevalence of grain legumes currently used in 

crop rotation, together with the demise of the legume pasture phase over the last 30 years, 

suggests that wheat crops may be prone to low N availability. This may be exacerbated by 

immobilisation of N from retaining crop residue under no-tillage. The objective of this study was 

to determine the relationship between grain yield and grain N uptake for two contrasting crop 

rotations under long-term no-tillage in Western Australia. A long-term no-tillage trial site that 

was in its third cycle of crop rotation (years 7 to 9) was used to compare a chickpea-canola-

wheat rotation with wheat-wheat-wheat monoculture at two N fertilisation levels (Nil-N and 

Applied-N) both with high levels of retained crop residue. The wheat yield benefit in the break 

crop rotation was only significant in growing seasons of above average rainfall. In contrast, grain 

N export was influenced by crop rotation in all seasons. The application of N fertiliser to 

monoculture wheat was shown to increase grain yield and grain N uptake in most years, and 

was able to effectively close the grain yield and grain N uptake gap between wheat grown in 

rotation with no nitrogen fertiliser, across all seasons. This study indicates that wheat grown in 

monoculture can be a viable option if supplemented with adequate N fertilizer in Western 

Australia. 

 Introduction 

Farming systems based on continuous grain crop production are now commonplace across the 

14 Mha grain growing area in Western Australia (ABS 2015). Wheat is the dominant grain crop 

across this region, and accounted for 60% of land sown annually for crop production in the 2009-

2012 period, compared to alternate break crops of canola (12.2%), legumes (7.6%), and pasture 
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(12.4%) (Harries et al. 2015). Previously, pasture-crop phase systems were utilised with the 

primary aim to increase soil organic carbon and nitrogen levels during the pasture phase, and 

which can be utilised during the cropping phase to provide a substantial source of N for crop 

growth (Angus et al. 1998; Angus et al. 2006).  However, the ability of long-term cropping phases 

using legumes to maintain the supply of N for crop growth has been questioned (Angus 2001; 

Lake 2012). Therefore, there is a need to better understand the relationship between soil supply 

of N and crop N uptake in long-term cropping systems. 

A concurrent change in crop production techniques in the last 20 years has been the adoption 

of no-tillage, with over 90% of farms in Western Australia now practising no-tillage (D'Emden et 

al. 2006; Kassam et al. 2012; Llewellyn et al. 2012). No-tillage in Western Australia is 

predominantly based on less than 20% soil disturbance and with all crop residue retained in-situ 

(Crabtree 2010), primarily as a mechanism to reduce wind erosion (Llewellyn et al. 2012). Crop 

residue is largely retained on the soil surface due to the absence of soil inversion and mixing 

under no-tillage (Gupta et al. 1994; Murphy et al. 1998b; Cookson et al. 2007; Ramnarine et al. 

2015).  As a consequence, microbial activity responsible for decomposition increases at the soil 

surface in response to the higher levels of C and N substrate (Dalal et al. 1991; Gupta et al. 1994). 

A high demand for soil mineral N can occur near the soil surface, where the N requirements of 

the microbial biomass are greater than the amount of N being release during decomposition 

(Murphy et al. 1998a). This potential for net immobilisation of N is dependent on the 

relationship between the gross rate of N mineralisation and the gross rate of N immobilisation 

at the time, and was demonstrated using wheat crop residue from varying crop rotations in 

Western Australia (Murphy et al. 1998a). However, the influence of N immobilisation has been 

dismissed in previous crop rotation studies (Heenan et al. 1994; Kirkegaard et al. 1994a), most 

likely due to the strong history of pasture phases buffering N supply. It is unclear whether grain 

N uptake is altered by the presence of crop residue under long-term no-tillage. Recous et al. 

(1995) found with maize crop residue in France that immobilisation of N lasted for 124 days 

where soil N was less than 30 mg N kg soil-1, compared to 40 days where soil mineral N was 
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above 60 mg N kg soil-1. It is possible that grain N uptake under wheat monoculture is less than 

under rotation due to greater effects of immobilisation of N resulting in the absence of legumes, 

however this has not been tested in the presence of crop residues, as found under no-tillage. 

The early adoption of no-tillage resulted in lower grain yields due to an increased prevalence of 

root diseases (Kirkegaard et al. 1994a). Break crop rotation became an important part of no-

tillage to maintain wheat grain yield, with canola found to be effective in controlling Take-all 

(Gaeumannomyces graminis var. tritici) and Crown rot (Fusarium pseudograminearum) by 

reducing the build-up of pathogen inoculum (Kirkegaard et al. 1999; Kirkegaard et al. 2000; 

Angus et al. 2015). Grain legumes can also reduce the presence of soil borne pathogens specific 

to cereals due to not acting as a host (Angus et al. 2015).  The nitrogen requirements of long-

term crop rotations are now more frequently being met by growing a legume break crop in lieu 

of a pasture phase, and/or by the application of N fertiliser. The amount of legume N fixation is 

largely driven by a positive relationship with legume dry matter production (Seymour et al. 

2012), with increases in soil mineral N of 37-47 kg N ha-1 following legumes (Angus et al. 2006). 

In Western Australia, legume break crops provide a larger break crop benefit compared to 

canola (Seymour et al. 2012), where soil N limitations can be greater than root disease 

limitations (Rowland et al. 1988). Part of the break crop yield benefit of canola may be derived 

from enhanced levels of soil N mineralisation following canola along with a reduction in root 

disease inoculum, although two contradicting mechanisms by which this occurs have been 

proposed (Kirkegaard et al. 1999; Ryan et al. 2006). The application of N fertiliser has also been 

shown to close the yield gap between wheat grown in monoculture and in rotation (Delroy and 

Bowden 1986; Rowland et al. 1988; Heenan et al. 1994), however observations of the yield 

benefit following legumes taken post-1990 indicate that N fertiliser had no effect in closing the 

yield gap (Seymour et al. 2012). There are no recent studies in Western Australia that validate 

the effect of N fertilisation on break crop yield benefit in long-term cropping systems. 
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Break crop yield benefit is also quite variable and can be dependent on seasonal conditions. 

Western Australia has a Mediterranean climate characterised by strongly winter dominant 

growing season (1 April to 30 October) rainfall of 150-450 mm (Anderson et al. 2005; BUREAU 

OF METEOROLOGY 2015; Harries et al. 2015), and is highly variable (Anderson et al. 2005). 

Growing season rainfall is a large driver of grain yield in Mediterranean environments (French 

and Schultz 1984), and it is expected that the break crop yield benefit will also be influenced by 

environmental conditions prevalent in Western Australia. Break crop yield benefits are reported 

to be smaller in years with low growing season rainfall, and larger where higher growing season 

rainfall is encountered (Kirkegaard and Ryan 2014; French et al. 2015; Malik et al. 2015), 

indicating that the break crop yield benefit would be better expressed as a percentage increase 

(Kirkegaard et al. 2008). Angus et al. (2008) established a linear relationship between wheat 

grown in break crop rotation and in monoculture, which has been validated across a range of 

environments (Angus et al. 2015; French et al. 2015; McBeath et al. 2015). However, the 

relationship between break crop yield benefit and growing season rainfall is unclear, particularly 

for the Western Australian environment. 

Therefore, the objective of this study was to determine the relationship between grain yield and 

nitrogen uptake of wheat grown in monoculture and in break crop rotation under long-term no-

tillage in the low rainfall Western Australian environment. It was hypothesised that the grain 

yield and N uptake benefit of growing wheat in rotation compared to monoculture would be 

diminished in the presence of crop residue found under long-term no-tillage. 

 Materials and methods 

3.3.1 Site 

This study forms part of a larger farming systems trial based near Cunderdin, Western Australia 

(31°38’S, 117°14’E), and has been described in previous studies (Flower et al. 2012a; Ward et al. 

2012). The soil type was a red sandy clay loam soil with 22% clay content and a soil pH that 

varied from 6.6 in the 0-10 cm to 7.9 at 60 cm soil depth (Flower et al. 2012a). Rooting depth 
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was estimated to be 120 cm, however there was a large amount (>40% w/w) of calcium 

carbonate at depths greater than 60 cm (data not presented) which could potentially reduce the 

effective use of this soil depth. Average annual rainfall for the 1996 to 2016 period was 302 mm 

for nearby Cunderdin airport (approximately 3.5 km away), with 229 mm growing season rainfall 

(April to October inclusive) for the same period in a winter dominant rainfall pattern. 

3.3.2 Trial design and methodology 

A complete randomised block design experiment was set up in 2007 with 4 crop 

rotations/philosophies and plots of 36 m x 80 m, with high/low crop residue retention split plots 

added in 2010 (18 m x 80 m). The current study compared the ‘P2-diverse rotation’ of wheat-

legume-canola and ‘P3-wheat monoculture’, and used an area of 4.5 m x 20 m within the high 

residue (all residue retained and spread behind the harvester) split in the main experiment. For 

the period 2007 to 2012 inclusive (the first two cycles of crop rotation), the legume phase was 

represented by a vetch/oat cover crop (2007-2009), and field pea (2010-2012). No N fertiliser 

was applied to legume crops, while N fertiliser was applied to wheat, canola and vetch/oat crops 

every year. The trial design allowed that each crop in rotation was present in each year, allowing 

a year-wise comparison between wheat grown in monoculture and in rotation. Data presented 

here is from the P2/S4 (2013), P2/S6 (2014), and P2/S5 (2015) treatments of wheat grown in 

rotation (Wh-r) and the P3/S7 wheat grown in monoculture (Wh-m) (Table 3.1). Fertiliser split-

plots (4.5 m x 10 m) were established in each main rotation treatment prior to sowing in 2013 

for Nil-N fertiliser and Applied-N fertiliser. The Applied-N fertiliser rate was 46 kg N ha-1 for both 

Wh-r and Wh-m in 2013 and 2014, while the rate differed in 2015, with 30 and 52 kg N ha-1 being 

applied to Wh-r and Wh-m respectively (Table 3.2). Fertiliser application consisted of granular 

fertiliser at sowing and a spray application using liquid stream (urea ammonium nitrate Flexi N® 

- 42% N) in narrow bands at 50 cm spacing in July each year. The crops were sown at 30 cm row 

spacing using no-tillage seeding machinery (NDF SA550 disc openers) and GPS guidance to 



30 
 

achieve inter-row sowing. Details of crop husbandry management are presented in Table 3.2, 

while crop production for the previous three years (2010-2012) are summarised in Appendix E. 

 

Table 3.1 Outline of selected crop sequences from the long-term field site used in the current 

study. Abbreviations for wheat in rotation or monoculture are included in parentheses. Split plots 

of Nil-N and Applied-N were applied to each crop sequence treatment. 

Philosophy/Sequence Applied-N 2013 2014 2015 

P2/S4 Nil-N Wheat (Wh-r) Chickpea Canola 

 Applied-N Wheat (Wh-r) Chickpea Canola 

P2/S5 Nil-N Chickpea Canola Wheat (Wh-r) 

 Applied-N Chickpea Canola Wheat (Wh-r) 

P2/S6 Nil-N Canola Wheat (Wh-r) Chickpea 

 Applied-N Canola Wheat (Wh-r) Chickpea 

P3/S7 Nil-N Wheat (Wh-m) Wheat (Wh-m) Wheat (Wh-m) 

 Applied-N Wheat (Wh-m) Wheat (Wh-m) Wheat (Wh-m) 

 

3.3.3 Plant and soil measurements 

Crop residue biomass was measured using a randomly placed 0.1 m2 quadrat just prior to sowing 

in each season, with triplicate samples bulked together from each split plot, and dried at 60°C 

for 48 hours before weighing. Soil mineral N (NO3 + NH4) in the effective rooting zone was 

measured just prior to sowing in each season by taking one randomly positioned soil core of 5 

cm diameter to 120 cm soil depth in each split plot. Soil cores were then sectioned to 0-10, 10-

20, 20-30, 30-60, 60-90, and 90-120 cm soil depth before being air dried and stored for later 

analysis.  Plant establishment 6 weeks after sowing, anthesis biomass and biomass-N (when 50% 

of heads were flowering), and grain yield, N uptake, protein, and number of heads at 

physiological maturity, were measured by counting or cutting, at ground level, all plants in a 50 

cm length of adjacent crop rows (equivalent to 1 metre crop row) from three random sample 

locations. Plant and grain samples were then dried at 60°C for 72 hours before weighing and sub 

sampling for analysis.  



31 
 

Total C and N in plant and soil samples were determined on finely ground samples after 

homogenisation with a DUMAS combustion CHN analyser (varioMacro, GmbH, Hanau, 

Germany) using method 7A5. Soil mineral N (NO3 + NH4) was measured using methods adapted 

from Mulvaney (1996). Crop residue was also measured for ash content by loss-on-ignition 

method 6G1 (Rayment and Lyons 2010).  Grain protein was calculated by multiplying grain N 

content by 6.25 (Angus and Fischer 1991). The grain yield or N uptake benefit due to break crop 

rotation or N fertilisation was calculated as the response in wheat grown following a break crop 

minus that of wheat grown in monoculture, as defined by Seymour et al. (2012). 

Table 3.2 Management activities and date each activity was applied for crop sequences S4 to S6 in 

the P2-diverse rotation and S7 in the P3 wheat monoculture for the 2013-15 seasons. Agras® 

fertiliser (Nitrogen 16.1%, Phosphorus 9.1%, Sulphur 14.3%, Calcium 0.5%, Zinc 0.06% w/w) was 

applied at sowing and Flexi-N® (42.2% Nitrogen w/v) during the growing season to Applied-N 

treatments only. The total amount of nitrogen applied as fertiliser in each season is highlighted at 

the bottom of the table. 

Year Activity Input Date Rate (kg ha-1) 

2013       P2/S4 P3/S7 

 Seeding Wheat; var. Mace 15-May 80 80 

 Re-seeding Wheat; var. Mace 07-Jun 80 80 

  Fertiliser Agras 15-May 80 80 

    Flexi-N      10-Jul 78 78 

  Harvest   02-Dec     

2014       P2/S6 P3/S7 

 Seeding Wheat; var. Mace 15-May 80 80 

  Fertiliser Agras 15-May 80 80 

    Flexi-N     28-Jul 78 78 

  Harvest Harvest    26-Nov     

2015       P2/S5 P3/S7 

 Seeding Wheat; var. Mace 13-May 80 80 

  Fertiliser Agras 13-May 80 80 

    Flexi-N  10-Jul 40 93 

  Harvest   18-Nov     

Total fertiliser N applied in each year (kg ha-1) P2-rotation P3-monoculture 

      2013 46 46 

      2014 46 46 

      2015 30 52 
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3.3.4 Statistical analyses 

Data were analysed using the R statistical program (R Core Team 2015). The package ‘nlme’ 

(Pinheiro et. al 2016) was used to fit a mixed effects model for each year, with fixed effects for 

rotation and applied nitrogen, and random effects for split-plot nested within main-plot nested 

within block. The restricted maximum likelihood (REML) approach was used for estimation, and 

F-tests for evaluating statistical significance of effects.  Where statistical significance (P<0.05) 

was detected, Tukey HSD contrasts were used to identify differences between individual 

treatments, and the ‘predictmeans’ package (Dongwen et al. 2014) was used to calculate the 

least significant differences (lsd) where displayed. Regression analysis was conducted using a 

mixed effects model to explore the relationship between grain yield, grain N uptake, grain 

protein, anthesis biomass, biomass-N, and soil moisture, with random effects assigned as split-

plot nested within main-plot nested within block. The marginal coefficient of determination (R2) 

is reported in this paper, with values generated from the ‘piecewiseSEM’ package (Lefcheck 

2015), and represents the goodness of fit for the model based on fixed effects only. The 

goodness of fit based on fixed and random effects (conditional coefficient of determination) is 

not reported in this paper.  

 Results 

3.4.1 Influence of climate and soil on break crop yield benefit 

Annual and growing season rainfall for the study period (2013-2015) was near average in 2013, 

above average in 2014 and well below average in 2015 (Table 3.3). The sowing of wheat crops 

occurred between the 13 May and 15 May in each year (Table 3.2). Rainfall for May in 2013 was 

average, followed by low rainfall in June; rainfall in 2014 was well above average in April and 

May which allowed generally wetter conditions to persist through a below average winter; while 

in 2015, rainfall was below average for all months except July and August during the growing 

season (Figure 3.1). Rainfall in 2013 and 2014 was near-average to above-average during 
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anthesis and grain fill (anthesis = 1 October and 9 September in each respective year), and was 

low following anthesis (anthesis = 30 August) and during grain fill in 2015.  

 

Table 3.3 Annual and growing season rainfall for the study period (2013-2015) compared to the 

mean for the 1996-2015 period (BUREAU OF METEOROLOGY 2015). Summer rainfall is 

accumulated from October 1 of the previous year. 

Year Summer rainfall  Growing season Annual total 

  (1 Nov - 31 Mar) (1 Apr - 30 Oct) (1 Jan - 31 Dec) 

2013 129 205 284 

2014 15 276 310 

2015 55 170 230 

1996-2015 mean 73 229 302 

 

 

The average maximum monthly air temperature measured at nearby Cunderdin airport 

(BUREAU OF METEOROLOGY 2015) ranged between 17 and 37 °C in each season (Figure 3.1). 

Temperature in 2015 had an altered pattern compared to the previous two years, where the 

lowest minimum temperature occurred in September, and the lowest maximum temperature 

was sustained through July and August. 
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There was no interaction between crop sequence and Applied-N for soil mineral N, crop residue 

biomass and carbon to nitrogen ratio at sowing in each year, and so crop sequence means are 

presented in Table 3.4. There was more than double the amount of soil mineral N in the effective 

rooting zone (0-120 cm) at sowing under Wh-r compared to Wh-m in 2013, while there was no 

difference in soil mineral N between sequences in 2014 and 2015. Conversely, Wh-m had nearly 

double the amount of crop residue at sowing compared to Wh-r in 2013, with no differences in 

subsequent years. The dominant crop residue type under Wh-r treatments in all years was 

canola residue, while Wh-m was based solely on wheat residue. The carbon to nitrogen ratio of 

Figure 3.1 Seasonal rainfall and mean air temperature patterns for years 2013 to 

2015. Bars represent total monthly rainfall; lines represent historical total monthly 

rainfall (1996-2016); hollow circles represent the minimum and maximum monthly 

mean daily temperature for each month. 
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crop residue was lower under Wh-r compared to Wh-m in 2013 and 2014, and similar in 2015 

(Table 3.4).  

 

Table 3.4 Soil mineral N (0-120 cm soil depth), crop residue biomass, and carbon to nitrogen ratio 

at sowing for wheat grown in rotation (Wh-r) or monoculture (Wh-m) in each year of study. There 

were no significant differences between N-application treatments in this study (N was applied after 

sowing), and so means are presented for each sequence. Crop residue values represent the mean 

of back transformed data. Lower case letters denote significant differences between crop 

sequence in each year (TukeyHSD, P < 0.05). ns = not significant. 

 

Year Crop  

sequence 

Crop Soil mineral N 

(kg ha-1) 

Crop residue 

biomass 

(kg ha-1) 

Crop residue 

biomass  

C:N ratio 

2013 S4 Wh-r 108 b 3860 a 37 a 

  S7 Wh-m 50 a 6770 b 47 b 

2014 S6 Wh-r   53 ns 3240 ns 58 a 

  S7 Wh-m   59 ns 3330 ns 83 b 

2015 S5 Wh-r 69 ns 3660 ns 61 ns 

  S7 Wh-m 67 ns 2640 ns 67 ns 

 

3.4.2 Grain yield and N uptake 

Grain yield was influenced by an interaction between crop sequence and Applied-N in 2014 and 

2015, but there was no effect on grain yield in 2013 (Figure 3.2). The largest variation in grain 

yield occurred in 2014, with Wh-r increasing grain yield by 1.3 t ha-1 over Wh-m where N was 

applied, and 1.5 t ha-1 where no N was applied. In 2015, Wh-r with Applied-N was again the 

highest yielding treatment, with all other sequence/Applied-N treatments being similar. The 

grain yield of Wh-m under Applied-N was similar to Wh-r where no N fertiliser was applied in all 

years. 
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In contrast to grain yield, grain N uptake varied under each crop sequence and Applied-N in all 

years of study (Figure 3.3). The highest grain N uptake for each year was under Wh-r with 

Applied-N, and the lowest was under Wh-m where Nil-N was applied. Grain N uptake was similar 

between Wh-m with Applied-N and Wh-r with Nil-N across all years. The only occurrence where 

grain N uptake was similar between Nil-N and Applied-N treatments within each crop sequence 

was for Wh-r in 2013 where soil mineral N levels were relatively high. There was a decreasing 

trend in grain N uptake across all treatments during the three years of study, compared to grain 

yield, which was variable between each year for each crop sequence/Applied-N interaction. 

Grain protein varied in response to crop sequence and N application (Table 3.5), with high grain 

protein observed in 2013 where there were relatively high levels of soil mineral N under Wh-r 

at sowing. Grain protein was similar between all treatments in 2014, compared to grain N uptake 

(Figure 3.3) where the range of values was greatest compared to other seasons. Grain protein 

Figure 3.2 Grain yield of wheat grown in monoculture (Wh-m) or rotation (Wh-r) is 

strongly influenced by N fertilisation and season. N was applied at rates of 0 kg N 

ha-1 (Nil-N) or 44 kg N ha-1 (Applied-N). Lower case letters denote significant 

differences at a crop sequence by N-application level (TukeyHSD, P < 0.05). 
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was higher under Wh-r compared to Wh-m in 2015, while the application of N increased grain 

protein only for Wh-m.  

 

 

3.4.3 Anthesis biomass and determinants of grain yield 

There was no difference in the number of plants or heads per square metre, or seed weight for 

either crop sequence or Applied-N in 2013 (Table 3.5) where grain yield was similar between 

treatments. In 2014, there was a significant Applied-N effect with increased number of heads 

for both Wh-r and Wh-m treatments while crop sequence had no effect. The number of plants 

per square metre in 2015 was significantly reduced by N application for both Wh-r and Wh-m, 

while seed weight was highest under Wh-m with Nil-N and lowest for Wh-m where N was 

applied, compared to all Wh-r treatments in 2015.  

Figure 3.3 Uptake of nitrogen in grain for wheat grown in monoculture (Wh-m) or rotation 

(Wh-r) under Nil-N or Applied-N treatments for each study year. Lower case letters denote 

significant differences at a crop sequence by N-application level in each year (TukeyHSD, P 

< 0.05). 
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Table 3.5 Determinants of yield for wheat under rotation (Wh-r) or monoculture (Wh-m) across 

three years. Values represent the mean of each yield component. Letters denote significant 

differences at a crop sequence by N-application level (TukeyHSD, P < 0.05). 

Year 
Crop 

sequence 
Crop type N-applied 

Plants per 

m2 

Heads per 

m2 

Seed 

weight  

mg 

Protein % 

2013 S4 Wh-r Nil-N   176 ns 253 ns   34 ns 15.1 b 

   Applied-N   170 ns 261 ns   33 ns 17.2 c 

 S7 Wh-m Nil-N   183 ns 206 ns   38 ns 10.4 a 

      Applied-N   186 ns 240 ns   33 ns 13.4 b 

2014 S6 Wh-r Nil-N   129 ns 218 ab   46 ns   10.2 ns 

   Applied-N   110 ns 311 c   41 ns   10.8 ns 

 S7 Wh-m Nil-N   106 ns 167 a   45 ns   10.7 ns 

      Applied-N   108 ns 247 bc   45 ns   10.2 ns 

2015 S5 Wh-r Nil-N   169 bc 270 ns 37 b   11.7 bc 

   Applied-N 143 a 276 ns   36 ab 12.2 c 

 S7 Wh-m Nil-N 183 c 228 ns 39 c 9.2 a 

      Applied-N   152 ab 240 ns 34 a 11.2 b 

 

Crop rotation effects on plant biomass at anthesis were only evident in 2015, while Applied-N 

increased anthesis biomass in 2014 and 2015 for both Wh-r and Wh-m (Table 3.6). In 

comparison, Applied-N increased biomass-N uptake for Wh-r in all years, and in 2014 and 2015 

for Wh-m. There was an increase in biomass-N due to crop sequence in 2013 and 2014, but only 

where N was applied. Biomass-N for Wh-m with Nil-N remained steady at 30-34 kg N ha-1; Wh-

m with Applied-N had an increasing trend; and Wh-r with Nil-N had a decreasing trend across all 

years of study. 
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Table 3.6 Plant biomass and N content (Biomass-N) at anthesis for wheat grown in either rotation 

(Wh-r) or monoculture (Wh-m). Lower case letters denote significant differences at a crop 

sequence by N-application level (TukeyHSD, P < 0.05). 

Year 
Crop 

sequence 
Crop type N-applied 

Biomass 

kg ha-1 

Biomass-N 

kg N ha-1 

2013 S4 Wh-r Nil-N   2090 ns 54 a 

   Applied-N   3220 ns 83 b 

 S7 Wh-m Nil-N   2780 ns 30 a 

      Applied-N   3650 ns 49 a 

2014 S6 Wh-r Nil-N   4200 ab   48 ab 

   Applied-N 6290 c 83 c 

 S7 Wh-m Nil-N 2960 a 30 a 

      Applied-N   5590 bc 58 b 

2015 S5 Wh-r Nil-N 1820 a 37 a 

   Applied-N 3000 b 56 b 

 S7 Wh-m Nil-N 1910 a 34 a 

      Applied-N 3080 b 65 b 

 

3.4.4 Relationship between yield components  

Rotated wheat yielded greater than monoculture on 50% of occasions in the current study, while 

25% of observations fell below the 1:1 line and indicates that there was occasionally a minor 

yield penalty for growing wheat in rotation (Figure 3.4a). In contrast, grain N uptake was 

consistently higher under Wh-r compared to Wh-m for all observations and displayed a 

significant linear relationship (R2=0.51, P<0.001) (Figure 3.4b). 

There was a strong relationship between grain N uptake and grain yield for Wh-m (R2=0.76, 

P<0.001) across all observations (Figure 3.5), whereas Wh-r only exhibited a strong relationship 

when 2014 and 2015 were considered (R2=0.91, P<0.001). From the regression analysis, a 1000 

kg ha-1 change in yield resulted in an increase in predicted grain N uptake of 16 kg N ha-1 for Wh-

r compared to 19 kg N ha-1 for Wh-m. There was no relationship between grain protein and yield, 

or grain protein and grain N uptake in the current study (data not presented). 
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3.4.5 Relationship between yield components and plant growth 

Across all observations, 55% to 58% of variation in grain yield was explained by anthesis biomass 

or biomass-N respectively, while 39% of variation in grain-N was explained by biomass-N 

(P<0.05) (Table 3.7). When the 2013 season was considered separately, anthesis biomass N 

accounted for 60% of the variation in grain protein, while soil mineral N at sowing accounted for 

25% of variation in grain N uptake and 40% of variation in grain protein.  

The break crop yield benefit varied with growing season rainfall, and was best represented using 

a curvilinear model (R2=0.58, P<0.001) (Figure 3.6). A curvilinear relationship was also observed 

between the yield benefit from N fertilisation and growing season rainfall (R2=0.78, P<0.001), 

and N uptake benefit from N fertilisation and growing season rainfall (R2=0.5, P<0.01) (data not 

presented). There was no relationship between the break crop N uptake benefit and growing 

season rainfall in the current study.  

Figure 3.4 The relationship between wheat grown in rotation (Wh-r) and monoculture (Wh-m) for 

grain yield (plot a) and grain-N uptake (plot b) based on observed values for all years of study. A 

significant relationship for grain-N is indicated by solid line (R2=0.51, P<0.001). Dashed line 

indicates a 1:1 relationship. 
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Table 3.7 The relationship between wheat grain yield attributes and anthesis biomass attributes 

and soil mineral N from sowing until anthesis in 2013 compared to all years. Values represent the 

marginal coefficient of determination (R2 for fixed effects only, P<0.05). ns = not significant. 

Parameter  Grain yield Grain N uptake Grain protein 

   2013   

Anthesis biomass ns ns 0.45 

Anthesis biomass-N ns 0.36 0.6 

Soil mineral N at sowing (0-10 cm) ns 0.25 0.4 

    All years   

Anthesis biomass 0.55 0.12 ns 

Anthesis biomass-N 0.58 0.39 ns 

Soil mineral N at sowing (0-10 cm) ns ns ns 

 

 

 

 

 

 

Figure 3.5 The relationship between grain yield and uptake of N in grain for wheat grown in 

rotation (Wh-r, plot a) and in monoculture (Wh-m, plot b). Data represents observations from 

all N application levels and years of study. Lines represent the fitted linear mixed effects model 

for Wh-r in 2014/15 observations only where R2=0.91, P<0.001 (plot a), and for Wh-m across all 

years where R2=0.76, P<0.001 (plot b). There was no relationship between grain yield and grain 

N uptake for Wh-r in 2013. 
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 Discussion 

3.5.1 Influence of crop rotation on grain yield and uptake of N 

The objective of this study was to determine how grain yield and grain N uptake can be altered 

by contrasting crop rotations under long term no-tillage and in a low growing season rainfall 

Western Australian environment. This study has shown that the grain yield benefit of growing 

wheat in break crop rotation was limited to seasons with above average growing season rainfall. 

The relatively large break crop yield benefit (1.5 t ha-1) with above average growing season 

rainfall is comparable to previous studies where wheat followed a legume break crop (Evans et 

al. 1991), and wheat following a legume-canola sequence (Evans et al. 2003b). Despite large 

increases in grain yield for wheat grown in rotation in above average years, wheat grown in 

monoculture was still able to yield similarly to wheat grown in rotation in drier years. It is 

common for wheat in rotation to yield similar to monoculture, especially in low rainfall years 

(Kirkegaard and Ryan 2014; French et al. 2015; Malik et al. 2015), and where the application of 

N fertiliser to monoculture can close the yield gap (Delroy and Bowden 1986; Rowland et al. 

1988). However, previous reviews of break crop yield benefits have established a consistent 

linear relationship across a grain yield range of 0 to 6 t ha-1 (Seymour et al. 2012; Angus et al. 

2015). In Western Australia the break crop benefit has been determined to be 0.6 t ha-1 and 0.4 

t ha-1 for wheat following legumes or canola respectively (Seymour et al. 2012). This compares 

favourably with the average break crop yield benefit across all seasons in the current study of 

0.67 t/ha, and is similar to recent studies where wheat followed canola or a grain legume. 
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The application of N fertiliser was effective in closing the yield gap between wheat grown in 

rotation and monoculture. This is consistent with previous studies where less than 50 kg N ha-1 

was applied on non-ripped treatments (Delroy and Bowden 1986), where N was the main 

limitation to grain yield and N uptake (Rowland et al. 1988), and especially where favourable 

spring conditions prevail (Kirkegaard et al. 1997). The application of N fertiliser to wheat 

monoculture produced equivalent and more reliable yield benefits than break crop rotation 

across each season. However, this comparison is made between a fertilised monoculture crop 

and an unfertilised break crop; where in practice, farmers would apply at least some N fertiliser 

to both at rates according to seasonal conditions. The role of nitrogen fertiliser historically has 

been to supplement the soil supply of N, or to address short term deficits where seasonal supply 

and demand of N are unbalanced (Angus 2001). Concerns have been raised over the 

sustainability of this approach where Applied-N fertiliser may be supplementing the soil supply 

of mineral N, but is not replacing the total amount of N being used from the soil (Angus 2001; 

Lake 2012). This can lead to a reduction in soil total N over long term cropping sequences, with 

Figure 3.6 Effect of growing season rainfall on break crop yield benefit for wheat. The 

break crop yield benefit for wheat was calculated as the yield of wheat grown in rotation 

minus the yield of wheat grown in monoculture (R2=0.58, P<0.001). 
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a decline in soil total N of 50% over 10 years of continuous cropping possible (Dalal and Mayer 

1986; Chan et al. 1992). 

There was no overall relationship between grain protein and grain N uptake or grain yield in the 

current study. The variation in grain protein between crop sequences was influenced by soil 

mineral N at sowing in 2013 (R2=0.4), supporting previous work that soil mineral N at sowing can 

account for 28% to 51% of the variation in grain protein (Evans et al. 2003b). Grain protein also 

varied between crop sequences in 2015 where low rainfall during grain fill are most likely the 

cause of high grain protein and low seed weight for wheat grown in monoculture, consistent 

with symptoms of ‘haying off’ (van Herwaarden et al. 1998a; Kirkegaard and Ryan 2014). 

Variable responses of grain protein to crop rotation were also found in previous studies where 

wheat followed canola (Kirkegaard et al. 1994b; French et al. 2015), but grain protein is mostly 

higher where wheat follows a legume (Evans et al. 1991; French et al. 2015).  

Seasonal factors influencing break crop yield benefit 

Haying off is a commonly cited reason for a reduction in break crop yield benefit between 

seasons (Angus et al. 1998; Kirkegaard and Ryan 2014; French et al. 2015; Malik et al. 2015).  

Haying off occurs where; increased soil mineral N supply leads to high anthesis biomass, 

coinciding with low rainfall during grain-fill, and leading to low seed weight and high grain 

protein (van Herwaarden et al. 1998a; Kirkegaard and Ryan 2014). In the current study, average 

to above average rainfall in September and October of 2013 and 2014 during grain-fill reduced 

the potential for haying off to occur (Kirkegaard and Ryan 2014). In 2015, rainfall was very low 

during grain-fill in September and October, leading to higher grain protein and lower seed 

weight for wheat grown in monoculture compared to rotation. A higher rate of N fertiliser was 

applied to Wh-m compared to Wh-r in 2015, and is a likely reason why Wh-r did not exhibit 

similar changes in seed weight, considering the similar number of plants and anthesis biomass 

compared for Wh-r compared to Wh-m. This is in contrast to previous studies where wheat 

grown in break crop rotation was more likely to hay off rather than monoculture due to an 
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increased soil supply of N under break crop rotation (Kirkegaard and Ryan 2014). This study 

highlights that applying N fertiliser to wheat grown in monoculture to close the yield gap with 

wheat grown in rotation can have negative effects in dry seasons. 

While the break crop yield benefit varied across seasons, grain N uptake was higher for wheat 

in rotation and for Applied-N treatments across all seasons. This is consistent with previous 

studies where wheat followed canola (Kirkegaard et al. 1994b; French et al. 2015), or followed 

a legume (Delroy and Bowden 1986; Evans et al. 1991; French et al. 2015) compared to wheat 

following wheat. Grain N uptake was also higher where wheat was grown following a legume-

canola sequence compared to monoculture (Evans et al. 2003b), or where N fertilisation rates 

up to 50 kg N ha-1 were applied to wheat-wheat and lupin-wheat treatments in the Western 

Australian low rainfall environment (Delroy and Bowden 1986).  Evans et al. (2003b) concluded 

that soil mineral N at sowing was a large driver of grain yield and grain N uptake, based on the 

strong relationship between total plant N uptake (biomass and grain) and grain yield for legume-

canola-wheat (R2=0.94) and wheat-wheat-wheat (R2=0.89) treatments, and on the strong 

correlation between soil mineral N at sowing and grain yield and protein. The results of the 

current study support the relationship between grain N uptake and grain yield for Wh-r (R2=0.91) 

and Wh-m (R2=0.76), but was found where soil mineral N at sowing was low, and where there 

was no relationship between grain yield or grain N uptake and soil mineral N at sowing. The 

current study, and that of Evans et al. (2003b), use soil mineral N at sowing to attempt to explain 

the variability in grain yield and grain N uptake, however Angus et al. (1998) found that wheat 

crops yielding less than 3 t ha were more reliant on growing season mineralisation rather than 

soil mineral N at sowing for their N requirements. The quantification of soil N supply during the 

season along with soil mineral N at sowing may give a better relationship between soil mineral 

N supply and grain yield or N uptake. Where soil mineral N was high at sowing under wheat in 

rotation in 2013, the poor relationship between grain yield and grain N uptake indicates that 

biotic factors other than N availability were potentially limiting grain N uptake. Root diseases 

such as Take-all and Crown rot have been shown to reduce wheat grain yield and N uptake in 
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Eastern Australia (Kirkegaard et al. 1994a; Kirkegaard et al. 1994b; Smith et al. 2004), however, 

these root diseases are less prevalent in Western Australia (French et al. 2015; Malik et al. 2015) 

and are assumed to have little effect in the current study. 

In the range of growing season rainfall observed in this study, there was a significant curvilinear 

relationship between break crop yield benefit and growing season rainfall. It is suggested that 

the break crop yield benefit increases only when growing season rainfall is above average. This 

response is broadly supported by previous studies where the break crop yield benefit is reduced 

under low growing season rainfall, and increased with higher growing season rainfall (Kirkegaard 

and Ryan 2014; French et al. 2015; Malik et al. 2015). The data presented for this curvilinear 

model is limited in the number of yield observations (n=18), particularly in years of above 

average growing season rainfall. The use of a larger dataset, such as that collected by Seymour 

et al. (2012) may provide a better insight into the break crop yield benefit in Western Australia 

where rainfall is categorised as below average, average or above average.  

3.5.2 Conclusion 

Under long-term no-tillage in Western Australia, the benefit of growing wheat in rotation was 

greatly dependant on the amount of growing season rainfall. However, the application of N 

fertiliser was successful in reducing the yield gap between wheat grown in rotation and 

monoculture regardless of growing season rainfall. The value of break crop yield benefit was 

similar in all years to N fertilisation yield benefit, and ranged from 0 to 1.5 t ha-1.  Uptake of N 

was influenced by crop rotation and N fertilisation in all years, while grain protein was influenced 

more by conditions during the season. It was concluded that the benefit of break crop rotation 

in the current study was related to the supply of N rather than the control of root diseases, 

however, root disease effects did not have a noticeable impact in the current study. Future work 

to quantify the effect of root disease on the supply and uptake of N by wheat under long-term 

monocultures would give a clearer view of the long-term productive capacity of wheat 

monoculture compared to rotation under long-term no-tillage in Western Australia.
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 Crop rotation has limited effect on crop residue dynamics under 

long-term no-tillage.  

 Abstract 

Crop residue present under long-term no-tillage has a high level of heterogeneity as it is 

comprised of many years’ worth of different crop residue types decomposing together in a 

mixture on the soil surface. Previous field studies in a Mediterranean environment have 

focussed on the decomposition of individual crop residue types, which does not reflect the 

temporal crop residue dynamics found under no-tillage. The objective of this study was to 

determine the effect of crop rotation on the changes in biomass and biomass N content for two 

contrasting crop rotations under long-term no-tillage. Crop residue was sampled from a wheat-

chickpea-canola rotation and a wheat monoculture at a replicated long-term no-tillage field site 

during the period from sowing in May 2013 until sowing in 2016 to give three consecutive years 

of winter and summer changes in crop residue biomass and biomass-N. Compared to previous 

studies, the temporal mixing of crop residue had little effect on the changes in biomass and 

biomass-N for wheat residue in both rotation and in monoculture. Legume residue increased 

the concentration of N and lowered the C:N ratio of crop residue, but its influence was limited 

to the year following harvest only. There were no consistent crop rotation effects on the change 

in crop residue biomass or biomass-N. The largest reduction in crop residue biomass and 

biomass-N occurred in winter in each year, with significant changes for both crop rotations 

occurring in summer after high summer rainfall. The loss of biomass and biomass-N in winter 

was strongly related to the amount of N in the biomass at sowing, rather than the C:N ratio. We 

identified that the number of summer rainfall events greater than 10 mm accounted for 68% of 

the variability in crop residue biomass-N loss. Although we suggest that immobilisation of N in 

crop residue following significant summer rainfall events is a likely reason for this, further work 

is required to validate this conclusion. 
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 Introduction 

Crop residue retained after harvest forms an important pathway in which nutrients previously 

acquired from the soil by crops are recycled back into soil system (Chen et al. 2014). In a no-

tillage system, crop residue is retained in-situ on the soil surface and with no incorporation into 

the soil profile (Schoenau and Campbell 1996). This is in direct contrast to other crop residue 

management systems where crop residue is either burnt, removed, or incorporated into the soil. 

This fundamental change in residue management can reduce the rate of decomposition 

(Schomberg et al. 1994), alter composition of microbial communities (Gupta 2010), and the 

subsequent release of N from crop residue under long-term no-tillage (Schoenau and Campbell 

1996). 

In the Mediterranean environment of Western Australia, winter dominant rainfall dictates that 

only one crop is grown per year, with the crop residue being deposited following harvest in 

spring. Crop residue can decompose at any time of the year when optimum soil moisture and 

temperature conditions are met for microbial decomposer activity (Schomberg et al. 1994; 

Sparling et al. 1995; van Vliet et al. 2000). Following the placement of crop residue in the field 

at the start of summer, van Vliet et al. (2000) found that the loss of crop residue mass during 

the summer period only occurred after significant rainfall events. Sparling et al. (1995) found 

that less than 13% of N was lost during summer from crop residue as the soil dries rapidly 

following rainfall. Decomposition of crop residue during winter results in a greater loss in mass 

and the reduction of N compared to summer due to more sustained microbial decomposer 

activity (van Vliet et al. 2000). The decomposition of crop residue is also incomplete in each year, 

with a significant amount of crop residue C and N remaining after periods as long as two years 

(Amato et al. 1987). However, it has not previously been shown how this temporal accumulation 

affects the mass and N loss of crop residue under long-term no-tillage. 

Differences in the rate of decomposition between crop residue types are often attributed to 

their varying chemical composition (Bremer and van Kessel 1992; McDaniel et al. 2014; Redin et 
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al. 2014). The largest influence on the decomposition of crop residue is the carbon to nitrogen 

(C:N) ratio, with differences between residue types driven largely by changes in the 

concentration of N rather than changes in the concentration of C (Bremer and van Kessel 1992; 

Schomberg et al. 1994; Schoenau and Campbell 1996; Nicolardot et al. 2001; Redin et al. 2014). 

For example, wheat residue N concentration can vary from 9.4 g kg-1 at a C:N ratio of 43.1 

(Bremer and van Kessel 1992), to an N concentration of 4 to 5.06 g kg-1 where the C:N ratio is 97 

to 105 (Soon and Arshad 2002), and even a C:N ratio of 211 (van Vliet et al. 2000). In all cases 

though, the C:N ratio of legume crop residues were significantly less than their respective wheat 

comparisons, although they varied from 31 to 67. Crop residue with a C:N ratio below 30 readily 

mineralise and provide surplus N to the soil (Bremer and van Kessel 1992; Schoenau and 

Campbell 1996). Where C:N ratio is above 30, the availability of N becomes a greater limitation 

to the decomposition of crop residue compared to the C:N ratio (Schomberg et al. 1994; Mary 

et al. 1996). Crop residue with C:N ratio greater than 44 are more likely to induce long term 

immobilisation of N from the soil, severely limiting decomposition (Chen et al. 2014).  

While the effects of single types of crop residue on decomposition processes are well 

understood, the effect of mixed crop residue is less clear. Redin et al. (2014) studied the effects 

of crop residue from 25 different crop species, separated into leaves, stems, and stems + leaves 

to simulate varying chemical compositions, and incubated these samples with soil from a high 

rainfall sub-tropical soil in Brazil for 120 days. It was found that the amount of C mineralised was 

influenced by the initial chemical composition (eg. cellulose, hemi-cellulose) of the crop residue, 

whereas the amount of N mineralised was influenced more by the availability of N. Further, 

Thippayarugs et al. (2008) found that the decomposition of residue mixtures of plant 

components (stem, leaves, roots) from peanut, pigeon pea or hairy indigo were influenced by 

the C:N ratio and N concentration of the mixture, with high N residue decomposing faster when 

incorporated in to the soil. However, this influence has not been tested in the Mediterranean 

environment of Western Australia where there is an accumulation of a mix of crop residue types 

on the soil surface under long term no-tillage. Therefore, the objective of this study was to 
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quantify the temporal change in crop residue quantity and amount of N for two contrasting crop 

rotations under long term no-tillage with different levels of N fertilisation in Western Australia. 

It was hypothesized that the loss of N from crop residue under long term no-tillage is governed 

by the concentration of N in the mixed crop residue, and by seasonal factors.  

 Materials and methods 

4.3.1 Site and treatment description 

This study primarily focuses on the change in the composition of crop residue under two 

contrasting crop rotations in a long-term no-tillage field experiment. The randomised block 

complete block design experiment with 3 replications was set up in 2007, and this study reports 

on data collected from 2013 – 2015, in the third cycle of crop rotation (Flower et al. 2012a; Ward 

et al. 2012). Four crop rotations (P1 – P4) of varying crop species diversity were set up in 2007 

with a plot size of 36 m x 80 m, and high and low crop residue split plots were added in 2010 

(plot size 18 m x 80 m).  

This study compares two crop rotations at the field site in the high crop residue split plot that 

have the greatest contrast in crop types and mix of residues; the P2 ‘diverse’ crop rotation of 

wheat/chickpea/canola, and the P3 ‘wheat monoculture’. All crops in the rotation were present 

in each year, with the original crop sequence designations (S4-S7) retained and outlined in Table 

4.1. Split plots of +/- nitrogen were established in 2013 at the start of this study, however, results 

are not presented in this paper as no significant nitrogen effects were observed. Crops were 

seeded at 30 cm row spacing using no-tillage seeding machinery (NDF SA550 disc openers) and 

GPS guidance to achieve inter-row sowing. Crop residue was retained in-situ after harvest, with 

the aim to spread the crop residue to the full swath width of the harvester. For clarity, crop 

residue type refers to the most recent crop residue type to be deposited on the soil surface, and 

changes each year following harvest for each crop sequence (Table 4.1).  
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Table 4.1 Description of the most recent crop residue type present at sowing in each year for each 

of the four crop sequences in this study. Crop residue was added to the soil surface during the 

harvesting process in the previous year. 

Rotation Philosophy/sequence 2013 2014 2015 

‘Diverse’ P2/S4 Canola Wheat Chickpea 

 P2/S5 Wheat Chickpea Canola 

 P2/S6 Field pea Canola Wheat 

‘Monoculture’ P3/S7 Wheat Wheat Wheat 

 

4.3.2 Crop residue measurement and analysis 

Crop residue characteristics were measured prior to sowing, at anthesis, and post-harvest in all 

years on the dates outlined in Table 4.2. Crop residue was sampled using a 0.33 m by 0.33 m 

quadrat to cut 0.1m2 samples, while crop biomass at maturity (2015 only) was sampled by 

cutting 50cm of two adjacent crop rows (equivalent 1 metre crop row). Samples were taken in 

triplicate and bulked together to form one sample for each plot. Crop residue biomass was 

determined by drying samples at 60°C for 72 hours before weighing and converting to a per 

hectare basis. The samples were then coarsely ground and homogenised, with a 5 gram sub 

sample being finely ground and retained for analysis. Crop residue N concentration was 

determined on sub-samples using a DUMAS combustion CHN analyser (varioMacro, GmbH, 

Hanau, Germany) using method 6B2b for total carbon and method 7A5 for total nitrogen 

(Rayment and Lyons 2010). Crop residue C:N ratio was calculated as part of this analysis. All crop 

residue samples were adjusted for ash content by burning a 1 gram sub sample at 550°C for two 

hours using method 6G1 from Rayment and Lyons (2010) to account for soil contamination 

(Schomberg et al. 1994). Crop residue biomass-N was derived from crop residue biomass and N 

concentration measurements. The change in crop residue during the year was calculated for the 

summer (post-harvest to next sowing), winter (sowing to anthesis), and harvest (anthesis to 

post-harvest) periods. 
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Table 4.2 Date of sampling for sowing, anthesis and post-harvest measurements for the period of 

study from sowing in May in 2013 until sowing in May in 2016. nd = not determined 

Year Sowing Anthesis Post-harvest 

2013 15 May 02 Sep 10 Dec 

2014 02 May 09 Sep 08 Dec 

2015 28 Apr 24 Aug 07 Dec 

2016 30 Apr nd nd 

 

Daily rainfall was measured using an on-site tipping bucket rain gauge at hourly intervals, and 

validated using the recorded rainfall from the nearby Cunderdin weather station less than 2 km 

away (Ward et al. 2012). The number of significant rainfall events were calculated where at least 

10 mm of rainfall fell over 2 consecutive days. 

4.3.3 Statistical analyses 

Data were analysed using the R statistical program (R Core Team 2015). The package ‘nlme’ 

(Pinheiro et. al 2016) was used to fit a mixed effects model for each year, with fixed effects for 

crop sequence, and random effects for split-plot nested within main-plot nested within block. 

The restricted maximum likelihood (REML) approach was used for estimation, and F-tests for 

evaluating statistical significance of effects.  Where statistical significance (P<0.05) of effects was 

detected, Tukey HSD comparisons were used to identify differences between individual 

treatments, and the ‘predictmeans’ package (Dongwen et al. 2014) was used to calculate the 

least significant differences (l.s.d) where displayed., Data was log-transformed for analysis 

where required to conform to model assumptions of homoscedasticity, with back-transformed 

means presented in the results. 

Regression analysis was conducted using a mixed effects model to explore the relationship 

between crop residue biomass or biomass-N, and the relationship with rainfall, soil mineral N 

(0-10 cm soil depth) and crop residue N concentration at sowing. Random effects were assigned 
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as split-plot nested within main-plot nested within block. The marginal coefficient of 

determination (R2) is reported in this paper, with values generated from the ‘piecewiseSEM’ 

package (Lefcheck 2015); this represents a conservative measure of the goodness of fit for the 

model based on fixed effects only. The less conservative goodness of fit based on fixed and 

random effects (conditional coefficient of determination) is not reported in this paper. 

 

Table 4.3 Soil mineral N levels in the 0 – 10 cm depth at sowing, anthesis, and post-harvest in each 

year. The mean values for each sample time are presented as there were no significant differences 

between treatments. 

  Sowing Anthesis Post-harvest 

Year All values expressed as kg N ha-1 

2013 31 5 12 

2014 16 9 nd 

2015 34 7 19 

 

 Results 

4.4.1 Seasonal factors 

The total amount of rainfall for the 2012 summer period between harvest in December 2012 

and sowing in May 2013 was 110 mm, compared to 75 mm, 49 mm and 172 mm for the summer 

period in 2013, 2014 and 2015 respectively (Table 4.4). Rainfall for the winter period between 

sowing and anthesis was less variable, with observed rainfall of 103 mm in 2013, 148 mm in 

2014, and 142 mm in 2015. There were 6 significant rainfall events during summer in 2015 

compared to only 1 and 2 days for 2013 and 2014 respectively, while significant rainfall events 

in the winter period were 4, 7 and 5 for 2013, 2014, and 2015 respectively. Mean soil 

temperature in 2013, after commencing measurement in July, was lower in September and 
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higher in November compared to following years (Figure 4.1). Soil temperature was higher from 

January to April in 2014 and lower in July compared to observations in 2015. It was warmer in 

October and cooler in December for 2015 compared to other years.  

 

Table 4.4 Rainfall for the summer and winter periods from harvest in 2012 until sowing in 2016. 

The winter period represents sowing to anthesis, while summer period represents the following 

harvest to next sowing period. Significant rainfall events represent where at least 10 mm of rain 

fell over two consecutive days. The dates for sowing, anthesis, and harvest is presented in Table 

4.2. nd = not determined. 

Year Winter (sowing to anthesis) Summer (harvest to next sowing) 

  Total rainfall (mm) 
Significant 

rainfall events 
Total rainfall (mm) 

Significant 

rainfall events 

2012 nd nd 110 5 

2013 103 4 75 1 

2014 148 7 49 2 

2015 142 5 172 6 

 

4.4.2 Changes in crop residue biomass and biomass-N 

Residue biomass across all crop sequences was lowest at anthesis, and highest after harvest 

following the addition of crop residue (Figure 4.2, upper plot). Generally, the greatest decrease 

in residue biomass occurred during the winter period, with generally insignificant changes in the 

summer period. There were significant differences in residue biomass between crop sequences 

at sowing in each year, however, no consistent effects due to crop residue type were observed. 

Differences in biomass at sowing in 2014 and 2015 were not evident at the previous harvest in 

2013 and 2014 (harvest 2012 data not available). Monoculture wheat and rotated wheat were 

similar in biomass at each sample time in each year (S7 vs S5 in 2013, S4 in 2014, and S6 in 2015). 

There were no differences between crop sequences for measurements taken at anthesis and 
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post-harvest across all years, with the exception of anthesis in 2015, where biomass was low for 

all treatments and differences were minor compared to the variation observed across all sample 

times. The addition of crop residue at harvest resulted in a similar increase in biomass and 

biomass-N for each crop sequence, although between each season the percentage of crop 

residue deposited at harvest varied between 39 and 89% depending on the levels of crop residue 

present prior to harvest (Figure 4.2, upper plot). 

 Similar to residue biomass, there were very few differences in residue biomass-N for each crop 

sequence (Figure 4.2, lower plot). At sowing in 2014, biomass-N was higher for crop sequence 

S5 where the most recent crop residue was chickpea, which was mostly due to having a higher 

residue biomass following harvest (Figure 4.2, upper plot). Canola had a similar post-harvest 

biomass-N in 2013 as chickpea, however, canola was significantly lower at sowing in 2014, 

resulting in a significant amount of N being lost from the biomass (Appendix B). Monoculture 

wheat residue (S7) had similar biomass-N compared to rotated wheat residue from rotation 

across all sample times. The addition of crop residue at harvest led to an increase of 40-87% in 

biomass-N that varied with each season, and was not affected by the most recent crop residue 

type (Appendix C). 
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Figure 4.1 Mean monthly soil temperature at 5 cm soil depth for the Cunderdin site. 

Observations commenced July 2013 and finished in December 2015. No differences were 

observed between treatments, and so the overall mean monthly values are presented. 

Error bars denote least significant differences (LSD, P<0.05) for the monthly mean, ns = no 

significant difference. 
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Figure 4.2 The change in crop residue biomass (upper) and biomass-N (lower) for crop sequences S4 - S7 across 2013-15 seasons. Geometric means are shown as data was 

log-transformed for analysis to meet homoscedasticity assumptions.  Lower case letters denote significant differences between treatments (P<0.05), ns = no significant 

difference. 
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4.4.3 Influence of C:N ratio and N concentration on biomass-N 

The carbon to nitrogen (C:N) ratio of crop residue was influenced significantly by the most recent 

crop residue type to be added, with field pea (2013) and chickpea (2014 and 2015) consistently 

having the lowest biomass C:N ratio of all crop residue types (Table 4.5). The effect of legume 

crop residue to lower the C:N ratio was limited to one year, with the C:N ratio increasing at the 

next harvest with the addition of canola residue. Canola residue C:N ratio was similar to chickpea 

or field pea at sowing, and similar to rotated wheat residue at anthesis in 2013 and 2014, 

although at anthesis in 2014, both rotated wheat and canola were similar to chickpea residue. 

Following a large increase in C:N ratio following harvest in 2014, canola residue in 2015 was 

similar to rotated wheat throughout the year until after harvest, when canola residue tended to 

be similar to chickpea residue again. The C:N ratio under monoculture wheat was consistently 

highest or equal-highest with rotated wheat residue (and canola residue when it was similar to 

rotated wheat). 

There were significant effects of the most recent crop residue type on the concentration of N in 

the crop residue (residue-N), with field pea (2013) and chickpea (2014 and 2015) residue 

consistently having the highest or equal highest residue-N, and wheat residue having the lowest 

or equal lowest (Table 4.6). Canola residue-N was similar to rotated wheat residue-N in all 

comparisons except for post-harvest in 2015. Rotated wheat and monoculture wheat residue-N 

was similar at all sample times except post-harvest in 2013 where residue-N was higher under 

rotation and at anthesis in 2014. Mean residue-N showed a decreasing trend across each sample 

time during the period of study, to be significantly lower post-harvest in 2015 (5 g N kg-1) 

compared to sowing in 2013 (9 g N kg-1). In contrast, crop residue C concentration did not alter 

significantly during the period of study, and there no consistent effects of the most recent crop 

residue type (Appendix C). 
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Table 4.5.  The carbon to nitrogen (C:N) ratio for each crop sequence at sowing, anthesis and post-

harvest in each year. Note: Harvest represents the time when new crop residue (from the crop 

grown in that season) is added to the existing residue and this carries on to sowing the following 

year Geometric means are shown as data was log-transformed for analysis to meet 

homoscedasticity assumptions. Lower case letters denote significant differences between crop 

sequences at each sample time (TukeyHSD, P<0.05). 

Year 
Crop 

sequence 

Crop residue 

type at 

sowing 

Sowing Anthesis 

Crop residue 

type post-

harvest 

Post-harvest 

2013 S4 Canola 37 a 58 b 
Rotated 

wheat 
54 b 

  S5 
Rotated 

wheat 
46 b 55 b Chickpea 37 a 

  S6 Field pea 35 a 37 a Canola 42 a 

  S7 
Monoculture 

wheat 
47 b 56 b 

Monoculture 

wheat 
67 c 

2014 S4 
Rotated 

wheat 
71 bc 57 a Chickpea 41 a 

  S5 Chickpea 52 a 45 a Canola 72 b 

  S6 Canola 58 ab 49 a 
Rotated 

wheat 
81 b 

  S7 
Monoculture 

wheat 
83 c 78 b 

Monoculture 

wheat 
83 b 

2015 S4 Chickpea 33 a 38 a Canola 64 ab 

  S5 Canola 61 b 56 b 
Rotated 

wheat 
77 bc 

  S6 
Rotated 

wheat 
64 b 73 b Chickpea 52 a 

  S7 
Monoculture 

wheat 
67 b 64 b 

Monoculture 

wheat 
83 c 
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Table 4.6 Crop residue N concentration (mg N kg-1) for each crop sequence. Geometric means are shown as data was log-transformed for analysis to meet homoscedasticity 

assumptions. Upper case letter denote significant first order effects (TukeyHSD, P<0.05), lower case letters denote significant differences between crop residue for each 

sample time. 

Year Crop sequence Crop residue at sowing Sowing Anthesis Crop residue following 

harvest 

Post-harvest 

2013 S4 Canola 10.6 b 6.4 a Rotated wheat 7.7 b 

 S5 Rotated wheat 9 ab 7 a Chickpea 7.9 b 

 S6 Field pea 9.4 ab 10.5 b Canola 8.9 b 

 S7 Monoculture wheat 8 a 7.1 a Monoculture wheat 5.9 a 

 mean  9 D 8 CD  8 C 

2014 S4 Rotated wheat 5.9 ab 7.1 b Chickpea 9.8 b 

 S5 Chickpea 7.9 c 8.1 b Canola 5.8 a 

 S6 Canola 7.1 bc 7.1 b Rotated wheat 4.7 a 

 S7 Monoculture wheat 5 a 5.2 a Monoculture wheat 4.5 a 

 mean  6 BC 7 BC  6 AB 

2015 S4 Chickpea 11.2 b 8.8 b Canola 6.1 b 

 S5 Canola 5.9 a 5.6 a Rotated wheat 4.6 a 

 S6 Rotated wheat 5.7 a 4.1 a Chickpea 5.9 b 

 S7 Monoculture wheat 5.2 a 5 a Monoculture wheat 4.1 a 

 mean  7 BC 6 AB  5 A 
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4.4.4 Drivers of changes in biomass-N 

The reduction in residue biomass-N during the winter period (sowing to anthesis) was strongly 

related to the amount of N in the biomass at sowing across all years in this study (R2=0.9, P<0.05, 

Table 4.7). The inclusion of crop sequence, soil mineral N at sowing (Table 4.3), and the total 

amount of winter rainfall in the fitted mixed effects model explained a further 4% of the 

variation in biomass-N (R2=0.94, P<0.05, data not presented). In contrast, the C:N ratio of the 

crop residue at sowing had only a weak relationship with the reduction in biomass and biomass-

N during the winter period (R2 =0.16 and R2= 0.34 respectively, P<0.05). The total winter period 

rainfall explained 70% of the variation in the reduction of biomass-N during winter, while the 

number of significant winter rainfall events explained less variability (R2=0.44, P<0.05, Table 4.7). 

Interestingly, the number of significant rainfall events during the summer period explained 68% 

of the variability in biomass-N reduction during following winter period, whereas total summer 

period rainfall explained less variability (R2=0.52, P<0.05).  

 

Table 4.7 Relationship between the reduction in biomass or biomass-N during winter, and 

individual crop residue, soil moisture and rainfall parameters at sowing. Significant rainfall events 

represents where at least 10 mm of rainfall fell over 2 consecutive days. The summer period 

precedes the winter period for this analysis. Values represent the marginal R2 (fixed effects only) 

for each relationship where P<0.05. ns = no significant difference. 

Parameter Δ Biomass Δ Biomass-N 

Crop residue at sowing (kg ha-1) 0.78 0.71 

Crop residue N at sowing (kg N ha-1) 0.65 0.9 

Crop residue C:N ratio at sowing 0.16 0.37 

Soil mineral N at sowing (kg N ha-1) ns ns 

Total winter period rainfall (mm) 0.55 0.7 

Total summer period rainfall (mm) 0.4 0.52 

Significant winter rainfall events 0.36 0.44 

Significant summer rainfall events 0.54 0.68 
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 Discussion 

4.5.1 Influence of crop residue type 

This study demonstrates that the mixing of crop residue under long term no-tillage results in 

similar crop residue biomass and biomass-N dynamics for two crop rotations of contrasting crop 

residue diversity. The influence of legume residue in rotation to alter the characteristics of crop 

residue were short-lived under the diverse crop rotation. The inclusion of legume residue 

increased the concentration of N, and consequently reduced the C:N ratio of crop residue 

relative to rotated wheat residue. This effect though, was restricted to the year following the 

harvest of the legume in the diverse rotation, and did not influence the changes in biomass and 

biomass-N during the following winter period where changes in biomass and biomass-N were 

greatest. It was expected that legume residue would increase the loss of N from crop residue, 

based on previous work by Cookson et al. (1998), who found nearly twice the amount of biomass 

loss in lupin residue with a C:N ratio of 21.4 compared to wheat residue with a C:N ratio of 67.8. 

Amato et al. (1987) found that legume pasture species with a C:N ratio of less than 14 lost a 

greater amount of biomass-N compared to wheat residue with a C:N ratio of 73. The C:N ratio 

of crop residue in the current study, however, varied between 33 and 52 following the addition 

of legume residue. Bremer and van Kessel (1992) found that lentil residue with a C:N ratio of 31 

mineralised similar amounts of N as wheat residue with a C:N ratio of 43. In mixtures of plant 

components (stems, leaves, stems + leaves) from different species collected in a single year, 

Redin et al. (2014) demonstrated that the decomposition of crop residue based on a mix of plant 

components and species are governed by the average chemical composition, rather than the 

heterogeneity of plant mixes. Therefore, the inability of legume residue to change the biomass 

and biomass-N of the crop residue is most likely due to not sufficiently lowering the C:N ratio 

enough to allow more rapid decomposition of crop residue. 

There were no consistent effects of crop residue type on the amount of biomass deposited at 

harvest in each year. Crop residue deposited after harvest accounted for 39-89% of biomass, 



63 
 

with higher values in the current study associated with the deposition of wheat or canola residue 

following harvest. This indicates that 11-61% of crop biomass was present from previous years.  

Previous work with wheat residue that showed 32-47% of biomass remained in litterbags on the 

soil surface after one year (Schomberg et al. 1994), and 40-60% of labelled 14C remained after 

one year on average at 10 sites across southern Australia (Amato et al. 1987). Cookson et al. 

(1998) found that 38% of crop residue biomass was lost after 90 days when buried in litterbags, 

however the faster rate of decomposition was likely due to the burial of crop residue, which can 

increase the rate of decomposition (Schomberg et al. 1994; Schoenau and Campbell 1996).  

The presence of previous years’ crop residue did not alter the characteristics of the crop residue 

under monoculture wheat compared to previous studies of wheat residue where the 

differentiation has not been made between the source of wheat crop residue (i.e. from 

monoculture or rotation). The C:N ratio of crop residue under wheat monoculture varied 

between 47 and 83 and is consistent with previous studies where there was no temporal 

accumulation of wheat crop residue (Amato et al. 1987; Bremer and van Kessel 1992; Cookson 

et al. 1998). The concentration of N in the mixed crop residue varied between 4.1 and 8 mg N 

kg-1 and agrees with the range of previously published wheat crop residue N concentration 

values (Schomberg et al. 1994; Cookson et al. 1998). Crop growing conditions prior to harvest in 

each season can influence crop residue heterogeneity in monoculture wheat in the absence of 

differing crop species. From this, it is concluded that the temporal accumulation of crop residue 

has little effect on the characteristics of crop residue for monoculture wheat under long term 

no-tillage. 

4.5.2 Crop residue N content as the limiting factor for decomposition 

The decomposition of crop residue and loss of biomass-N was driven primarily by a strong 

relationship with the amount of N in biomass at sowing (R2=0.9). Soon and Arshad (2002) found 

a strong relationship between both the biomass-N and C:N ratio of crop residue, while Redin et 

al. (2014) highlighted that the mineralisation of N from crop residue was driven by biomass N. 
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Schomberg et al. (1994) found that biomass-N limited decomposition where the C:N ratio was 

above 33. Across all observations in the current study, the C:N ratio of crop residue varied 

between 33 and 82, and there were only 6 observations (out of 36) that were below 44. Where 

the crop residue C:N ratio is higher than 44, biomass-N is considered a stronger limitation to 

decomposition compared to the biomass C:N ratio (Chen et al. 2014).  

Despite biomass-N being a significant driver of decomposition, there was little effect of N from 

sources external to the crop residue on the loss of biomass-N in the current study. Soil mineral 

N levels, which were mostly low and similar between crop sequences in each year, may have 

had no effect as low soil mineral N levels may have been limiting crop residue decomposition 

across all treatments in all years (Mary et al. 1996). The current study also covers a period where 

residue-N concentration was in gradual decline across all treatments from sowing in 2013 to 

harvest in 2015, indicating that the availability of N was becoming scarce. While the rate of 

decomposition of crop residue is often faster for soil incorporated residue (Cookson et al. 1998), 

low soil mineral N levels can also decrease the rate of decomposition of soil incorporated crop 

residue (Watkins and Barraclough 1996). N fertilisation also had no effect on biomass or 

biomass-N levels in the current study, despite being previously shown to increase crop residue 

biomass loss and N mineralisation (Soon and Arshad 2002), and to also increase short term 

immobilisation of N following application (Bremer and van Kessel 1992).  

4.5.3 Seasonal rainfall influences crop residue decomposition 

Crop residue decomposition was greatest in the winter period and was influenced by the total 

amount of rainfall during winter, as well as the number of significant rainfall events in the 

preceding summer period. Winter rainfall has previously been established as a driver of 

decomposition in Southern Australia (Amato et al. 1987), rather than the number of significant 

winter rainfall events. Consistently wet conditions found in winter are conducive to prolonged 

microbial activity that increases the colonization of crop residue by microbial decomposers (van 

Vliet et al. 2000). This scenario can lead to more consistent rates of crop residue decomposition 
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(Schomberg et al. 1994; Sparling et al. 1995; van Vliet et al. 2000). Consistently wet conditions 

may be more important for crop residue decomposition under no-tillage as the crop residue 

remains on the soil surface where fluctuations in moisture and temperature are greatest 

(Schomberg et al. 1994), and crop residue moisture content takes longer to increase following 

rainfall than where crop residue is buried in the soil (van Vliet et al. 2000). 

Significant summer rainfall events, as opposed to the total amount of rainfall, are more related 

to the decomposition of crop residue in summer as the soil surface dries rapidly and limits 

decomposer activity (Sparling et al. 1995; van Vliet et al. 2000). Field studies of crop residue 

decomposition in Western Australia during summer indicate a mass loss of 10% following each 

significant rainfall event for wheat and lupin residue (van Vliet et al. 2000), while one significant 

rainfall event led to less than 13% of crop residue N being lost over a 6 day laboratory incubation 

(Sparling et al. 1995). It is likely that where there were only 1 to 2 significant rainfall events 

during the summer period, there was a temporary increase in microbial and decomposer activity 

in the crop residue, which can lead to immobilisation of N in high C:N ratio residue. This was 

demonstrated by van Vliet et al. (2000), who showed that the percentage of N remaining in the 

crop residue was 80% for lupin and 105% for wheat residue. With the absence of further 

significant rainfall, this immobilised N can remain in the crop residue after desiccation of the 

decomposer fauna (Schomberg et al. 1994; van Vliet et al. 2000). Subsequent significant rainfall 

events then have the potential to leach this N from the crop residue, and is a likely reason why 

there was a higher amount of biomass-N lost from crop residue during the summer period where 

there was 6 significant rainfall events. In contrast, 1 or 2 rainfall events greater than 10 mm may 

have been sufficient to cause immobilisation of N by decomposer activity, but not leach N from 

the crop residue. Therefore, biomass-N loss could be enhanced during winter where rainfall 

could rapidly leach the summer immobilised N, and is supported by summer rainfall being 

related to biomass-N loss during winter. Further work on the relationship between summer and 

winter decomposition of crop residue under no-tillage would clarify whether a small number of 

significant rainfall events can enhance winter decomposition of crop residue. 
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4.5.4 Conclusion 

This study has demonstrated that crop residue under no-tillage is comprised of many years’ 

worth of crop residue that are decomposing together on the soil surface. The addition of legume 

residue can lower the C:N ratio  and increase the concentration of N in the crop residue, 

however, this influence only lasted for one year following the addition of legume residue at 

harvest. This study also highlighted that the largest change in crop residue occurred in winter as 

opposed to summer, and only under high summer rainfall were there substantial changes in 

residue biomass-N during summer. There was also evidence of enhanced changes in crop 

residue occurring in winter as a result of summer rainfall, however, more work to validate the 

mechanism of this is necessary. In the absence of large differences in C:N ratio, the amount of 

N in crop residue was a large driver of the loss of crop residue N for both crop rotations under 

no-tillage. The availability of N for crop residue decomposition was identified to be a likely 

limiting factor for both crop rotations in a period where crop residue N concentration was in 

decline. Further work is still required to clarify the relationship between N availability and crop 

residue decomposition under long-term no-tillage. 
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 Growing season mineralisation of N in soil is similar for wheat 

grown in rotation and monoculture under long term no-tillage. 

 Abstract 

There is uncertainty surrounding the soil supply of nitrogen for the wheat dominant crop 

rotations in Western Australia where crops are grown under no-tillage with retained crop 

residue. A potential reduction in the amount of N mineralised could occur from the 

immobilisation of N during the decomposition of crop residue, however, the duration and 

magnitude of this effect is not clear in the Western Australian environment. Therefore, the 

objective of this study was to quantify the temporal pattern of the mineralisation of N in soil for 

two contrasting crop rotations under no-tillage in Western Australia. A long term field site was 

intensively sampled during the 2013 and 2014 growing seasons to measure the mineralisation 

of N using in-situ field incubation in soil under a chickpea-canola-wheat and wheat-wheat-wheat 

rotation. We found that rotational diversity had little impact on the patterns of the 

mineralisation of N in soil under Western Australian conditions. An interaction between soil 

moisture, soil temperature and soil mineral N had the greatest influence on the mineralisation 

of N under both rotated and monoculture wheat. We also found that the mineralisation of N 

was reduced by the application of N fertiliser, with this effect being most pronounced under 

monoculture wheat where mineral N was assumed to be more limited. Soil mineral N levels 

followed two distinctly different patterns during each growing season, and it was suggested that 

there was an interactive effect between summer and winter mineralisation of N. Up to 32 kg N 

ha-1 was mineralised under both crop rotations, highlighting that the mineralisation of N can be 

an important source of N under no-tillage in Western Australia. 
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 Introduction 

The adoption of No-tillage cropping techniques has grown significantly in Western Australia 

(WA) since the late 1970’s, with an estimated adoption above 86% (D'Emden et al. 2006; 

Crabtree 2010). Endemic to no-tillage in this area is that all crop residues are retained in situ, 

primarily to reduce wind erosion (Llewellyn et al. 2012). This crop residue is left intact with no 

mechanical processing or grazing, allowing the opportunity to recycle a greater amount of 

nutrients into the soil. Further, crop rotations in the Mediterranean environment of Western 

Australia are based predominantly on wheat production, accounting for 60% of paddocks sown 

annually compared to 7.6% for Legume crops and 12.4% for pasture during the 2010 to 2013 

period (Harries et al. 2015). The high proportion of paddocks sown to wheat compared to 

legume crops in WA requires a better understanding of the supply of nitrogen for wheat 

production under no-tillage.  

The inclusion of legumes in crop rotations has been largely based on the ability of legumes to 

symbiotically fix N to benefit the grain yield of crops in the following seasons (Evans et al. 1991; 

Stevenson and Kessel 1996; Kirkegaard et al. 2008; Angus and Peoples 2012). Grain yield benefits 

from legumes can also come from reducing disease pathogen levels (Stevenson and Kessel 

1996). Legumes in crop rotation also have benefits of improving the soil supply of N through 

organic matter recycling where legume residue has a lower C:N ratio compared to wheat (Evans 

et al. 1991; Bremer and van Kessel 1992; Evans et al. 2003b), and a higher proportion of readily 

mineralisable N fractions . While pastures can have a longer lasting effect (> 2 years) on the 

increasing the soil supply of N during a subsequent cropping phase (Angus et al. 2006), grain 

legumes suited to WA such as lupins, field pea and chickpea, generally have a shorter influence 

on subsequent yield of grain crops (Kirkegaard et al. 2008). However, previous studies on the 

mineralisation of N in legume crop rotations under reduced tillage by Heenan and Chan (1992) 

in Eastern Australia do not reflect the climatic conditions and management of crop residue in 

Western Australia. Further studies at this long term site by Heenan et al. (1994) did not take into 



69 
 

account the soil mineralisation of N. Further, the N benefit from legumes to subsequent wheat 

production are more focussed on the N fixation benefits (Armstrong et al. 1994; Armstrong et 

al. 1997; Unkovich et al. 1998), or the mineralisation of N from individual types of crop residue 

(Ladd et al. 1983a; Ladd et al. 1983b; Stevenson and Kessel 1996), and little is known about the 

mineralisation of N in soil where legumes are grown in rotation under no-tillage; where retaining 

crop residue can potentially alter the chemical composition of crop residue (Schoenau and 

Campbell 1996), potentially altering the mineralisation of N in soil.  

Crop residue that is deposited on the soil surface leads to a stratification of N in organic matter 

in the 0-10 cm soil depth, and a gradient of microbial activity develops in this depth toward the 

soil surface (Gupta et al. 1994; Murphy et al. 1998b). Increased organic matter and reduced soil 

disturbance under no-tillage increases the size and activity of the soil microbial biomass in the 

surface layers of the soil compared to conventional tillage (Dalal et al. 1991; Gupta et al. 1994; 

Fuentes et al. 2009; Roper et al. 2010). The soil microbial biomass is the primary regulator of 

decomposition, as it is responsible for the production of enzymes that drive organic matter 

breakdown (Gupta et al. 1994; Luxhoi et al. 2008).  While the size and activity of the microbial 

biomass are controlled by the environmental factors of soil moisture and temperature (Roper 

1984; Angus et al. 2006), both of which are more variable nearer the soil surface, the availability 

of C and N substrate are also important factors (Gupta et al. (2011); Fenchel et al. 2012).  

An increase in microbial biomass under no-tillage is usually accompanied by changes in the 

availability of N in the soil. Studies such as that by Gupta et al. (1994) highlight the increase in 

microbial biomass in the first year of adopting no-tillage, however, it is not clear if this increase 

is sustained over a longer period of time. Kirkegaard et al. (1994a) concluded at the same field 

site that there appeared to be no immobilisation of N evident in the first year of adopting no-

tillage due to the presence of crop residue, although mineralisation of N during the season was 

not directly measured. However, more detailed studies on the mineralisation of N demonstrate 

that periods of immobilisation of N can occur in the soil as a consequence of increases in the 
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microbial biomass (Murphy et al. 1998a; Luxhoi et al. 2008). This immobilisation effect can be 

dependent on the rate of N fertiliser applied (Zagal and Persson 1994; Shindo and Nishio 2005), 

the growth stage of the crop (Blankenau et al. 2000), or soil mineral N levels in the soil (Mary et 

al. 1996). It is unclear how previous work on immobilisation of N applies to the soil type and 

environmental conditions found in WA, and little is known about the duration and magnitude of 

the immobilisation of N under long-term no-tillage in WA. The application of N fertiliser to 

increase grain production is common for wheat production in WA, but it is unclear how this 

affects the mineralisation of N in this region.  

The objective of this study was to quantify the temporal pattern of the mineralisation of N in 

soil for two contrasting crop rotations under no-tillage in Western Australia. It was hypothesized 

that the low proportion of legume crops in a diverse rotation would not sufficiently alter the 

pattern of mineralisation of N under rotated wheat compared to monoculture wheat under long 

term no-tillage. 

 Methodology 

5.3.1 Site description 

This study forms part of a larger long-term farming systems trial based at Cunderdin (Western 

Australia). The site was established in 2007 and this study reports on measurements made in 

the 2013 and 2014 growing seasons. Prior to this, the site had been in arable crop production 

since at least the year 2000, with a crop rotation of Lupin-wheat-wheat-canola-oat-wheat-wheat 

for the years 2000 to 2006 inclusive (Cordingley, N; pers.comm). The site is based on a red sandy 

clay loam soil with a soil pH that varies from 6.6 in the 0-10 cm to 7.9 at 60 cm soil depth and 

with calcium carbonate concretions evident below 40 cm (Flower et al. 2012a). The soil contains 

22% clay, 0.093% total Nitrogen (N) and 1.08% Carbon (C) in the 0-10 cm soil depth. Field 

capacity was determined to be 16% and the crop lower limit was 3% v/v water content for the 

0-10 cm soil depth. 
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5.3.2 Experimental design 

A complete randomised block design experiment with 4 crop rotations was established in 2007 

with a plot size of 36 m by 80 m. Split plots of high and low crop residue levels were established 

in 2010 within each main plot in 2010 (18 m by 80 m). This study compared two of the 

established crop rotations in the high residue split treatment; the ‘P2 diverse’ rotation of 

chickpea/canola/wheat, and ‘P3 monoculture’ of wheat/wheat/wheat. The trial design allowed 

that each crop in sequence was present in each year, allowing a year-wise comparison between 

wheat grown in monoculture and in rotation. The original crop sequence designations of S4, S5, 

S6, and S7 are retained in the current study and detailed in Table 5.1. 

Table 5.1 Outline of each crop rotation under each crop sequence in the current study. The original 

crop sequence designations are retained from the main study at the trial site. 

Philosophy/Sequence Applied-N 2013 2014 2015 

P2/S4 Nil-N Rotated wheat Chickpea Canola 

 Applied-N Rotated wheat Chickpea Canola 

P2/S5 Nil-N Chickpea Canola Rotated wheat 

 Applied-N Chickpea Canola Rotated wheat 

P2/S6 Nil-N Canola Rotated wheat Chickpea 

 Applied-N Canola Rotated wheat Chickpea 

P3/S7 Nil-N 
Monoculture 

wheat 

Monoculture 

wheat 

Monoculture 

wheat 

 Applied-N 
Monoculture 

wheat 

Monoculture 

wheat 

Monoculture 

wheat 

 

At the commencement of the current study in 2013, Split-plot treatments of 4.5 m by 10 m were 

established to apply 0 kg N ha-1 (0N) or 44 kg N ha-1 (44N). This consisted of 11 kg N ha-1 of 

granular fertiliser at sowing, and an additional 33 kg N ha-1 as a liquid stream in concentrated 

narrow bands at 50 cm spacing applied at Julian day 191 in 2013 and Julian day 209 in 2014. 

Nitrogen fertiliser was not applied to the chickpea crops, while canola crops received the same 

amount of fertiliser as wheat crops. The crops were sown at 30 cm row spacing using no-tillage 

sowing techniques and GPS guidance to allow inter-row sowing. 
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Soil mineral N levels in the 0-120 cm soil depth were monitored over three consecutive years 

(2013-15), while in-situ measurement of the mineralisation of N in the 0-10 cm soil depth was 

conducted during years 2013 and 2014, for the period from sowing until after anthesis when soil 

moisture was considered to be too low for mineralisation to occur. The sequential soil core 

method was used as described by (Raison et al. 1987) for determination of mineralisation in 

forest systems, and which has been used in previous studies of temperate cropping systems 

(Gupta et al. 1994; Angus et al. 1998; Smith et al. 2000; Sanchez et al. 2001; Angus et al. 2006). 

Following seeding of the crops in each year, 6 cores of 5 cm diameter were installed to 10 cm 

depth in the inter-row of each treatment, between the new sowing row and the previous crop 

row (Angus et al. 1998). Three cores were immediately removed and bulked together to provide 

the initial (Nt) measurement of soil mineral N for the incubation period. The remaining 3 cores 

were capped and incubated in-situ for a period of 10 days to 4 weeks depending on soil moisture 

and temperature. Where soil moisture was considered to be high enough to potentially invoke 

leaching from the 0-10 cm soil depth (approximately > 9% GWC), an additional 3 uncapped cores 

were installed in each treatment along with the capped cores. The 3 capped and uncapped cores 

were bulked together for analysis to form incubated and capped (Nt+1C), and incubated and 

uncapped (Nt+1UC) samples for each plot. These were immediately cooled on ice and transported 

to the laboratory where they were stored at 4°C for less than a week before processing. When 

the incubated cores were removed from the soil, a new set of soil cores were installed, and this 

process was repeated for the months of May to October to give a continuous measure of 

mineralisation during the growing season. 

Soil samples were sieved at field moisture through a 2mm sieve where soil moisture was less 

than 12% GWC, and through an 8mm sieve where GWC >12%. For the latter, any large pieces of 

organic matter were removed by hand, before being homogenised prior to analysis. Gravimetric 

water content (GWC) was determined on a 10 g sub sample for each plot, and dried at 105°C for 

48 hours. A further 10 g of soil was extracted by shaking end over end for 1 hour in 40ml of 0.5M 
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K2SO4, then centrifuged at 1500 rpm for 5 minutes before filtering through Whatman’s No.1 

filter paper. A 12 ml aliquot of extracted solution was then frozen at -20°C for later analysis.  

Prior to analysis, samples were allowed to reach room temperature before being shaken for 1 

hour and centrifuged at 1500 rpm for 5 minutes. Mineral N was determined colorimetrically by 

measuring the concentration of NO3
- and NH4

+ using methods adapted from (Mulvaney 1996) 

for use in a 96 well plate reader, (Multiskan Spectrum, Thermo Electron corporation, Vantaa, 

Finland). 

Mineral N can be estimated using the following equation: 

Nmin (kg N ha-1 day-1) = 

Nt+1C – Nt 

Incubation length (days) 

  
Where Nt is the soil mineral N content at the start of the incubation period and Nt+1C is the soil 

mineral N content of the capped sample after incubation. Overall seasonal changes in soil 

mineral N content are taken from the Nt sample of each incubation period. Maximal Leaching 

(ML) estimates the upper value for leaching of mineral N from the sample depth, and is 

calculated by subtracting Nt+1UC from Nt+1C. 

Soil total and mineral N to 120 cm soil depth was calculated from separate soil cores taken each 

treatment immediately preceding sowing in both years, and immediately post-harvest in 2014. 

These soil cores were sectioned by depth and the 0-10 cm values are reported here. All samples 

were dried at 40°C immediately after sectioning upon return to the laboratory and stored until 

analysis. Samples were sectioned before being sieved through a 2mm sieve and retained for 

analysis of soil total and mineral N. 

For the 2014 season, microbial biomass-N was measured in duplicate on soil samples (equivalent 

to 25 g of oven dried soil) that were taken from the initial (Nt) soil samples for each incubation 

period. The initial un-fumigated (UF) sample was extracted in 75 ml of 0.5M k2SO4 by end over 

end shaking for 1 hour, followed by filtering through Whatmans No.1 filter paper and being 
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frozen at -20°C until analysis. The fumigated (F) sample was placed in a vacuum desiccator with 

25 ml of purified Chloroform (Jenkinson, 1966) for 7 days before being extracted with the same 

method for the UF samples. The amount of Ninhydrin reactive N (Joergensen and Brookes 1990) 

was measured in the fumigated (F) and un-fumigated (UF) samples, and the flush of Ninhydrin-

N was calculated as the difference between the F and UF samples. Microbial biomass-N was 

calculated from the flush of Ninhydrin-N using a conversion factor of 3.49 for Western Australian 

soils (Sparling and Zhu, 1993). 

Light fraction organic matter (LFOM) was measured on the initial (Nt) samples by lightly shaking 

10 grams of soil with 40 ml of DI water in a 50 ml centrifuge tube as outlined by (Cookson et al. 

2007). Samples were then centrifuged at 2500rpm for 5 minutes, and the light fraction organic 

matter with a density <1.0 g cm-1 was removed by suction through a 40 µm nylon filter. The 

extraction process was modified from Cookson et al. (2005) where samples were only filtered 

once to reduce sample loss when handling. Recovery of organic matter was improved from a 

single filtration by gently adding DI water to the tube until the water beaded up above the tube 

edge and concentrated the organic matter before being filtered using a suction hose. The 

samples were dried on the nylon filters at 60°C for 24 hours before being weighed and removed 

from the nylon filter to be analysed for the percentage of Carbon and Nitrogen using a DUMAS 

combustion CHN analyser (variomacro, gmbh, Hanau, Germany) using method 6B2b for total 

carbon and 7A5 for total nitrogen (Rayment and Lyons 2010). Total nitrogen (kg N ha-1) and the 

carbon to nitrogen (C:N) ratio were then calculated from these values. 

Crop dry matter (DM) was measured at anthesis when at least 50% of heads had flowered. 3 

cuts were taken from each treatment of one metre of crop row and converted to square metre 

values using a value of 3.33 for 30 cm row spacing. Samples were dried at 60°C for 4 days before 

being weighed and coarsely ground. After homogenisation, a sub sample was taken and finely 

ground and analysed for content using a DUMAS combustion CHN analyser (variomacro, gmbh, 



75 
 

Hanau, Germany) using method 6B2b for total carbon and 7A5 for total nitrogen (Rayment and 

Lyons 2010).  

Soil temperature was measured at 5 cm soil depth using temperature data loggers (Thermacron 

ibuttons, Alfatek Australia) set to record soil temperature every 90 minutes for the duration of 

the measurement period. Rainfall was measured at the site using an on-site tipping bucket rain 

gauge at hourly intervals, and cross-referenced to the official Bureau of Meteorology Cunderdin 

weather station less than 2 km away (Ward et al. 2012). 

Table 5.2 Outline of the summer and growing season periods referred to in the current study. Julian 

day represents the day of year, 1 January = Julian day 1. 

 

5.3.3 Statistical analyses 

Data were analysed using the R statistical program (R Core Team 2015). The package ‘nlme’ 

(Pinheiro et. al 2016) was used to fit a mixed effects model for each year, with fixed effects for 

crop sequence and applied nitrogen, and random effects for split-plot nested within main-plot 

nested within block. The restricted maximum likelihood (REML) approach was used for 

estimation, and F-tests for evaluating statistical significance of effects.  Where statistical 

significance (P<0.05) was detected, Tukey HSD contrasts were used to identify differences 

between individual treatments, and the ‘predictmeans’ package (Dongwen et al. 2014) was used 

to calculate the least significant differences (lsd) where displayed.  

 

 

 

  Summer period Growing season period 

Calendar date 1 November to 30 March 1 April to 30 October 

Julian days 274 to 365; 1 to 90 91 to 273 
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 Results 

 

 

There were three contrasting rainfall patterns in each season in the current study (Figure 5.1). 

Rainfall in the 2013 summer period, which preceded the 2013 growing season (2012 Julian day 

274 to 2013 Julian day 90; 2012 data not presented), was 129 mm and fell predominantly in 

amounts greater than 10mm compared to the summer period in 2014 where 15mm fell over 4 

events with totals less than 5 mm. In 2015, 55 mm of rain fell and only one rainfall event was 

greater than 10 mm. Growing season rainfall (Julian day 91 to 273) in 2013 was 212 mm and was 

characterised by small rainfall events in autumn and early winter, restricting soil water content 

Figure 5.1 Daily rainfall for the 2013-15 years as measured at the field site. Data represents the 

mean rainfall received over a 24 hour period, from 1 January until 31 December in each year. 
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to about 50-75% of field capacity (Figure 5.2). Larger and more frequent rainfall between Julian 

days 213 and 273 (1 August and 30 September) increased soil moisture to near or above field 

capacity before being reduced under terminal drought conditions. This is in contrast to 2014, 

where a large rainfall event on Julian day 118 increased soil moisture to above field capacity 

(upper dotted line) and subsequent rainfall events maintained this level of soil moisture until 

anthesis (approximate Julian day 252), and 2015 where soil moisture gradually increased until 

spring. These values compare to the long term mean values of 73mm and 229 mm for summer 

and growing season rainfall respectively for the 1996-2015 period (BUREAU OF METEOROLOGY 

2015). Therefore, the rainfall patterns observed for the 2013, 2014, and 2015 period were: wet 

summer/average growing season, dry summer/wet growing season, and average summer/dry 

growing season (respectively). 

 

 

Figure 5.2 Soil volumetric water content (VWC) in the 0-10 cm soil depth at varying sample 

times during the growing season. Upper and lower dotted lines represent the field capacity 

and crop lower limit (CLL) respectively for this soil type. There was no effect of crop rotation, 

and so the mean VWC is presented for each incubation period. Error bars denote standard 

error of mean (n=3). 
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Daily maximum soil temperature at a depth of 0.05 m fluctuated greatly between 40°C and 70°C 

for the summer period, while daily minimum temperatures showed less variation and ranged 

between 10 and 25°C (Figure 5.3). Minimum temperature in the growing season varied between 

-1 and 12°C, while maximum daily temperature was generally between 18 and 30°C. The 

difference between maximum and minimum temperature was also greater in the summer 

period than in the growing season. 

 

 

 

The distribution of mineral N in the active root zone of the soil profile (120 cm soil depth) was 

concentrated at the soil surface (0-10 cm) and there was little change in soil mineral N below 

the 30 cm depth (Figure 5.4).  The exception was that S6 and S4 were significantly higher than 

Figure 5.3 Daily maximum and minimum soil temperature at 0.05 m soil depth. The mean value 

for each day is presented as there was no difference between crop sequences. Measurement 

period was 12 July 2013 until 31 December 2015.  
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S4 and S7 at the 60-90 cm depth at sowing in 2013. A slight increase in mineral N at 20-30cm 

depth under S5 at sowing in 2014 was observed following chickpea being grown in 2013, but 

was not significant. There were no differences between N application rates (data not presented).  

 

 

 

After two cycles of crop rotations in the main study, soil total nitrogen and carbon in the 0-10 

cm soil depth were similar between crop sequences at sowing in 2013 (Table 5.3). However, soil 

mineral N levels in the 0-10 cm soil depth at sowing in 2013 were significantly different between 

crop sequences (Figure 5.5). Soil mineral N was highest where rotated wheat was sown in crop 

sequence S4, lowest under chickpea in S5, with monoculture wheat (S7) having higher levels 

than S5, but lower than S4 and S6. These differences were short-lived, with no differences 

between crop sequences after Julian day 156. Soil mineral N under all crop sequences in 2013 

exhibited a declining seasonal trend during the growing season where soil mineral N was highest 

Figure 5.4 Distribution of mineral nitrogen (NO3 + NH4) though the soil profile to 120 cm soil depth 

for each crop sequence at sowing in a) 2013, b) 2014, and c) 2015. There was no interaction with 

N-application and so the mean for each treatment is presented. Error bar denote least significant 

difference (LSD) for each depth (Tukey HSD, P<0.05). ns=not significant. 
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at sowing and lowest at anthesis. This seasonal trend was not evident in the 2014 growing 

season, with similar mineral N levels ranging between 10 and 20 kg N ha-1 being observed for all 

crop sequences. The seasonal pattern in 2015 was similar to 2013, but there was no difference 

between crop sequences at any Julian sample times. N fertilisation had no effect on soil mineral 

N levels for any year in the period of study (data not presented). There was a significant 

interaction between crop sequence, soil volumetric water content, mean daily soil temperature, 

and soil mineral N levels that influenced the amount of N mineralised per day across all 

observations in this study (R2=0.55, P<0.05; data not presented). 

 

Table 5.3 The concentration of soil total nitrogen and carbon in the 0-10 cm soil depth for each 

crop sequence prior to sowing in 2013. There were no differences between crop sequences 

(P<0.05). 

Crop sequence Total N (%) Total C (%) 

S4 0.1 1.09 

S5 0.1 1.2 

S6 0.1 1.1 

S7 0.09 1.01 
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Figure 5.5 Mineral N in the 0-10 cm soil depth for each crop sequence in each season. 

There were no differences between N applications, and so the means for crop sequence 

are presented. Data for 2013 and 2014 represent soil mineral N levels at the start of each 

in-situ incubation, while in 2015, no in-situ incubation was measured. Error bars denote 

the standard error of mean (n=3). 
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The seasonal pattern of the cumulative amount of N mineralised was similar or reduced where 

N was applied in both 2013 and 2014 compared to the Nil-N treatment for each crop sequence 

(Figure 5.6). As the growing season progressed, cumulative N mineralised under S6 (canola) was 

significantly reduced where N was applied in 2013, while a similar but non-significant trend was 

also evident under S7 (monoculture wheat). At the end of the growing season in 2013, 

cumulative N mineralised was less than 32 kg N ha-1 across all crop sequences. The cumulative 

mineralisation of N was reduced by the application of N fertiliser during the growing season in 

2014 for S7 (monoculture wheat) and S6 (rotated wheat), very low under Nil-N and Applied-N 

fertiliser for S5, while no valid comparisons can be made where chickpea was sown as no N was 

applied under the Applied-N treatment in both years (S5 in 2013 and S4 in 2014).  

There were several periods during the growing season where large and negative net N 

mineralisation was observed under Applied-N treatments, and this had a large effect on the 

cumulative N mineralised in both seasons (Figure 5.7). While Applied-N initially increased the 

amount of N mineralised per day for S7 in 2013, significant negative values at Julian sample time 

295 were observed under S7 and S6, and smaller non-significant negative values were also 

observed at Julian sample time 249. In comparison, large negative values were only observed 

for S7 in 2014 at Julian sample time 135 where N was applied, however, this was not significant. 

There were no other large periods of negative N mineralisation in 2014 for S4, S5, or S6 crop 

sequences. Daily N mineralisation for each sample period across all treatments ranged between 

-1.8 and 0.8 kg N ha-1 day-1. 

 

  



83 
 

 

Figure 5.6 The effect of N fertilisation to alter the cumulative amount of N mineralised in soil under each crop sequence in the 2013 and 2014 growing seasons. Lines represent 

Nil-N fertiliser (○) or Applied-N fertiliser (∆). ns=no significant difference, Asterisk denotes significant difference between N fertilisation treatments (one way anova, F<0.05). 
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Figure 5.7 Daily rates of N mineralisation for each sample period during the growing season in 2013 and 2014. There were no significant treatment or Applied-N effects, and 

data represents the mean of each sample period. Note: x-axis is not drawn to scale. Lower case letters denote significant differences where letters are different (Tukey 

contrasts, P<0.05). 
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There were significant first order effects for light fraction organic matter (LFOM) between Julian 

sample dates, with LFOM being significantly lower at Julian day 295 compared to starting values 

at Julian day 135 (Figure 4.8). In contrast, LFOM increased during 2014 from Julian day 118 to 

261. There were no differences between crop sequences at each Julian sample time. LFOM 

ranged between 40 and 100 kg N ha-1 during the period of study.  

 

 

 

 

 

Figure 5.8 Light fraction organic matter (LFOM) levels at the start of each in-situ incubation in the 0-10 

cm soil depth for each crop sequence in 2013 and 2014. Lower case letters denote significant first order 

effects for the mean of each Julian sample time, represented by filled circles (●) (TukeyHSD, P<0.05). 

There were no significant differences between crop sequences at any Julian sample time. 
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Microbial biomass-N was measured in 2014, however there were no significant differences 

between crop sequences or N fertilisation treatments at any Julian sample time. (Figure 4.9). 

There was a trend that microbial biomass-N was highest under S5 and lowest under S7 at Julian 

day 118, with S7 and S4 being similar at Julian day 237. 

 

 

 

 

 

 

 

 

Figure 5.9 Change in Microbial biomass-N during the growing season in 2014 in soil under each crop 

sequence. There were no significant differences between treatments (P<0.05). Note: x-axis is not 

drawn to scale. 
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 Discussion 

5.5.1 Net mineralisation of N 

This study highlights the role of seasonal conditions in regulating the net mineralisation of N in 

soil rather than crop rotation under long-term no-tillage. The net amount of N mineralised per 

day varied between -1.8 and 0.8 kg N ha-1 across all crop sequences in the current study. The 

positive values found in the current study are similar to previously reported values under wheat 

crops of 0.22 to 0.7 kg N ha-1 day-1 found by (Murphy et al. 1998a) in Western Australia, and 

similar to values found by (Angus et al. 1998; Smith et al. 2000; Angus et al. 2006) in Eastern 

Australia. Values for the negative net mineralisation of N were reported by Murphy et al. (1998a) 

under wheat in a pasture-wheat rotation, but not under monoculture wheat treatments. Net 

mineralisation of N represents the balance between gross mineralisation, the release of N during 

the decomposition of soil organic matter by microbial activity, and gross immobilisation of N by 

the microbial biomass during this process (Zagal and Persson 1994; Murphy et al. 1998a; 

Blankenau et al. 2000; Shindo and Nishio 2005). Negative values of net N mineralisation indicate 

that immobilisation of N was greater than mineralisation processes during the incubation 

period. The addition of fertiliser N to soil has been demonstrated to increase the potential for 

immobilisation of N (Zagal and Persson 1994; Shindo and Nishio 2005), particularly when applied 

early in the growing season before the crop growth stage GS. 31 when crop uptake is low 

(Blankenau et al. 2000). There was no difference in the potential for immobilisation between 

the Nil-N and Applied-N treatments in the current study. This was most likely due to the low rate 

of fertiliser N applied during the growing season (33 kg N ha-1) compared to previous studies 

where the potential for immobilisation increased with the rate of fertiliser N applied 

(Yevdokmov and Blagodatsky 1993; Zagal and Persson 1994; Blankenau et al. 2000; Smith et al. 

2000).  

The response of the microbial biomass to application of C or N substrate can be quite rapid, with 

immobilisation of N by the microbial biomass evident in the first 48-72 hours following the 
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addition of substrate (Yevdokmov and Blagodatsky 1993; Gupta et al. 1994; Zagal and Persson 

1994), or in the case of the current study, the application of suitable moisture conditions for 

decomposition to occur. The subsequent remineralisation of N from the microbial biomass can 

begin 7-14 days following the addition of substrate, however, the length of time for 

remineralisation to begin can be lengthened by the presence of high levels of crop residue 

(Yevdokmov and Blagodatsky 1993). This lag in remineralisation of N most likely contributed to 

the sample periods where net negative mineralisation was measured in the current study.  

The diverse crop rotation in the current study had little effect on net N mineralisation, which 

was unexpected given that net N mineralisation is usually higher under more diverse rotations 

and in the 1-2 crops following a legume, compared to monoculture wheat (Heenan and Chan 

1992; Stevenson and Kessel 1996; Kumar and Goh 2002). The net benefit of N fixation by 

legumes is often utilised in the following 1-2 crops, with canola residue showing enhanced 

mineralisation of N relative to wheat residue (Watkins and Barraclough 1996). A high amount of 

immobilisation present in 2013 under canola may have been due to increased activity and size 

of the microbial biomass following the previous season’s field pea crop, but with a slow turnover 

time due to the lower soil available N (Yevdokmov and Blagodatsky 1993), and particularly as 

plant uptake of N occurred during the season (Blankenau et al. 2000). Microbial biomass was 

not measured in 2013, but in 2014, tended to be higher under canola compared to all other 

crops. A different mechanism is considered to be influencing immobilisation under wheat 

monoculture; the presence of high levels of crop residue and low available N is likely to limit the 

size of the microbial biomass (Yevdokmov and Blagodatsky 1993), which increases the time 

taken to re-mineralise N from the microbial biomass. While the application of fertiliser N to the 

soil can increase short term immobilisation of N from the soil, applications of larger amounts of 

N (> 100 kg N ha-1) may be required to overcome the limitations to re-mineralise N where high 

levels of crop residue are present. This may be especially important for wheat monoculture 

where there no legume derived N in rotation with wheat. 
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5.5.2 Interactive effects on N mineralisation 

The net amount of N mineralised per day in the growing season was dependent on a significant 

interaction between crop sequence, soil water content, mean daily soil temperature, and soil 

mineral N (R2=0.55); a relationship that is well known to influence N mineralisation (Gupta et al. 

1994). Indeed, the synchrony of these influences is the key to maximising N mineralisation rates 

in soil (Gupta et al. 2011). But there was rarely a time in the current study where all three were 

optimised during the year. Where soil mineral N levels in the 0-10 cm soil depth for all 

treatments were relatively high in 2013 and 2015, but soil moisture was relatively low, 

mineralisation of N was likely limited by the strong relationship between soil moisture and N 

mineralisation rate (Angus et al. 2006). Numerous small rainfall events during the season led to 

variation between 0 and 0.5 kg N ha-1 day-1 in N mineralised. Similar to the conclusion of Gupta 

et al. (1994), N mineralisation rates were responsive to changes in soil temperature and 

moisture where N was not limiting the mineralisation of N. However, large rainfall events 

seemed to invoke periods of severe immobilisation in the following sample period rather than 

increasing the rate of mineralisation of N. These large rainfall events occurred when soil mineral 

N were low in each year; spring in 2013 and 2015, and in autumn in 2014. Further effects of 

large rainfall events may have been to leach nitrate from the 0-10 cm soil depth (Heenan and 

Chan 1992); while this would still be likely to be used by plant uptake in the current study, it 

would have reduced the availability of N for mineralisation in the sample depth. 

Soil temperature during the growing season had a small influence soil N mineralisation 

processes, as soil temperature was rarely below the threshold of 4°C where N mineralisation is 

likely to cease (Roper 1984).  Soil temperature mostly ranged between 5 and 20°C °C during the 

growing season, This is lower than the optimum temperature for N mineralisation, considered 

to > 25°C (Roper 1984; Sierra 1997), but has been previously concluded that usable amounts of 

N can be mineralised at this range of soil temperature (Roper 1984).  
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The similar rates of N mineralised between treatments indicates that the source of organic 

matter had little influence on soil mineralisation of N. Light fraction organic matter (LFOM) was 

considered a source of organic matter for mineralisation in the current study after Sierra (1996), 

although the direct relationship has been shown to be weak (Cookson et al. 2007). This was 

confirmed in the current study, as LFOM decreased during the growing season in 2013 across all 

treatments. However, in 2014, LFOM increased during the growing season while N 

mineralisation was occurring. While LFOM was chosen to represent the intermediate step in 

decomposition between crop residue on the soil surface and mineralisation of N in the soil, 

dissolved organic nitrogen has been shown to be a more closely related to mineralisation of N 

in soil (Cookson et al. 2007) but was not measured in the current study. This study tends to 

support the conclusion that LFOM consists of organic matter compounds resisting 

decomposition, and is more likely to represent the transition phase to the more recalcitrant 

heavy fraction organic matter (Cookson et al. 2005).  

5.5.3 Summer vs winter mineralisation of N 

An interesting finding was the potential importance of summer mineralisation of N to maintain 

soil mineral N levels in the 0-10 cm soil depth to optimise the growing season mineralisation of 

N. There was a greater benefit for the diverse rotation high summer rainfall in 2013 and led to 

large differences between crop sequences. Soil mineral N in 2013 followed a pattern described 

by Smith et al. (2000) and Heenan and Chan (1992), where it was highest in autumn following 

sowing, decreasing during late winter/spring from the plant uptake of N, and being lowest near 

anthesis.  While there were no significant differences in 2015, the trend was that under a 

moderate amount of summer rainfall, differences were becoming apparent between each crop 

sequence. This pattern was altered in 2014 as a consequence of little summer mineralisation of 

N in the preceding summer. Growing season mineralisation of N does not usually increase soil 

mineral N levels, as demand for N in wheat crops that have a grain yield of less than 3 t ha-1 are 

met by soil mineralisation of N, while higher grain yields above 4 t ha-1 are more dependent on 
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other sources of N, such as soil mineral N at sowing or N fertilisation (Angus et al. 1998). This 

response has been found previously under a continuous wheat/tillage/crop residue burnt 

treatment, where it was thought to have been depleted of readily mineralisable N after 11 years 

of crop rotation (Heenan and Chan 1992). This treatment is in contrast to the monoculture 

wheat in the current study where crop residue is retained under no-tillage, but highlights the 

importance of a readily mineralisable N source to drive soil mineralisation processes. Further 

work to define the relationship between summer and winter mineralisation of N would enable 

better predictions of soil supply of N under no-tillage. 

5.5.4 Limitation of in-situ methodology to assess N mineralisation 

There was a large amount of variability in data for the daily rates of N mineralisation for each 

treatment in the current study, and this made significant differences harder to determine. Soil 

nitrogen is known to have a high degree of spatial variation (Sierra 1996) and can influence gross 

mineralisation and gross immobilisation processes and make the measurement of the 

mineralisation of N hard to determine (Murphy et al. 1998a). The in-situ method used in this 

study (Raison et al. 1987) to measure net N mineralisation has a lower accuracy when 

mineralisation rates are very low, and/or where the number of samples (n=3 in the current 

study) are also low (Sierra 1996). Management practices at the field site can artificially increase 

the spatial variability of soil mineral N (Smith et al. 2000), such as the application of Liquid N 

fertiliser being applied in 50 cm bands parallel to the crop rows, which were sown at 30 cm row 

spacing. Further, increased spatial variability under long term no-tillage could exist from 

continually sowing the next crop between the rows of the previous crop residue (termed “inter-

row sowing”). This could lead to localised areas of organic matter under the previous crop 

residue with increased mineralisation activity, and this was not captured in this study.  The use 

of capped in-situ soil cores was limited in the ability to capture the influence of variation in soil 

temperature and moisture during rainfall events on net N mineralisation. Consequently, 

differences in net N mineralisation can occur between soil inside and outside the tube (Khanna 
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and Raison 2013). However and despite these limitations, a review of the “Raison” methodology 

by Khanna and Raison (2013) concluded that the in-situ soil core method remains the most 

suitable method for the field measurement of N mineralisation in undisturbed soil; an important 

characteristic of long-term no-tillage. 

5.5.5 Conclusion 

This study assessed changes in soil supply of N across two contrasting rainfall seasons under long 

term no-tillage and crop residue retention. Rotational diversity had little impact on the patterns 

of the mineralisation of N in soil under Western Australian conditions. An interaction between 

soil moisture, soil temperature and soil mineral N had the greatest influence on the 

mineralisation of N in both the diverse rotation and monoculture. The mineralisation of N was 

reduced by the application of N fertiliser, with this effect being most pronounced under Wheat 

monoculture where mineral N was assumed to be more limited. Soil mineral N levels followed 

two distinctly different patterns during each growing season, and it was suggested that there 

was an interactive effect between summer and winter mineralisation of N. While summer 

mineralisation of N can influence soil mineral N levels in autumn, less is understood of the effect 

of this on growing season mineralisation where crop residue is retained.  
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 The partial N balance is improved by the inclusion of crop residue 

under no-tillage  

 Abstract 

The availability of nitrogen (N) plays a key part in the soil-plant system under no-tillage, as N is 

required for both the process of decomposition and for plant growth. Crop residue is 

acknowledged as a major pathway for nutrients to be recycled to the soil under no-tillage, yet 

there has been little quantification of the contribution of crop residue to the supply and uptake 

of N from the soil. Therefore, the objective of this study was to quantify the relationship 

between the supply and uptake of N under long-term no-tillage using an N balance approach. 

Data for the annual changes in soil mineral N levels, the amount of N mineralised in the growing 

season, crop residue N dynamics, and the uptake of N in grain were sourced from previous 

chapters in this thesis for the 2013 and 2014 seasons. A partial N balance was constructed and 

the comparison made where the N balance either included or excluded crop residue. We found 

that the partial N balance including crop residue accounted for a greater amount of N in the soil-

plant system compared to the partial N balance excluding crop residue. There was a consistent 

relationship between the supply and uptake of N where wheat was grown in rotation, however, 

there was generally a poor relationship between the supply and uptake of N for wheat grown in 

monoculture. The breakdown in relationship between supply and uptake of N under 

monoculture was attributed to competition for N from soil immobilisation processes due to the 

presence of high levels of crop residue under no-tillage. 

 

 Introduction 

Nitrogen (N) is a key nutrient that drives crop production across the world. In Western Australia, 

the widespread adoption of no-tillage and retained crop residue, along with the dominance of 

wheat grown in crop rotation, increases the importance of the availability of N. Crop residue 
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retained under no-tillage forms a major pathway for nutrients to be recycled to the soil, making 

the removal of grain the only export of N in the system.  

The mineralisation of N in the soil, either during summer or in the growing season, is a significant 

source of mineral N for plant production in Australian cropping systems (Angus et al. 1998). This 

can be complimented with the use of N fertiliser to fill supply gaps when the supply of N is less 

than the demand for N from crops during the season (Rowland et al. 1988; Angus 2001). There 

are many studies that quantify the mineralisation of N in soil for a range of Australian cropping 

environments (Heenan and Chan 1992; Kirkegaard et al. 1994a; Angus et al. 1998; Murphy et al. 

1998a; Murphy et al. 1998c; Smith et al. 2000; Angus et al. 2006). Crop residue contributes 

organic matter to the soil (Cookson et al. 1998; Hoyle et al. 2011; Hoyle and Murphy 2011), and 

can also supply N directly to the soil as a result of microbial turnover and the leaching of soluble 

compounds with rainfall (van Vliet et al. 2000). However, crop residue can also have negative 

impacts on soil mineral nitrogen availability, with immobilisation of N possible where the carbon 

to nitrogen ratio of the crop residue is high (Schomberg et al. 1994; Mary et al. 1996). Soil 

mineral N levels can also impact on the immobilisation potential of the crop residue, with low 

soil mineral N leading to an increase in the duration of the immobilisation period (Recous et al. 

1995). Grain yield can be increased where crop residue is retained under no-tillage (Fuentes et 

al. 2009), but further work is required to understand the relationship between the supply and 

uptake of N under no-tillage. 

The calculation of an N balance is a common method to evaluate the sum of the inputs of N 

relative to the sum of the export of N in soil-plant systems (Sieling and Kage 2006; Abril et al. 

2007; Constantin et al. 2010). While the calculation of an N balance implies that the sum of the 

inputs should equal the export of N, inequality can indicate the scale of the unmeasured (or hard 

to measure) components of the N balance (Constantin et al. 2010). For example, the N balance 

approach has been applied in European countries to identify the scale of leaching loss of N in 

farming systems, and which can pose a significant environmental hazard. A partial N balance has 
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been used to indicate the potential for the leaching of N following fertilisation from large 

applications of N based fertilisers or animal effluent (Sieling and Kage 2006), or the use of N 

catch crops, no-tillage, or reducing fertilisation rates to reduce N leaching potential (Constantin 

et al. 2010). In South America, Abril et al. (2007) also applied the N balance approach to quantify 

the potential for the leaching of N where the use of N fertiliser had increased dramatically in 

recent years. In China, Zhang et al. (2013) used the N balance to determine leaching and 

volatilisation loss potential in a rice-wheat cropping system. The N balance approach has also 

been used to measure N losses from the soil from denitrification (Munoz et al. 2003) and 

immobilisation of N (Constantin et al. 2010).  

The N balance approach has had limited application to farming systems in Australia. McLaughlin 

et al. (1992) conducted a broad analysis of the N balance across the Australian continent, which 

was later updated by Angus (2001) to show the N balance for agriculture in 1987/88 and 1998/9 

years to account for farming activities on a broad scale. The contribution of pastures to the N 

balance with a focus on the fixation of N was assessed by Angus and Peoples (2012). However, 

these previous studies focus on providing strategic direction for future research, rather than 

identifying mechanisms at a field level. 

The components of an N balance for Western Australia on a duplex soil were reviewed 

individually by (Fillery and McInnes 1992), but the construction of an N balance was not made. 

The N balance approach has been used effectively in quantifying the benefit of symbiotic N 

fixation from legume pastures and grain legumes to soil mineral N supply (Armstrong et al. 1994; 

Evans et al. 2001; Angus et al. 2006). However, there are few studies in Australia that use an N 

balance approach to quantify the N dynamics of long-term cropping systems. Smith et al. (2000) 

determined the efficiency of the uptake of N from applied fertiliser, but this single year study 

did not include the recycling of N through crop residue. Angus et al. (1998) assessed the soil 

supply of N on wheat N uptake across a range of sites and years, but crop residue was not 

accounted for and the soil was cultivated twice before sowing. Therefore, the objective of this 
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study was to quantify the relationship between the supply and uptake of N under long-term no-

tillage using an N balance approach where grain represents the largest export of N, and where 

N is recycled through crop residue. It was hypothesized that including crop residue N dynamics 

in the N balance would improve relationship between the supply and uptake of N under no-

tillage. 

 Materials and methods 

6.3.1 Data source for analysis 

This study was based on a long-term no-tillage trial site at Cunderdin, Western Australia. Details 

of the trial site, treatments and inputs have been outlined in previous experimental chapters. 

This study was based on two consecutive seasons (2013-14) where the annual changes in 2013 

were calculated from sowing (15 May) in 2013 until sowing (28 April) in 2014, while the 2014 

season was calculated from sowing in 2014 until 8 December 2014 immediately following grain 

harvest.  

This study derives the annual change in the supply and uptake of N using the data presented for 

grain N uptake at harvest (Chapter 3), the annual change in crop residue in each year (Chapter 

4), and soil mineral N levels (0-120 cm soil depth) at sowing and the net amount of N mineralised 

in the 0-10 cm soil depth in each year (Chapter 5).  

6.3.2 Definition of the N balance 

The N balance is defined as the sum of the components of the supply of N (N supply) minus the 

removal of N (N uptake) from the soil (Equation 1.). This study compares two methods of 

calculating an N balance under long term no-tillage where crop residue is considered to be 

independent of the mineralisation of N measured in the soil. The first method (Equation 2.), ‘N 

balance excluding crop residue’, is calculated from the annual change in: soil mineral N levels in 

the effective root zone (0-120 cm soil depth) (Nsoil), Net soil mineralisation of N in the 0-10 cm 

(Nmin), and added fertiliser N (Nfert). The uptake of N is represented by the removal of N in grain 
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at harvest (Ngrain). The second method (Equation 3.), ‘N balance including crop residue’, includes 

the annual loss of N in crop residue (Nloss) due to decomposition as an input of N, and the 

increase in the N content of crop residue following harvest as an uptake of N (Nresidue).   

Equation 1. N balance = N supply – N uptake 

Equation 2. N balance excluding crop residue = (ΔNsoil + ΔNmin + Nfert) – (Ngrain) 

Equation 3. N balance including crop residue = (ΔNsoil + ΔNmin + Nfert + Nloss) – (Ngrain + 

Nresidue) 

The N balance is considered to be balanced where N supply equals N uptake. A positive value 

indicates that there was a loss of N to the soil or environment (Sieling and Kage 2006; Abril et 

al. 2007; Constantin et al. 2010), and a negative value can indicate soil N impoverishment 

(Constantin et al. 2010). Positive N balance values can also be considered as the sum of losses 

due to immobilisation of N, gaseous loss of N, and leaching loss of N (Constantin et al. 2010). 

6.3.3 Statistical analyses 

Data were analysed using the R statistical program (R Core Team 2015) and analysed using the 

package ‘nlme’ (Pinheiro et. al 2016) was to fit a mixed effects model for each year, with fixed 

effects for rotation and applied nitrogen, and random effects for split-plot nested within main-

plot nested within block. The restricted maximum likelihood (REML) approach was used for 

estimation, and F-tests for evaluating statistical significance of effects.  Where statistical 

significance (P<0.05) was detected, Tukey HSD contrasts were used to identify differences 

between individual treatments, and the ‘predictmeans’ package (Dongwen et al. 2014) was used 

to calculate the least significant differences (l.s.d) where displayed.  

Regression analysis was conducted using a mixed effects model to explore the relationship 

between the supply of N, uptake of N, and the N balance of the two compared methods where 

crop residue is included or excluded in the N balance. Random effects were assigned as split-

plot nested within main-plot nested within block. The marginal coefficient of determination (R2) 
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is reported in this paper and represents the goodness of fit for the model based on fixed effects 

only, with values generated from the ‘piecewiseSEM’ package (Lefcheck 2015). The goodness of 

fit based on fixed and random effects (conditional coefficient of determination) is not reported 

in this paper.  

 Results  

6.4.1 Effect of crop rotation on the components of the N balance 

There were very few differences in the components of N supply and N uptake between crop 

sequences for each N fertilisation level in both the 2013 and 2014 seasons (Table 6.1). An 

increase in in soil mineral N (0-120 cm soil depth) was observed for S4 and S6 where Wh-r and 

Ca were grown respectively under Nil-N treatments in 2013. There was also a higher grain N 

uptake under S4 and S5 (Wh-r and Ch respectively) under Nil-N in 2013. There was no difference 

between the components of N supply or N uptake where N was applied in 2013. In contrast, 

there were no differences between components where N was applied in 2014, but a higher 

amount of N was lost from the crop residue for S4 and S5 compared to S7, and S5 compared to 

S6 under the Nil-N treatment. Grain N uptake was low for chickpea in 2014 due to severe fungal 

infection (Flower, K. pers. comm.). 

There was no effect of crop sequence or N fertilisation on N balance values calculated from the 

components of N supply and N uptake (Table 6.2). This was largely because there were few 

differences between treatments for the components of N supply. Grain N uptake was the 

dominant component of N uptake, and significant differences in grain N were a large driver of 

differences in N uptake under Nil-N in 2013 and Applied-N in 2014 where crop residue was 

included or excluded. N balance values including crop residue were generally positive, with the 

exception of Wh-r treatments in both Nil-N and Applied-N in 2014. When crop residue was 

excluded from the N balance, there was a trend of negative values.   
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Table 6.1 The components of the N balance for wheat grown in rotation (Wh-r) or monoculture (Wh-m), chickpea (Ch), and canola (Ca) under Nil-N and Applied-N fertiliser 

treatments in the 2013 and 2014 seasons. Grain N uptake and crop residue N uptake represent the export of N from the soil following harvest, while the change in soil mineral 

N and net N mineralised represent the soil supply of mineral N. Crop residue N loss represents the annual loss of N post-harvest to following anthesis, fertiliser applied was 

the sum of all inputs of fertiliser N in the season. Least Significant Differences (lsd) presented to compare crop sequences within each fertiliser treatment (F<0.05). ns = no 

significant difference. 

 

Year 
Fertiliser 

treatment 
Crop sequence Crop 

Fertiliser 

applied 

Change in soil 

mineral N 

Net N 

mineralised 
Crop residue N loss 

Crop residue 

N gain 

Grain N 

uptake 

    (kg N ha-1) Mean annual change (kg N ha-1) (kg N ha-1) (kg N ha-1) 

2013 Nil-N S4 Wh-r 0 49 31 50 22 74 

  S5 Ch 0 5 27 43 17 79 

  S6 Ca 0 39 38 54 22 54 

  S7 Wh-m 0 4 27 44 7 47 

 lsd   - 29 ns ns ns 17 

 Applied-N S4 Wh-r 46 33 27 44 21 79 

  S5 Ch 0 12 13 52 21 78 

  S6 Ca 46 30 -34 58 25 74 

    S7 Wh-m 46 11 -6 50 12 61 

 lsd   - ns ns ns ns ns 

2014 Nil-N S4 Ch 0 3 11 16 15 28 

  S5 Ca 0 21 9 24 8 50 

  S6 Wh-r 0 5 27 12 5 50 

  S7 Wh-m 0 16 10 10 6 28 

 lsd   - ns ns ns ns ns 

 Applied-N S4 Ch 0 25 7 22 18 28 

  S5 Ca 46 21 8 31 14 72 

  S6 Wh-r 46 19 8 15 14 78 

    S7 Wh-m 46 18 -1 11 8 54 

 lsd   - ns ns 10 ns 28 
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Table 6.2 Calculation of the N balance where crop residue is included or excluded under no-tillage. Values for N supply and N uptake are derived from Table 6.1. Means are 

presented for each crop sequence and N fertilisation strategy (Nil-N or Applied-N). Least Significant Differences (lsd) presented to compare crop sequences within each 

fertiliser treatment (F<0.05). ns = no significant difference. All values are expressed as kg N ha-1. 

 

Year 
Fertiliser 

treatment 
Crop sequence Crop Including crop residue   Excluding crop residue 

        N Supply  N uptake  N balance    N Supply  N uptake  N balance  

2013 Nil-N S4 Wh-r 149 103 46   80 74 6 

  S5 Ch 99 96 1  32 79 -47 

  S6 Ca 131 77 55  77 54 23 

  S7 Wh-m 74 54 20  30 47 -17 

 lsd   ns 15 ns  ns 17 ns 

 Applied-N S4 Wh-r 114 109 5   106 79 27 

  S5 Ch 77 99 -23  25 78 -53 

  S6 Ca 100 100 0  42 74 -32 

   S7 Wh-m 102 74 28   51 61 -10 

 lsd   ns ns ns  ns ns ns 

2014 Nil-N S4 Ch 25 30 12   14 28 1 

  S5 Ca 82 64 18  30 50 -20 

  S6 Wh-r 42 53 -11  33 50 -17 

   S7 Wh-m 37 33 4   27 28 -1 

 lsd   ns 23 ns  ns ns ns 

 Applied-N S4 Ch 54 36 3   32 28 -7 

  S5 Ca 106 86 20  75 72 3 

  S6 Wh-r 87 93 -6  72 78 -6 

    S7 Wh-m 74 62 13   63 54 9 

 lsd   ns 28 ns  ns 26 ns 
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6.4.2 Regression analysis of the supply and uptake of N under no-tillage 

The inclusion of crop residue in the N balance accounted for a greater amount of N in the soil-

plant system, as predicted N balance values were 20 kg N ha-1 higher than where crop residue 

was excluded (Figure 6.1). All observations were on or above the 1:1 line, indicating that the N 

balance including crop residue was always equal or higher than where crop residue was 

excluded. 

 

 

There was a curvilinear relationship between the supply and uptake of N where crop residue 

was included in the N balance (Figure 6.2a) (R2=0.49, P<0.001). In contrast, there was no 

relationship between supply and removal of N where crop residue was excluded from the N 

balance (Figure 6.2b).  

Figure 6.1 The N balance including crop residue was higher than values of the N 

balance excluding crop residue (y = 20 + 0.92x, R2= 0.81, P<0.001). Dashed line 

indicates 1:1 relationship line. 
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There was a strong curvilinear relationship between the supply and uptake of N where wheat 

was grown in rotation (Figure 6.3). The relationship was stronger (R2=0.95, P<0.05) and had a 

higher maximum predicted N uptake of 106 kg N ha-1 at a supply of 136 kg N ha-1 where crop 

residue was included, compared to where crop residue was excluded from calculations (R2=0.81, 

P<0.05). At values lower than approximately 95 kg N ha-1, the N balance for Wh-r was negative 

and N uptake was greater than N supply, while above 95 kg N ha-1, increasing N supply led to 

increasingly positive N balance values. In contrast, there was no relationship between N supply 

and N uptake for wheat in monoculture as increased supply of N did not equate to increased 

uptake of N. The N balance for Wh-m appears to be increasingly positive with increasing N supply 

above approximately 65 kg N ha-1, but near equal to negative for observations lower than 65 kg 

N ha-1.  

 

 

Figure 6.2 There was a significant curvilinear relationship between the supply and uptake of N where the 

N balance included crop residue (plot b, R2=0.49, P<0.001), but not where crop residue was excluded 

from the N balance (plot a, P>0.05). 
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There was a linear relationship between N supply and N uptake for Wh-r and Wh-m under the 

Nil-N fertiliser (R2=0.98 and R2=0.89, Figure 6.4). The application of N fertiliser to Wh-r increased 

N uptake compared to Nil-N, however, there was no relationship between N supply and N 

uptake for Wh-m when N fertiliser was applied. However, there were a limited number of 

observations for Wh-r and Wh-m when comparing Nil-N and Applied-N treatment effects on N 

supply and N uptake (maximum number of observations (n) = 6). 

 

Figure 6.3 The relationship between the N supply and N uptake where crop residue N is 

included or excluded in the calculations for wheat grown in rotation (Wh-r, plot a), and wheat 

grown in monoculture (Wh-m, plot b). Solid line indicates a significant relationship with crop 

residue included (R2=0.95, P<0.05), dashed line indicates significant relationship with crop 

residue excluded (R2=0.81, P<0.05). There was no relationship for wheat grown in monoculture 

(P>0.05). Dotted line indicates 1:1 relationship where N supply = N uptake. 

a) Wh-r b) Wh-m 
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 Discussion 

6.5.1 N Balance is improved with the addition of crop residue 

This study demonstrates that crop residue is an important component of the supply and uptake 

of N under long-term no-tillage with retained crop residue. There was a moderate relationship 

between N supply and N uptake where crop residue was included in the N balance (R2=0.49), 

compared to no relationship where crop residue was excluded from the N balance. The N 

balance including crop residue was also able to account for an extra 20kg N ha-1 compared to 

the N balance excluding crop residue. The results of this study are similar to earlier studies in 

New Zealand (Kumar and Goh 2002) and Africa (Smaling et al. 1993), where it was also observed 

that including crop residue tended to result in higher N balance values compared to when crop 

residue is removed from the soil surface. Altering the management of the soil-plant system has 

also previously been shown to affect the relationship between the supply and uptake of N by 

Figure 6.4 The relationship between N supply and N uptake including crop residue for wheat grown in 

rotation (Wh-r, plot a) and monoculture (Wh-m, plot b) under Nil-N and applied N fertiliser treatments. 

Lines in plot (a) show the linear relationship for Nil-N (R2=0.98, solid line) and Applied-N (R2=0.94, dashed 

line) where P<0.05. Line in plot (b) shows linear relationship for Nil-N (R2=0.89, solid line) where P<0.001. 

There was no relationship between N supply and N uptake for Wh-m under Applied-N fertiliser (P>0.05).  
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the use of nitrogen catch crops, no-tillage or reduced N fertiliser application to reduce N leaching 

potential (Constantin et al. 2010), or the effect of pig slurry application and crop rotation on 

increasing the potential to leach N down the soil profile (Sieling and Kage 2006).  

6.5.2 Effect of crop rotation on the relationship between supply and uptake of N 

There was a strong relationship between the supply and uptake of N under rotated wheat in the 

current study. Maximum N uptake for rotated wheat in the current study occurred where N 

supply was 106 kg N ha-1 when crop residue was excluded, and 137 kg N ha-1 for wheat grown in 

rotation. These figures are similar to earlier studies on supply and uptake of N, where grain yield 

was maximised at two out of three sites in Eastern Australia between a soil N supply of 100 to 

120 kg N ha-1 (van Herwaarden et al. 1998b). Grain yield in Mediterranean environments is 

limited by the co-limitation of soil moisture and N availability (Sadras 2004), with grain N uptake 

also influenced due to its positive relationship with grain yield (Whitfield and Smith 1992). It is 

most likely that uptake of N was limited by seasonal rainfall in the current study, leading to 

positive N balance values (supply > uptake) and an increased likelihood of the loss of N due to 

immobilisation or leaching (Sieling and Kage 2006; Constantin et al. 2010). In contrast, there was 

no relationship between the supply and uptake of N for monoculture wheat when crop residue 

was included or excluded in the N balance.  

6.5.3 Partial not complete N balance 

The N balance approach used in the current study to investigate the relationship between the 

supply and uptake of N under no-tillage could be considered a partial N balance and not a 

complete N balance, as the supply of N does not equal the uptake of N. Constantin et al. (2010) 

suggests that positive N balances are the sum of the unmeasured variables of immobilisation, 

volatilisation (denitrification or nitrification) and leaching loss from the soil. Loss of N through 

denitrification in the form of N2 have not been measured at this site, while Barton et al. (2008) 

demonstrated that the annual loss of N2O through nitrification processes were low in the 

Western Australian environment (0.11 kg N2O-N ha-1 year-1). Large and positive N balance values 



106 
 

have been previously determined to be closely related to the loss of N through leaching down 

the soil profile where 0 to 600 mm year-1 of deep drainage was occurring in Germany and France 

(Sieling and Kage 2006; Constantin et al. 2010). However, the amount of soil water moving below 

the 120 cm soil depth at the site under Applied-N treatments was less than 80 mm, as 

determined in a concurrent study (Phil Ward, unpublished data). This study has been limited in 

the assessment of leaching loss of N during the growing season, as samples taken at the end of 

the period to 120 cm soil depth were able to quantify remaining N in the soil profile, but not 

account for leaching losses during the growing season.  Therefore, it is most likely that positive 

N balance values in the current study indicate that immobilisation of N, particularly under 

monoculture wheat, was the major loss pathway when the N balance was positive.  

6.5.4 Effect of N fertilisation on the supply and uptake of N 

The application of N fertiliser to rotated wheat increased the uptake of N, similar to previous 

observations by McDonald (1992). However, the application of N fertiliser to monoculture wheat 

resulted in a break-down of the relationship between supply and uptake of N. Low N fertiliser 

inputs and relatively high N uptake can result in negative N balance values and low losses to 

immobilisation, as found at one site for Constantin et al. (2010). The application of N fertiliser 

to soil can lead to a reduction in the amount of N mineralised through an increase in the 

immobilisation of N (Recous et al. 1995). It is likely that, under monoculture wheat, increased 

supply of N led to a greater amount of immobilisation when N fertiliser was applied, increasing 

competition for N resources with the wheat crop (Kuzyakov and Xu 2013). 

 Conclusion 

The current study has demonstrated the relationship between the supply and uptake of N under 

no-tillage is improved when crop residue N dynamics are included in a partial N balance. There 

were, however, differences in the relationship between the supply and uptake of N when wheat 

was grown in either rotation or monoculture. The relationship between the supply and uptake 

of N under rotated wheat was strong in the current study, indicating that the supply of N largely 
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determines the uptake of N when wheat is grown in rotation. In contrast, the relationship 

between the supply and uptake of N for monoculture wheat was generally poor, with the 

application of N fertiliser causing a break down in the relationship. It was concluded that the 

most likely loss pathway for N under monoculture wheat was through immobilisation of N, 

rather than leaching or denitrification losses. However, further work to quantify the competition 

for N between immobilisation of N and plant uptake of N under no-tillage with retained crop 

residue would be of benefit. This study also highlights the importance of optimising the supply 

of N to reduce the potential for the oversupply of N, which increases the potential for leaching 

losses of N. 
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 General discussion 

 Recap of study objectives 

The aim of this study was to investigate the relationship between crop rotation and crop residue, 

and their effect on wheat grain yield under long-term no-tillage. The dominance of wheat as the 

most-commonly grown crop across the wheatbelt in Western Australia, and the lack of break 

crop rotation, called into question the soil supply of nitrogen from mineralisation for crop 

growth in this region. The recycling of organic matter through crop residue was identified as an 

important component of no-tillage, however, it was not clear from previous studies how the 

temporal accumulation of crop residue under long-term no-tillage affected the quantity and 

quality dynamics of the crop residue. While retaining crop residue can improve nutrient cycling, 

the potential for nitrogen to be immobilised during decomposition by the microbial biomass 

could lead to a reduced amount of mineral nitrogen available in the soil for plant uptake. 

As a result, a number of broad study objectives were identified in the general introduction: 

 Assess how crop rotation influences wheat grain yield under long-term no-tillage in 

Western Australia 

 Determine the quantity and quality of crop residue under long-term no-tillage 

 Determine the amount and pattern of the mineralisation of N in soil under long-term 

no-tillage with retained crop residue for the Western Australian environment and soil 

type 

 Construct a partial N-balance for wheat monoculture and rotated wheat to determine 

the main supplies of N under no-tillage. 
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 Key findings and practical implications for agriculture in Western Australia 

7.2.1 Monoculture what can yield similarly to rotated wheat with fertilisation 

A key finding in this study was that the application of N fertiliser was able to close the yield gap 

between wheat grown in rotation and in monoculture. This was a consistent trend across 

seasons for the comparison between rotated wheat with no applied N fertiliser, and 

monoculture wheat with applied N fertiliser. However, it is uncommon that no N fertiliser would 

be applied to wheat in modern farming systems, as grain yield is known to be increased by the 

application of nitrogen fertiliser in long-term crop rotations, depending on growing season 

rainfall and distribution (van Herwaarden et al. 1998b; Sadras 2004). The break-crop benefit to 

wheat yield appeared to be largely an N benefit, as the magnitude of the break-crop yield benefit 

was equivalent to the amount of fertiliser applied in the current study. Break crop rotations can 

also be used to control other biotic constraints, such as weed competition and root/leaf 

diseases, all of which are important considerations when assessing the long-term viability of a 

crop rotation. However, this study has shown that there is little long-term grain yield benefit 

when wheat is grown in a highly diverse crop rotation in the wheatbelt region of Western 

Australia. This is in contrast to the findings of Derpsch (2005), who concluded that grain yield is 

currently being limited (in part) by crop rotational diversity due to the poor adoption of the three 

key principles of conservation agriculture. Decisions on the choice of crop to be grown are 

largely dependent on management of production risk in this environment, with wheat being the 

most adapted crop for this region. Therefore, the continued use of cereal dominant crop 

rotations in the wheatbelt appears feasible from a nitrogen supply perspective, and assuming 

that weed competition and disease effects can be effectively managed. 

This study has also demonstrated that there is little grain yield benefit to growing wheat in 

break-crop rotation where the growing season rainfall is average or below. The environmental 

limitations imposed on crop growth during the season appear to restrict the ability of wheat to 

alter the components of yield (i.e. heads per m2 and seed weight) to maintain grain yield in each 
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season. Observations in the current study were generally limited to seasons with good rainfall 

during the grain filling period, which favours high seed weight and lower grain protein (van 

Herwaarden et al. 1998b). The management of nitrogen may be more important under no-tillage 

in low rainfall environments to optimise grain protein rather than grain yield, which is an 

important determinant of wheat grain quality. In the current study, grain protein was generally 

higher for rotated wheat and where N fertiliser was applied, and greatest when soil mineral N 

levels were high at sowing. Computer programs such as Yield Prophet® (Keating et al. 2003), are 

available to farmers for the purpose of being able to tailor nitrogen fertilisation strategies 

according to the season, and crop rotation. The amount of N fertiliser applied in the current 

study was not varied according to seasonal conditions or available N at sowing, and is likely to 

have contributed to high grain protein in years where there was an increased amount of soil 

mineral N at sowing. Maintaining optimum grain quality as well as yield under no-tillage may 

require a more careful approach to the application of nitrogen fertiliser. 

7.2.2 Crop residue is an important source and sink of nitrogen under no-tillage 

It was clear in the current study that the largest change in crop residue biomass and N content 

occurred during the growing season from sowing to anthesis, where there was more consistent 

levels of moisture for optimal decomposition of crop residue (Sparling et al. 1995; van Vliet et 

al. 2000). The inclusion of crop residue in the N balance explained 50% of the variation in the 

uptake of N relative to the supply of N. While the focus of this study has been on the amount of 

N removed in grain, as this is the only loss of N from the soil-crop system under no-tillage. The 

change in the amount of N in crop residue following harvest and grain N uptake was used in the 

current study to estimate total N uptake by the wheat crop (grain + straw) at harvest. Direct 

measurement of N uptake in grain and straw prior to harvest may have led to a closer 

relationship between the supply and uptake of N under no-tillage. The uptake of N represents 

the consumption of N from the soil, and while the current study has focussed on the 

consumption of N by the wheat crop, N can also be consumed by soil processes such as 
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denitrification, immobilisation, and the leaching loss of N (Constantin et al. 2010). Of these 

processes, it is considered that the immobilisation of N had the greatest potential to influence 

the supply/uptake relationship of the N balance. Volatilisation losses of N was likely to have had 

little influence on the N balance, as previous studies indicate that less than 0.11 kg N2O-N ha-1 

year-1 is lost in Western Australia (Barton et al. 2008). This measurement was made in the 

presence of crop residue on the soil surface, and represents the loss of N as N2O from both the 

soil and from the crop residue (Barton, L. pers. comm.). The loss of N due to leaching down the 

soil profile was also considered to be low in the current study, given the low rainfall environment 

and the potential to hold 173 mm of water in the 0-120 cm soil depth. 

The effect of immobilisation on the N balance is the result of the gross immobilisation of N, 

rather than the net immobilisation of N that occurred in some sample periods during the 

growing season under monoculture wheat. The current study was limited in being able to 

quantify the gross immobilisation of N by the microbial biomass, with microbial biomass-N only 

being measured in 2014. However, in that year the microbial biomass was relatively high for 

both crop rotations compared to previous studies (Murphy et al. 1998a), which tends to suggest 

that the microbial biomass is large under no-tillage, but only results in a small amount of net N 

mineralisation in each growing season. Further work to measure the gross immobilisation of N 

in the crop residue and surface soil under no-tillage would be of benefit.  

While not directly measured, there was little evidence in the current study to indicate an 

anomaly in the supply of N caused by macrofaunal activity (e.g. termites) (Evans et al. 2011) or 

non-symbiotic nitrogen fixing bacteria (Gupta et al. 2006). Both of these alternate sources of N 

are likely to be more active where the crop residue C:N ratio is high, such as under no-tillage, 

and can provide approximately 8-12 kg N ha-1 under field conditions (Gupta et al. 2006). 

However, the supply of N was similar or lower for monoculture wheat compared to rotated 

wheat, and it is suggested that the anecdotal views of the increased soil supply of N by termites 
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or non-symbiotic nitrogen fixing bacteria under no-tillage (Crabtree 2010) may actually be from 

improved cycling of N through the crop residue under no-tillage. 

7.2.3 Importance of summer rainfall for increasing N availability under no-tillage 

Summer rainfall appears to be an important part of maintaining an adequate supply of nitrogen 

under no-tillage. While soil mineral N levels at sowing were increased from the mineralisation 

of N following summer rainfall, the number of summer rainfall events greater than 10 mm were 

related to the loss of N from crop residue during the subsequent growing season. It is considered 

that the decomposition of crop residue began for a short period following the summer rainfall 

while moisture was available, resulting in net immobilisation of N in the crop residue from 

microbial colonisation in the short term (van Vliet et al. 2000). More consistent rainfall in the 

subsequent growing season allows the N immobilised in the crop residue to be re-mineralised, 

and leached out of the crop residue. van Vliet et al. (2000) found limitations in the amount of 

crop residue biomass lost during summer due to lack of rainfall in the Western Australian 

environment, but it was evident that when significant summer rainfall events did occur (greater 

than 10 mm), crop residue mass was lost, but the N content remained at similar levels. 

Considering the low and sporadic nature of summer rainfall in the wheatbelt of Western 

Australia, the mineralisation of N in the soil will continue to contribute to soil mineral N levels 

at sowing, and the decomposition of crop residue likely to improve the supply of N during the 

growing season. 

7.2.4 N fertilisation reduces the amount of N mineralised under no-tillage 

The current study highlights that the mineralisation of N under both rotated and monoculture 

wheat can be up to 32 kg N ha-1 during the growing season. The application of N fertiliser during 

the growing season tended to reduce the cumulative amount of N mineralised in the soil, and 

was most evident under monoculture wheat in all seasons. The cumulative amount of N 

mineralised under rotated wheat was also lowered by N fertiliser application when soil mineral 

N levels in the 0-10 cm soil depth were low, and the crop residue C:N ratio was high. The uptake 
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of N in grain was not affected by a reduction in the amount of N mineralised under N fertilisation, 

indicating that even though the application of N fertiliser did reduce the amount of N 

mineralised during the growing season, the reduction was less than the amount of N applied in 

the fertiliser, leading to a net increase in the amount of N available for the crop.   

There was a large amount of error associated with the data from the N fertilisation treatments. 

While large variations in the pools of N in the soil are commonly found (Sierra 1996; Murphy et 

al. 1998a), the variation in this study was likely to have been exacerbated by the method of 

fertilisation application during the growing season. Streaming nozzles were used to apply a liquid 

form of N fertiliser in concentrated bands, parallel to the crop rows, and this is likely to have 

increased spatial variation in the N mineralisation data; a similar observation to Smith et al. 

(2000).  

7.2.5 Practical implications for the management of nitrogen under no-tillage 

There is the potential for the adaption of crop management and fertiliser application techniques 

to optimise the soil supply of N during the growing season under monoculture wheat. An annual 

sampling program could be conducted at the start of each growing season to determine the 

amount and C:N ratio of the crop residue on the soil surface, and the amount of soil mineral N 

in the 0-10 cm soil depth. From this, an estimation of the potential for immobilisation of N 

following N fertilisation can be made. In particular, when soil mineral N levels are low, and crop 

residue C:N ratio is high, there is potentially a high risk of immobilisation when N fertiliser is 

applied. For example, crop residue C:N ratio was high across all treatments in 2014, while soil 

mineral N was low. The decision to increase N fertiliser rates to offset the increased potential 

for immobilisation of N could have led to further improvements in grain yield and grain protein. 

In 2015, the decision was made to increase the amount of N fertiliser required for monoculture 

wheat without consideration of the increased levels of soil mineral N at sowing or the lower C:N 

ratio of the crop residue, leading to an increase in grain protein but not grain yield under 

monoculture wheat. 
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Altering N fertilisation techniques to reduce the contact of fertiliser N with the crop residue and 

the soil surface, where mineralisation of N is concentrated, may increase the uptake of N from 

the soil. This could be achieved using existing technology where additional N fertiliser is applied 

at seeding and ‘banded’ below the seed at a depth greater than 5 cm, rather than being applied 

in-crop during the season. This approach would allow maximal rates of mineralisation of N in 

the soil surface layers (with respect to seasonal conditions), while potentially increasing the 

efficiency of the uptake of N by the wheat plant. Another approach to minimise the effects of N 

fertilisation on the mineralisation of N is to develop fertiliser application technologies that can 

accurately deliver N fertiliser to the wheat plant. This could include better foliar application of 

N fertiliser, or targeted application into the crop row at the base of the wheat plant. Both of 

these approaches to fertilisation aim to reduce the contact with crop residue in the inter-row, 

thus maximising the supply of N from the soil and fertiliser to the wheat plant.  

 Concluding remarks 

This study has focussed on the availability of nitrogen in soil under long-term no-tillage for the 

wheatbelt region of Western Australia. The scope of this project was to define and quantify the 

relationship between crop residue and the mineralisation of N in the soil in a long-term no-tillage 

system in this region, where it has not been previously defined. The practical outcomes from 

this study can be easily interpreted and adopted by grain growers in the wheatbelt region of 

Western Australia to further improve the management of farm resources, and to maximise farm 

productivity in this low rainfall environment. 

In summary, the main findings of this study were: 

 Wheat grown in monoculture can yield similarly to rotated wheat with adequate 

nitrogen fertilisation 

 Crop residue was shown to be dynamic and provide usable amounts of nitrogen during 

the growing season 
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 There was the potential for up to 32 kg N ha-1 to be mineralised during the growing 

season under both rotated and monoculture wheat 

 The amount of N mineralised during the growing season tended to be reduced by N 

fertilisation under monoculture wheat 

 Crop residue improved the relationship between the supply and uptake of N using an N 

balance approach under no-tillage 

In addition, important gaps in knowledge were identified for further research: 

 Quantification of the dynamics of gross mineralisation/immobilisation of N where 

crop residue is present on the soil surface and not incorporated, as found under no-

tillage. 

 Investigate the effect of crop residue from summer rainfall, and elucidate the effect 

of soil mineral N at sowing (from summer mineralisation) on the mineralisation of 

N in the up-coming growing season under no-tillage. 

 Validate the use of applied N to close the yield gap between monoculture and 

rotated wheat in other soils and climates of the wheatbelt region of Western 

Australia. 
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 Details of the management of crops grown in sequence S4, S5, S6, and S7 for the 2013, 2014, and 2015 seasons. Abbreviations: N-Nitrogen, P-Phosphorus, S-Sulphur, 

Ca-Calcium, Zn-Zinc. All herbicides and insecticides used are referred to by active ingredient and concentration. 

Philosophy/sequence Date Input Description Rate 

P2/S4 15/05/2013 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 15/05/2013 Diuron 900 Diuron 900 g/kg 300 g/ha 

 15/05/2013 Roundup PowerMax Glyphosate 540 g/L 1 L/ha 

 15/05/2013 Trifluralin Trifluralin 480 g/L 2 L/ha 

 7/06/2013 Wheat (Mace) Mace 80 kg/ha 

 10/07/2013 Flexi-N N 42.2% 78 L/ha 

 14/08/2013 MCPA LVE MCPA 500g/L Ester 300 mL/ha 

 14/08/2013 Tigrex 250 g/L MCPA + 25 g/L diflufenican 400 mL/ha 

 9/09/2013 Pirimor Pirimicarb 500g/kg 300 mL/ha 

 2/12/2013 Harvesting Commercial header   

P2/S5 20/05/2013 Double Phos P 17.7%, S 3.6%, Ca 16.2%, Cu 0.08%, Zn 0.08% 50 kg/ha 

 20/05/2013 Diuron 900 Diuron 900 g/kg 500 g/ha 

 20/05/2013 Roundup PowerMax Glyphosate 540 g/L 1 L/ha 

 20/05/2013 Trifluralin Trifluralin 480 g/L 2 L/ha 

 20/05/2013 Nodulaid chickpea  Group N 100 kg/ha 

 20/05/2013 Chickpea (Striker) Striker 100 kg/ha 

 22/05/2013 Balance Isoxaflutole 750 g/kg 100 g/ha 

 25/07/2013 Uptake Paraffinic oil + non-ionic surfactants 325 mL/ha 

 25/07/2013 Select Clethodim 240 g/L 500 mL/ha 

 19/09/2013 Dominex Duo Alpha-Cypermethrin 100g/L 200 mL/ha 

  2/12/2013 Harvesting Commercial header     
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Philosophy/sequence Date Input Description Rate 

P2/S6  29/04/2013 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 29/04/2013 Gesaprim Atrazine 900 g/kg 1.1 kg/ha 

 29/04/2013 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 29/04/2013 Trifluralin Trifluralin 480 g/L 1.5 L/ha 

 29/04/2013 Canola (Sturt TT) Sturt TT 3 kg/ha 

 20/06/2013 Uptake Paraffinic oil + non-ionic surfactants 325 mL/ha 

 20/06/2013 Farmozine Atrazine 500g/L 2 L/ha 

 15/07/2013 Flexi-NS N 37 %, S 6.6% 90 L/ha 

 25/07/2013 Uptake Paraffinic oil + non-ionic surfactants 325 mL/ha 

 25/07/2013 Select Clethodim 240 g/L 500 mL/ha 

 2/11/2013 Harvesting Commercial header   

P3/S7 15/05/2013 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 15/05/2013 Diuron 900 Diuron 900 g/kg 300 g/ha 

 15/05/2013 Roundup PowerMax Glyphosate 540 g/L 1 L/ha 

 15/05/2013 Trifluralin Trifluralin 480 g/L 2 L/ha 

 7/06/2013 Wheat (Mace) Mace 80 kg/ha 

 10/07/2013 Flexi-N N 42.2% 78 L/ha 

 14/08/2013 MCPA LVE MCPA 500g/L Ester 300 mL/ha 

 14/08/2013 Tigrex 250 g/L MCPA + 25 g/L diflufenican 400 mL/ha 

 9/09/2013 Pirimor Pirimicarb 500g/kg 300 mL/ha 

  2/12/2013 Harvesting Commercial header     
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Philosophy/sequence Date Input Description Rate 

P2/S4 7/05/2014 Roundup UltraMax Glyphosate 570 g/L 1.5 L/ha 

 28/05/2014 Double Phos P 17.7%, S 3.6%, Ca 16.2%, Cu 0.08%, Zn 0.08% 50 kg/ha 

 28/05/2014 Diuron 900 Diuron 900 g/kg 500 g/ha 

 28/05/2014 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 28/05/2014 Trifluralin Trifluralin 480 g/L 1.5 L/ha 

 28/05/2014 Chickpea (Striker) Striker 100 kg/ha 

 30/05/2014 Balance Isoxaflutole 750 g/kg 100 g/ha 

 31/07/2014 Uptake Paraffinic oil + non-ionic surfactants 400 mL/ha 

 31/07/2014 Select Clethodim 240 g/L 500 mL/ha 

 23/09/2014 Wetter 1000 g/L alcohol alkoxylate 15 mL/ha 

 23/09/2014 Dithane Rainshield Manzoceb 750 g/kg 2.2 kg/ha 

 26/11/2014 Harvesting Commercial header   

P2/S5 2/05/2014 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 2/05/2014 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 2/05/2014 Trifluralin Trifluralin 480 g/L 1.5 L/ha 

 2/05/2014 Canola (IH30RR) IH30RR 2.5 kg/ha 

 30/05/2014 Roundup Ready  Glyphosate 690g/L 0.9 kg/ha 

 26/06/2014 Roundup Ready  Glyphosate 690g/L 0.9 kg/ha 

 28/07/2014 Flexi-NS N 37 %, S 6.6% 90 L/ha 

  31/10/2014 Harvesting Commercial header     
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Philosophy/sequence Date Input Description Rate 

P2/S6 7/05/2014 Roundup UltraMax Glyphosate 570 g/L 1.5 L/ha 

 15/05/2014 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 15/05/2014 Sakura Pyroxasulfone 850g/kg 118 g/ha 

 15/05/2014 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 15/05/2014 Wheat (Mace) Mace 80 kg/ha 

 28/07/2014 Flexi-N N 42.2% 78 L/ha 

 30/07/2014 Adigor 440g/L methyl esters 400 mL/ha 

 30/07/2014 Axial 100 g/L Pinoxaden + 25 g/L Cloquintocet -  250 mL/ha 

 5/09/2014 Pirimor Pirimicarb 500g/kg 150 g/ha 

 26/11/2014 Harvesting Commercial header   

P3/S7 7/05/2014 Roundup UltraMax Glyphosate 570 g/L 1.5 L/ha 

 15/05/2014 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 15/05/2014 Sakura Pyroxasulfone 850g/kg 118 g/ha 

 15/05/2014 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 15/05/2014 Wheat (Mace) Mace 80 kg/ha 

 28/07/2014 Flexi-N N 42.2% 78 L/ha 

 30/07/2014 Adigor 440g/L methyl esters 400 mL/ha 

 30/07/2014 Axial 100 g/L Pinoxaden + 25 g/L Cloquintocet -  250 mL/ha 

 5/09/2014 Pirimor Pirimicarb 500g/kg 150 g/ha 

  26/11/2014 Harvesting Commercial header     
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Philosophy/sequence Date Input Description Rate 

P2/S4 30/03/2015 LV Ester 680 2,4-D Ester 680g/L 500 mL/ha 

 30/03/2015 Roundup UltraMax Glyphosate 570 g/L 1 L/ha 

 15/04/2015 Roundup UltraMax Glyphosate 570 g/L 1.1 L/ha 

 4/05/2015 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 4/05/2015 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 4/05/2015 Trifluralin Trifluralin 480 g/L 1.5 L/ha 

 4/05/2015 Canola (IH30RR) IH30RR 2.5 kg/ha 

 3/07/2015 Roundup Ready  Glyphosate 690g/L 0.9 kg/ha 

 15/07/2015 Flexi-NS N 37 %, S 6.6% 93 L/ha 

 12/11/2015 Harvesting Commercial header   

P2/S5 30/03/2015 LV Ester 680 2,4-D Ester 680g/L 500 mL/ha 

 30/03/2015 Roundup UltraMax Glyphosate 570 g/L 1 L/ha 

 15/04/2015 Roundup UltraMax Glyphosate 570 g/L 1.1 L/ha 

 13/05/2015 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 13/05/2015 Avadex Xtra Tri-allate 500 g/L 1.6 L/ha 

 13/05/2015 Sakura Pyroxasulfone 850g/kg 118 g/ha 

 13/05/2015 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 13/05/2015 Wheat (Mace) Mace 80 kg/ha 

 10/07/2015 Flexi-N N 42.2% 40 L/ha 

  18/11/2015 Harvesting Commercial header     
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Philosophy/sequence Date Input Description Rate 

P2/S6 30/03/2015 LV Ester 680 2,4-D Ester 680g/L 500 mL/ha 

 30/03/2015 Roundup UltraMax Glyphosate 570 g/L 1 L/ha 

 15/04/2015 Roundup UltraMax Glyphosate 570 g/L 1.1 L/ha 

 25/05/2015 Double Phos P 17.7%, S 3.6%, Ca 16.2%, Cu 0.08%, Zn 0.08% 50 kg/ha 

 25/05/2015 Diuron 900 Diuron 900 g/kg 500 g/ha 

 25/05/2015 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 25/05/2015 Trifluralin Trifluralin 480 g/L 2 L/ha 

 25/05/2015 ALOSCA Group N Group N 10 kg/ha 

 25/05/2015 Chickpea (Striker) Striker 100 kg/ha 

 25/07/2015 Uptake Paraffinic oil + non-ionic surfactants 400 mL/ha 

 25/07/2015 Select Clethodim 240 g/L 500 mL/ha 

 21/08/2015 Dithane Rainshield Manzoceb 750 g/kg 2.2 kg/ha 

 2/12/2015 Harvesting Commercial header   

P3/S7 25/03/2015 LV Ester 680 2,4-D Ester 680g/L 500 mL/ha 

 25/03/2015 Roundup UltraMax Glyphosate 570 g/L 1 L/ha 

 15/04/2015 Roundup UltraMax Glyphosate 570 g/L 1.1 L/ha 

 13/05/2015 Agras N 16.1%, P 9.1%, S 14.3%, Ca 0.5%, Zn 0.06% 80 kg/ha 

 13/05/2015 Avadex Xtra Tri-allate 500 g/L 1.6 L/ha 

 13/05/2015 Sakura Pyroxasulfone 850g/kg 118 g/ha 

 13/05/2015 SpraySeed Paraquat 135 g/L + Diquat 115 g/L 1.2 L/ha 

 13/05/2015 Wheat (Mace) Mace 80 kg/ha 

 10/07/2015 Flexi-N N 42.2% 93 L/ha 

  18/11/2015 Harvesting Commercial header     
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 The mean change in crop residue biomass-N during three time periods of the year for each crop sequence. Negative values represent a reduction in biomass-N during 

the time period. Geometric means are shown as data was log-transformed for analysis to meet homoscedasticity assumptions.  Letters denote significance between 

crop residue type in each year (P<0.05). ns = no significant difference. 

Year Crop sequence Crop residue at sowing 

 

Winter Harvest Summer 

2013 S4 Canola   -41 ns 22 ns  -2 a 

 S5 Rotated wheat   -51 ns 18 ns  0 a 

 S6 Field pea   -35 ns 23 ns  -17 b 

 S7 Monoculture wheat   -44 ns 5 ns  -1 a 

2014 S4 Wheat-r   -9 a 12 ns  -2 ns 

 S5 Chickpea   -27 b 8 ns  -1 ns 

 S6 Canola   -11 a 9 ns  -1 ns 

 S7 Wheat-m   -7 a 6 ns  -1 ns 

2015 S4 Chickpea   -17 ns 24 ns 9 ns 

 S5 Canola   -17 ns 16 ns 8 ns 

 S6 Wheat-r   -18 ns 19 ns 11 ns 

  S7 Wheat-m   -10 ns 12 ns 3 ns 
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  The percentage of freshly deposited crop residue as a proportion of total crop residue following the harvest of wheat grown in rotation (Rotated wheat) or 

monoculture (Monoculture wheat), canola or chickpea crops in each year. No significant differences were observed. 

Date Crop sequence Crop residue type 
Biomass 

% 

Biomass-N 

% 

2013 S4 Rotated wheat 82 84 

 S5 Chickpea 48 55 

 S6 Canola 65 59 

  S7 Monoculture wheat 60 50 

2014 S4 Chickpea 39 56 

 S5 Canola 62 44 

 S6 Rotated wheat 61 45 

  S7 Monoculture wheat 49 40 

2015 S4 Canola 89 84 

 S5 Rotated wheat 83 80 

 S6 Chickpea 82 87 

  S7 Monoculture wheat 80 77 



  

 Crop residue carbon concentration for each crop sequence for the period 2013-2015. Geometric means 

are shown as data was log-transformed for analysis to meet homoscedasticity assumptions. Upper case 

letters denote significant first order effects, while lower case letters denote significant differences 

between crop residue at each sample time ( TukeyHSD, P<0.05). ns= no significant difference. 

Year Crop 

sequence 

Sowing Anthesis Post-harvest 

 All values expressed as g C kg-1 crop residue 

2013 S4 389 b 370 ns 415 b 

  S5 417 b 380 ns 291 a 

  S6 325 a 393 ns 379 b 

  S7 372 ab 398 ns 394 b 

  Mean 374 BC 385 BD 366 BC 

2014 S4 424 ns 402 ns 401 ns 

  S5 419 ns 365 ns 416 ns 

  S6 411 ns 353 ns 385 ns 

  S7 421 ns 409 ns 376 ns 

  Mean 419 D 384 BD 394 CD 

2015 S4 365 ns 330 ns 388 ns 

  S5 361 ns 314 ns 355 ns 

  S6 366 ns 300 ns 307 ns 

  S7 350 ns 316 ns 342 ns 

  Mean 361 BC 315 A 347 AB 
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Historical grain yield for each sequence in the diverse rotation and wheat monoculture for the 3 years 

prior to the current study (2010-2012). Annual and growing season rainfall is included for each year. 

Philosophy/Sequence Crop sequence 2010 2011 2012 

P2/S4 Wheat-Field pea-Canola 173 2438 598 

P2/S5 Field pea-Canola-Wheat 235 2142 1983 

P2/S6 Canola-Wheat-Field pea 143 3227 452 

P3/S7 Wheat-Wheat-Wheat 303 3443 1423 

 Annual/Growing season rainfall 168/101mm 421/268mm 228/137mm 
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