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 11 

Abstract: Sugarcane is a highly valuable crop grown in tropical and subtropical climates 12 

worldwide primarily for the production of sucrose-based products.  The Australian 13 

sugarcane industry is located in close proximity to sensitive environments and the apparent 14 

declining health of the Great Barrier Reef has been linked to damaging levels of land-based 15 

pollutants entering reef waters as a result of sugarcane cultivation undertaken in adjacent 16 

catchments.  Unprecedented environmental scrutiny of N-fertiliser application rates is 17 

necessitating improved N-fertiliser management strategies in sugarcane. Over time the focus 18 

of N-fertiliser management has shifted from maximising production to optimizing 19 

profitability and most recently to improved environmental sustainability.   However, current 20 

N calculations are limited in their ability to match N-fertiliser inputs to forthcoming crop 21 

requirements.  Seasonal climate forecasts are being used to improve decision-making 22 

capabilities across different sectors of the sugarcane value chain.  Climate is a key driver of 23 
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crop growth, N-demand and N-loss processes, but climate forecasts are not being used to 1 

guide N management strategies.  Seasonal climate forecasts could be used to develop N-2 

management strategies for ‘wet’ and ‘dry’ years by guiding application rate, timing and/or 3 

frequency of N inputs and the benefit of using alternative forms of N fertiliser.  The use of 4 

seasonal climate forecasts may allow more environmentally sensitive yet profitable N-5 

management strategies to be developed for the Australian sugarcane industry.   6 

Keywords: sugarcane; Australia; nitrogen; seasonal climate forecasting; environment  7 

 8 

1. Introduction 9 

Sugarcane, one of the longest cultivated plants in the world, is a highly valuable crop grown in 10 

tropical and subtropical climates worldwide.  Grown primarily for the production of sucrose-based 11 

products, sugarcane can also be used to produce a diverse range of alternative products and offers a 12 

renewable alternative to petrochemical resources (Brumbley et al. 2008; Brumbley et al. 2007).   This 13 

versatility provides a strong economic outlook for the future of the sugarcane industry as the world’s 14 

population continues to increase and the demand for food and renewable energy sources intensifies.   15 

The location of sugarcane production areas in close proximity to sensitive environments 16 

necessitates the development and adoption of sustainable production practices.  The Australian 17 

sugarcane production system has evolved to include a suite of best management practices focused on 18 

maintaining productivity, improving profitability and minimising the movement of sediment, nutrients 19 

and pesticides off farm (Schroeder et al. 2008; Christiansen 2000; Hurney et al. 2008; Schroeder et al. 20 

2009a; Smith 2008).  Although these practices have been largely successful in achieving the desired 21 

outcomes, loss of nitrogen (N) from sugarcane production remains a serious impairment to improved 22 

environmental sustainability and profitability (Calcino et al. 2010; Macdonald et al. 2009; Denmead et 23 
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al. 2010; Wang et al. 2012; Prasertsak et al. 2002; Vallis and Keating 1994; Thorburn et al. 2011b; 1 

Schroeder et al. 2010a). 2 

Although sugarcane requires large inputs of N for successful crop growth (van der Laan et al. 3 

2011), it is relatively inefficient in the recovery of N fertiliser (Vallis and Keating 1994).    Recovery 4 

studies of applied N fertiliser in the crop and surrounding soil in Australia indicate maximum 5 

recoveries are just over 60% of N applied (Chapman et al. 1991; Vallis and Keating 1994; Prasertsak 6 

et al. 2002).  The unrecovered N is either held in the soil by microbial immobilization (Jansson and 7 

Persson 1982) and/or lost from the sugarcane production system (Wood et al. 2010a).  Strategies have 8 

been developed to reduce N losses from ammonia volatilisation but they have not reduced 9 

denitrification and leaching losses (Chapman et al. 1991; Vallis and Keating 1994).  In extreme 10 

situations, denitrification can result in 25% of the applied N fertiliser being lost to the atmosphere 11 

(Denmead et al. 2010).  The magnitude of N losses and low recoveries of fertiliser N by the sugarcane 12 

crop are of significant economic and environmental importance (Thorburn et al. 2011c; Bainbridge et 13 

al. 2009; Benn et al. 2010; Brodie et al. 2001; Brodie et al. 2010).  14 

The focus of N-fertiliser management in the Australian sugarcane industry has recently shifted from 15 

production maximization to profit optimization and most recently improved environmental 16 

sustainability (Wood et al. 1997; Wood et al. 2003; Schroeder et al. 1998; Thorburn et al. 2011b).  17 

Two N management calculation systems developed in the Australian sugarcane industry are SIX 18 

EASY STEPS and N Replacement.  The SIX EASY STEPS nutrient-management program aims to 19 

deliver soil- and site-specific N-fertiliser guidelines for sustainable sugarcane production (Schroeder et 20 

al. 2007a; Schroeder et al. 2009b; Schroeder et al. 2005a; Schroeder and Wood 2001; Schroeder et al. 21 

2010b; Wood et al. 2003; Schroeder et al. 2009c; Calcino et al. 2010; Schroeder et al. 2010a; 22 

Schroeder et al. 2005b; Schroeder et al. 2006).  The N Replacement system aims to replace the amount 23 

of N removed by the previously harvested crop (Thorburn et al. 2003; Thorburn et al. 2004a).  24 

However, both systems are limited in their ability to alter N management strategies to cater for changes 25 
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in climatic conditions experienced during the current growing season or those predicted for the 1 

forthcoming season.   2 

The use of seasonal climate forecasting in agricultural production systems is increasing as 3 

stakeholders aim to improve decision-making capabilities that are impacted by climate (Sivakumar 4 

2006; Hammer et al. 2001).  Seasonal climate forecasts are being used to improve decision-making 5 

capabilities in the growing, harvesting, milling and marketing sectors of the Australian sugarcane 6 

industry (Everingham et al. 2003; Everingham et al. 2001; Everingham et al. 2002a; Everingham et al. 7 

2005).  Potential exists to increase the application of climate-forecasting information into other areas 8 

of the Australian production system to reduce the impact of climate variability on economic losses and 9 

environmental degradation.  10 

This review aims to provide a general overview of the sugarcane industry before focusing on the 11 

Australian sugarcane production system and opportunities to improve N-management strategies for 12 

superior environmental and economic outcomes. 13 

 14 

2. Literature Review 15 

2.1. The Sugarcane Plant  16 

Sugarcane is a perennial tropical grass belonging to the Gramineae, genus Saccharum (Van 17 

Dillewijn 1952; James 2004; Bakker 1999).  There are two wild and four domesticated species of 18 

Saccharum.  The wild species are Saccharum spontaneum L., which is found throughout tropical 19 

Africa, Asia and Oceania, and Saccharum robustum Brandes & Jeswiet ex Grassl, which is restricted 20 

to Papua New Guinea and neighboring islands.  The four domesticated species; Saccharum 21 

officinarum L., Saccharum edule Hassk., Saccharum barberi Jeswiet and Saccharum sinense Roxb. 22 

have a higher sucrose content and lower fibre content than the wild species (Bakker 1999; Bull 2000).   23 

All current commercial sugarcane cultivars are complex hybrids of two or more species of Saccharum 24 

(Bull 2000).  Unlike other grass crops, which store starch in seed heads, sugarcane has evolved to store 25 



                           

 

 

6 

sugar in its stalk.  The elongation and expansion of the sugarcane stalk provides an ideal area to store 1 

sucrose (Van Dillewijn 1952).   2 

Commercially, sugarcane is asexually propagated by planting stalk cuttings known as setts or 3 

billets.  This produces a new sugarcane crop with the same characteristics as the crop from which the 4 

cuttings were taken.  The setts contain at least one bud, along with all the nutrients and water required 5 

for the bud to germinate.  On germination, a primary shoot is produced from the bud.  In a process 6 

known as tillering, the buds on the primary shoot then develop secondary shoots, which in turn may 7 

produce tertiary shoots and so on.  The primary shoot and tillers grow to produce a ‘stool’ that consists 8 

of stalks of varying weight, height and diameter.  The aboveground biomass of the plant crop is 9 

harvested around 12-18 months after planting (Wood 1991; Pankhurst et al. 2003).  The buds and root 10 

primordia of the underground stool that remain after harvest develop to produce a further crop known 11 

as a ratoon crop.  Ratoon crops are normally harvested at around 12 months of age, but the growth 12 

period can be as long as 22-24 months depending on the climatic conditions (mainly temperature and 13 

solar radiation) and soil moisture experienced during the growing season (Ellis and Merry 2004).  In 14 

some circumstances, ratoon crops are ‘stood over’ to the following harvest.  This usually occurs when 15 

weather conditions prevent crops of sugarcane being harvested.  Successive ratoon crops continue to 16 

be produced until the field needs to be replanted due to declining yields.  Over time, the soil looses its 17 

structure and becomes compacted due to in-field operations (especially harvesting and haul-out of the 18 

crop).  Damage from pests and diseases increases, soil salinity and sodicity problems are exacerbated, 19 

and the stool is damaged by harvesting equipment (Ellis and Merry 2004).  Consequently, plant 20 

populations decline and productivity reduces to a level where it is uneconomical to continue the crop 21 

cycle and replanting is required.  22 

   23 

2.2. Sugarcane Products and Uses  24 

Sugarcane is the fastest growing, largest biomass and highest sucrose-accumulating agricultural 25 

crop in the world.  It is primarily grown for the production of sugar-based products, ranging from raw 26 
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to refined white sugar and specialty products.  With these products meeting the dietary requirements of 1 

both high and low income consumers around the world, sugarcane is the largest contributor of dietary 2 

carbohydrate for human consumption after cereal crops (Brumbley et al. 2008).  There is also a small 3 

but profitable specialty market for organically produced sugar, most of which is grown and processed 4 

in Florida in compliance with strict field and factory protocols (Irvine 2004).     5 

Processing sugarcane into raw sugar also produces by-products (bagasse, molasses, filter mud and 6 

ash) that have many different uses.  Bagasse, the fibrous residue of the sugarcane plant that remains 7 

after sugar extraction, can be used to manufacture paper, animal feed and bioenergy (Brumbley et al. 8 

2008; Barnes 1974).  It is often used in energy cogeneration for sugar milling operations, with surplus 9 

energy fed back into local electricity grids (Brumbley et al. 2008; Goldemberg et al. 2008; Alonso-10 

Pippo et al. 2008; Mackintosh 2000).   11 

Molasses is the thick, dark, uncrystallized syrup that remains after most of the sucrose has been 12 

extracted from the cane juice in the production of raw sugar (Mackintosh 2000).  It is used in the 13 

production of syrups, animal supplements, ethanol for blending with gasoline or diesel, and distillation 14 

of alcoholic beverages (Brumbley et al. 2008; Mackintosh 2000).   15 

Filter mud (also known as filter press / cake, or mill mud), ash, molasses and vinasse (a by-product 16 

of ethanol production, referred to as dunder in Australia) are also valuable sources of mineral nutrients 17 

and organic matter (Calcino 1994; Calcino et al. 2000; Mackintosh 2000).  The nutrient composition of 18 

these products varies.  Generally, filter mud contains significant amounts of calcium (Ca), phosphorus 19 

(P) and N, whereas ash contains significant amounts of potassium (K), Ca, magnesium (Mg) and 20 

silicon (Si) and molasses and vinasse are high in K (Calcino 1994; Calcino et al. 2000).  These 21 

products often need to be used in combination with inorganic fertilisers to meet the nutritional 22 

requirements of the crop as not all of the nutrients they contain are available immediately for plant 23 

uptake (Calcino 1994; Mackintosh 2000; Calcino et al. 2000; Barnes 1974).   24 

Sugarcane can also be used to produce biofuels, bioenergy and biopolymers (Brumbley et al. 2008; 25 

Brumbley et al. 2007).  Biorefineries constructed in Brazil to produce ethanol and bioplastics highlight 26 
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the potential of sugarcane to offer a renewable and environmentally friendly alternative to 1 

petrochemical resources (Brumbley et al. 2008; Ferreira-Leitao et al. 2010; Brumbley et al. 2007).  2 

Similarly transgenic approaches to genetic and metabolic engineering have resulted in the production 3 

of new high-value products, allowing sugarcane to be used as a biofactory for the production of 4 

alternative sugars, bioplastics, high-value proteins and fine chemicals including nutraceuticals, 5 

industrial enzymes and pharmaceuticals (Brumbley et al. 2008; Irvine 2004; Brumbley et al. 2007).  6 

It is apparent that the sugarcane plant has a diverse range of uses and there is strong potential for 7 

market diversification.  In the future, it is highly likely that sugarcane will be grown to produce sucrose 8 

for human consumption and biomass for the manufacture of fuel, energy and alternative products 9 

(Brumbley et al. 2008).   10 

 11 

2.3. International Sugarcane Industry  12 

Sugarcane is grown between latitudes 35
o
 North and 35

o
 South, from sea-level to 1500 m in over 13 

100 countries throughout Africa, North, Central and South America, Asia and Oceania (Barnes 1974; 14 

Bakker 1999; Muchow et al. 1997).  Brazil, India, China, Thailand, Pakistan, Mexico, Colombia, 15 

Australia, Argentina and the United States of America are the largest sugarcane-growing nations 16 

supplying over 80% of the total 2009-2010 sugarcane production (F.O.Lichts 2010).  Brazil, Thailand 17 

and Australia are also major exporters of raw sugar (F.O.Lichts 2010; Hogarth and Ryan 2000).   18 

Brazil is the largest sugarcane producer, raw-sugar exporter and manufacturer of sugarcane ethanol.  19 

In 2009-2010 Brazil grew around 40% of the total sugarcane produced (F.O.Lichts 2010) and had 325 20 

sugar-ethanol plants operational in 2010 (Ferreira-Leitao et al. 2010).  The size of the Brazilian 21 

sugarcane industry and its flexibility to produce sugar or ethanol have a major influence on the value 22 

of raw sugar exports (Hogarth and Ryan 2000).  It also makes it difficult for other raw-sugar exporters 23 

to secure market share, especially during times of excess production.  To remain competitive and 24 

profitable, other major raw sugar exporters, such as Australia, have focused on establishing a 25 

reputation as a consistent and reliable supplier of high-quality raw sugar, improving production 26 
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efficiency and reducing operating expenses (Hogarth and Ryan 2000; Mackintosh 2000; 1 

CANEGROWERS 2010).  Australia is recognized as one of the most cost-effective sugarcane 2 

producers in the world, capable of securing market share even during times of excess production 3 

(CANEGROWERS 2010; Hogarth and Ryan 2000).   4 

 5 

2.4. Australian Sugarcane Industry  6 

Generating annual revenue of US$1.5-2.5 billion, the processing of sugarcane into raw sugar is one 7 

of Australia’s largest and most important rural industries (CANEGROWERS 2010).  Family-owned 8 

businesses with an average farm size of 110 ha and some very large corporately-owned cane-farming 9 

businesses produce 32 to 35 Mt of sugarcane and 4.5 to 5 Mt of raw sugar annually 10 

(CANEGROWERS 2010).   11 

In Australia, sugarcane is grown along 2200 km of coastline (Figure 1) from Mossman 12 

(S16
o
30’,E145

o
30’) in far north Queensland to Harwood (S29

o
25’,E153

o
14’) in northern New South 13 

Wales (Schroeder et al. 2008; CANEGROWERS 2010).  Encompassing an area of approximately 500 14 

000 ha (Schroeder et al. 2008) the Australian sugarcane industry is split into five discontinuous 15 

regions: Northern, Burdekin, Central, Southern and New South Wales.  These regions are situated 16 

within wet tropical and humid sub-tropical climates and are separated by areas of unsuitable soils or 17 

unreliable rainfall (Kingston 2000; Schroeder et al. 2008). 18 

Figure 1. Geographical location of the Australian sugarcane industry highlighting mean 19 

annual rainfall (mm) distribution  20 
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 1 

In Queensland, sugarcane is cultivated along the east coast in lowland areas of catchments draining 2 

eastward into the Great Barrier Reef World Heritage Area (Brodie et al. 2001; Wrigley 2007).  The 3 

mean annual rainfall ranges from over 4000 mm to less than 1000 mm, necessitating full or 4 

supplementary irrigation in some districts (Barnes 1974; Kingston 2000; Schroeder et al. 2008).  In the 5 

Wet Tropics region more than 80% of the total annual rainfall occurs during the wet season that starts 6 

in summer and extends into autumn (Kingston 2000).  Summer-dominated rainfall, coupled with the 7 

risk of flooding and cyclonic storms, results in the harvest season operating from June to December to 8 

coincide with normally drier weather.   9 

With Queensland producing approximately 95% of Australia’s annual raw sugar total, it is not 10 

surprising that sugarcane is the major agricultural crop grown on the east coast (CANEGROWERS 11 

2010; Hogarth and Ryan 2000; Barnes 1974).  The ability to grow sugarcane over a large area of 12 

different soil types and climatic conditions, in combination with easy access to required infrastructure, 13 

results in sugarcane being grown in preference to alternative crops.  However, the period between crop 14 

cycles provides an ideal opportunity for alternative crop diversification without disrupting sugarcane 15 



                           

 

 

11 

production (Garside and Bell 1999).  Alternatively, sugarcane may be used in longer-term rotation 1 

with crops such as bananas in northern Queensland.    2 

In New South Wales sugarcane is grown in a subtropical climate on coastal plains traversed by 3 

three rivers (Barnes 1974).  The mean annual rainfall total ranges from 1300 mm to 1700 mm and, 4 

although the majority falls during the wet season, up to 40% of the total annual rainfall can fall over 5 

the winter months creating drainage and harvesting problems (Calcino et al. 2008; Kingston 2000).  6 

Frequent flooding may occur in late summer and crops can be frosted in some areas during winter 7 

(Barnes 1974).   The cooler climate of New South Wales results in most sugarcane crops growing for 2 8 

years before harvest, compared to 1 year in Queensland (Barnes 1974).   9 

The Australian sugarcane industry with 24 sugar mills and six bulk-storage terminals is small 10 

compared to its major raw-sugar exporting competitors.  Approximately 80% of the raw sugar 11 

Australia produces is exported, mainly to China, Indonesia, Japan, Korea, Malaysia, Taiwan, the 12 

United States of America and New Zealand (CANEGROWERS 2010; Hogarth and Ryan 2000).  The 13 

remainder is refined and processed in Australia to produce white sugar, liquid sugar products and 14 

specialty products such as golden syrup, coffee sugar, cubed sugar and treacle for domestic 15 

consumption.   16 

The productivity of Australian sugarcane farms and mills is amongst the highest in the world and 17 

production costs are similar to most other larger sugarcane producers (Hogarth and Ryan 2000).   18 

Australia is regarded as one of the most competitive, cost-effective and innovative producers and 19 

exporters of raw sugar and a leader in the adoption of sustainable farming practices 20 

(CANEGROWERS 2010; Hogarth and Ryan 2000). 21 

 22 

2.4.1. Australian Sugarcane Production System 23 

The Australian sugarcane farming system focuses on the adoption of best management practices for 24 

improved productivity, profitability, sustainability and environmental responsibility (Hurney et al. 25 

2008; Garside et al. 2004).  Best management practices are recommended across all aspects of the 26 
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sugarcane farming system and, although growers tailor practices to suit their individual requirements 1 

and climatic conditions, certain fundamental principles exist.  Multidisciplinary research conducted by 2 

the Sugarcane Yield Decline Joint Venture (Garside et al. 1997; Garside 1997; Garside et al. 2001) to 3 

investigate the loss of productive capacity of Australian sugarcane growing soils under long-term 4 

monoculture promoted the adoption of a sustainable farming system.  This farming system 5 

recommends inclusion of a break period between crop cycles, preferably incorporating a well-managed 6 

legume crop, reducing tillage practices, increasing row spacing to allow for controlled trafficking of 7 

machinery, adopting green, cane trash-blanketing (no pre-harvest burning and conservation of crop 8 

residues; GCTB) wherever possible and sustainable resource use (Hurney et al. 2008; Garside et al. 9 

2004; Bell et al. 2003; Garside et al. 2006).  At least some of these practices are commonly adopted 10 

within most sugarcane farming enterprises as they have significant potential to reduce production 11 

costs, improve operation timeliness and soil health and prevent sugarcane yield decline (Garside et al. 12 

2004; Bell et al. 2003; Hurney et al. 2008).    13 

The average Australian sugarcane crop cycle consists of plant and four to five ratoon crops with a 14 

4-6 month break period between crop cycles to break the sugarcane monoculture (Garside et al. 2009; 15 

Pankhurst et al. 2003; Wood 1991; Garside et al. 1997).  The break period also provides an ideal 16 

opportunity to determine the soil nutrient status, target weed control, reduce pest and disease pressure, 17 

undertake land rectification activities, and plant an alternative crop (Hurney et al. 2008).  Legume 18 

crops grown during the break provide a diverse species break from sugarcane and a source of mineral 19 

N, improve soil health and increase productivity (Garside and Bell 2001; Garside and Bell 1999).  The 20 

most commonly grown legumes are cultivars of soybean (Glycine max), cowpea (Vigna unguiculata), 21 

lab lab (Lablab purpureus) and peanut (Arachis hypogaea) and, although broadcast planting is still 22 

practiced, direct-drill planting into raised mounds or existing cane rows to reduce tillage operations 23 

and maximise germination is becoming more popular (Garside and Bell 2001).  Legumes are generally 24 

grown as green-manure crops in the wetter northern districts, with grain crops produced where weather 25 

conditions and machinery availability facilitate harvesting (Garside and Bell 2001; Garside and Bell 26 
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1999). As the break period usually coincides with the wet season, alternative crops help minimise the 1 

risk of erosion and pollutant movement off-farm. Where it is not possible to grow a well-managed 2 

legume crop, a bare fallow maintained with knockdown herbicides is the best alternative (Hurney et al. 3 

2008).  Most Australian sugarcane farming systems use a configuration of single rows separated by 4 

about 1.52 m.  Transition to controlled-traffic farming systems consisting of single or dual rows 5 

separated by 1.8 to 2.0 m is gradually occurring and minimises the adverse effects of soil compaction 6 

in the cropping zone (Calcino et al. 2008).  This farming system is also better suited to zonal tillage 7 

systems that only cultivate the row area.  Adoption of minimum or zonal tillage land preparation 8 

practices in combination with a greater reliance on chemical weed control have reduced aggressive 9 

tillage practices and helped minimise soil disturbance in break and plant crops.  Zero tillage, the 10 

practice of direct drilling sugarcane setts into undisturbed soil, is not common, as some cultivation is 11 

required to reshape the cane drill and prepare an adequate seed bed (Calcino et al. 2008).  However, a 12 

recently developed direct-drill sugarcane planter based on the double-disk-opener planter concept 13 

commonly used in the grains industry has the potential to successfully operate in any cultivation 14 

system, including zero tillage (Robotham 2004; Robotham and Chappell 2000).   15 

Sustainable use of resources is another important component of the Australian sugarcane production 16 

system and focuses on the correct application rate, placement and timing of nutrient, water, herbicide 17 

and pesticide inputs to maximise profitability and minimise detrimental offsite impacts (Hurney et al. 18 

2008).  This type of approach is particularly evident in current nutrient management guidelines that 19 

consider nutrient availability based on soil test results, crop requirements, crop class, yield potential 20 

and nutrient contributions from other sources such as mill by-products and legumes so that 21 

recommended nutrient application rates can be adjusted accordingly (Schroeder et al. 2009c; Schroeder 22 

et al. 2007a; Wood et al. 2003; Calcino et al. 2010).  It is also illustrated in recently developed 23 

guidelines for best-practice integrated weed management (Schroeder et al. 2009a; Calcino et al. 2008).  24 

Crop-management practices are highly mechanized and all sugarcane is mechanically planted with 25 

whole-stalk or billet planters into a furrow or preformed mounds (Robotham 2004) and mechanically 26 
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harvested using wheel or track chopper harvesters (Ridge and Norris 2000).  Most of the industry has 1 

transitioned to green-cane harvesting and trash retention.  This has been a catalyst for the adoption of 2 

zero or strategic tillage, sub-surface fertiliser application and chemical weed control in ratoon crops 3 

(Willcox et al. 2000).  It is also considered to be best practice providing agronomic, environmental and 4 

financial benefits to the farming system, especially when compared to traditional burnt-cane harvest 5 

systems (Schroeder et al. 2009a; Garside et al. 1997; Braunbeck et al. 1999; Smith et al. 1984).   6 

When harvested, sugarcane is transported to a mill for processing.  In Australia, a cane price 7 

formula is used to determine the value of sugarcane delivered to the mill for each grower.  The value is 8 

shared between growers and millers, roughly on a 2/3 : 1/3 basis (Mackintosh 2000), meaning growers 9 

are more focused on sucrose production and profitability, whereas millers are primarily interested in 10 

tonnes of cane delivered to the mill (Schroeder et al. 2013).   11 

2.4.2. Australian Sugarcane Production Challenges 12 

Ongoing constraints to sugarcane productivity in Australia include changes to the bio-physical 13 

environment, socio-economic factors, environmental considerations, the influence of pests and 14 

diseases and harvest scheduling (Garside et al. 1997; Muchow et al. 1997).  In addition, there are a 15 

number of other challenges currently confronting the Australian sugarcane industry.  These include 16 

rising input costs, skilled labour shortage, market diversification, the unknown impact of climate 17 

change and restructuring of research, development and extension services.  However, it is the intense 18 

pressure from tourism, environmental, public and political groups to minimise the environmental 19 

impact of sugarcane production practices that takes centre stage (Calcino et al. 2010; Benn et al. 2010).   20 

Environmentally sustainable sugarcane production practices are continually being developed in an 21 

attempt to deliver superior environmental outcomes without restricting productivity or profitability.  22 

Practices such as GCTB, zonal and minimum tillage land preparation, legume cover crops or spray-out 23 

fallow management, subsurface fertiliser application and refinement of nutrient-management 24 

guidelines all aim to reduce sediment and nutrient movement off farm (Christiansen 2000; Schroeder 25 

et al. 2008; Schroeder et al. 2009a; Hurney et al. 2008).  Maintenance of grassed filter strips and 26 
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vegetation along waterways and the installation of sediment traps also help to intercept and retain any 1 

sediment, nutrients and pesticides in farm runoff water (Smith 2008; Christiansen 2000).  Transition to 2 

these farming practices is often voluntary, as they are also associated with agronomic and economic 3 

benefits. 4 

Despite voluntary adoption of these environmentally sustainable sugarcane production practices, 5 

regulations (Great Barrier Reef Protection Amendment Act, 2009) targeting nutrient and pesticide 6 

inputs were introduced by the Queensland Government to improve the quality of water entering the 7 

Great Barrier Reef lagoon (Anon 2009a).  The regulations also require sugarcane growers with more 8 

than 70 ha in the Wet Tropics catchment to complete an Environmental Risk Management Plan 9 

(ERMP) to continue farming (Anon 2009a).  This development has primarily occurred due to 10 

unprecedented environmental scrutiny of N-application rates and N losses attributed to the Australian 11 

sugarcane industry.   12 

 13 

2.4.2.1 Nitrogen management in Australian sugarcane production 14 

Worldwide there is an increasing realisation that farmers must become more pro-active in managing 15 

the effect of their farming system on the surrounding environment (Ellis and Merry 2004; Garside et 16 

al. 1997).  This is of high importance in the Wet Tropics region of northern Australia, the only place in 17 

the world where sugarcane production is surrounded by two adjacent World Heritage Areas of national 18 

and international ecological, economic and social significance (Benn et al. 2010; Brodie et al. 2001; 19 

Wrigley 2007; Newby and Wegener 2003; Waterhouse et al. 2012).  The Wet Tropics World Heritage 20 

Area is Australia’s most floristically rich environment, providing habitat for 76 species of animals 21 

regarded as rare, vulnerable or endangered (Trott 1996) and the Great Barrier Reef World Heritage 22 

Area is the world’s largest reef ecosystem (Brodie et al. 2001).   23 

Even with the adoption of environmentally sustainable sugarcane production practices, there is a 24 

risk that ‘environmental pollutants’, including N, could be lost from the sugarcane production system 25 

due to external influences.  As N is the nutrient most susceptible to environmental loss and applied in 26 
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the greatest quantity to optimise yield, greater emphasis needs to be placed on the development of 1 

environmentally sustainability yet profitable N-management strategies (Thorburn et al. 2004a; 2 

Thorburn et al. 2003; Schroeder et al. 2009b; van der Laan et al. 2011).   3 

2.4.2.1.1 Nitrogen sources for sugarcane production 4 

Nitrogen in the soil is present in organic (i.e. organic matter) and inorganic (i.e. ammonium (NH4
+
), 5 

nitrate (NO3
-
), nitrite (NO2

-
), nitrous oxide (N2O)) forms.  Organic N can represent around 95-99% of 6 

the total soil N and is converted to mineral N forms via the decomposition of organic matter in a 7 

process known as mineralisation (Glendinning et al. 2000).  Only a small proportion of organic N 8 

becomes available for plant uptake.   9 

Inorganic N represents only 2-3% of the total soil N.  The two most abundant forms of inorganic N, 10 

also referred to as mineral N (which is readily available for plant uptake), are NH4
+
 and NO3

-
 11 

(Glendinning et al. 2000).  Ammonium ions are positively charged and held in an exchangeable form 12 

on the negatively charged surfaces of clay particles and organic matter (Brady and Weil 2002; 13 

Glendinning et al. 2000).  Ammonium is, therefore, a relatively immobile form of N and less 14 

susceptible to leaching and denitrification losses (Glendinning et al. 2000).  Nitrate ions remain in the 15 

soil solution as they cannot be absorbed by clay particles or organic matter, and are, hence, a highly 16 

mobile form of N  (Brady and Weil 2002; Glendinning et al. 2000).   17 

The N contained in commonly applied N fertilisers exists in three forms: organic (i.e. urea, mill by-18 

products and manures), NO3
-
 and NH4

+
.  In sugarcane, the most commonly applied fertiliser products 19 

include granular, liquid, mill by-product and organic forms (Schroeder et al. 2009a).  The form of N 20 

fertiliser applied is often based on cost as research has demonstrated no difference in cane yields from 21 

using ammonium sulphate or urea, provided it is subsurface applied (Leverington 1964).   22 

In plant cane, inorganic fertilisers are often applied as mixtures at planting (Calcino et al. 2008).  In 23 

ratoons, inorganic fertilisers mixtures, also known as “one shot blends”, are often urea-based products 24 

containing K (muriate of potash), possibly P (DAP) and S (ammonium sulphate) (Schroeder et al. 25 
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2009a; Thorburn et al. 2003).  Alternatively, ‘straight’ products such as urea and muriate of potash 1 

may be applied instead of mixtures.  The nutrient compositions for plant and ratoon fertiliser mixtures 2 

vary so that the most appropriate product can be selected to meet the nutritional requirements of the 3 

block. Liquid fertilisers include commercially available nutrient solutions that are based on inorganic 4 

fertiliser products, and dunder-based products that are usually fortified with other nutrients including N 5 

(Schroeder et al. 2009a).  Mill by-products also provide a significant source of N, but, as it is in an 6 

organic form, not all the N is immediately available for plant uptake (Calcino 1994; Mackintosh 2000; 7 

Calcino et al. 2000; Barnes 1974).  A proportion of the applied fertiliser N remains in the soil, but this 8 

residual N contributes only small amounts of N for sugarcane growth (Chapman et al. 1992).  9 

Legume break crops can contribute significant amounts of mineral N for sugarcane production.  10 

Well-managed soybean (Glycine max cv. Leichardt) and cowpea (Vigna unguiculata cv. Meringa) 11 

crops are capable of supplying 310 and 140 kg N/ha, respectively, excluding the N stored in the below-12 

ground parts of the crop (Garside and Bell 1999; Garside et al. 1996).  In most situations symbiotically 13 

fixed N accounts for 50-60% of the N accumulated by the legume crop, with the remainder sourced 14 

from soil mineral-N reserves (Garside and Bell 1999).  Following a legume crop, the amount of N 15 

fertiliser applied to plant cane can be reduced or possibly eliminated depending on legume residue 16 

management at the end of the break period (Schroeder et al. 2009a; Schroeder et al. 2007b; Garside 17 

and Bell 1999).   18 

2.4.2.1.2 Nitrogen loss processes 19 

Crops seldom assimilate more than 50% of the N applied as fertiliser (Chen et al. 2008).  For 20 

sugarcane grown in Australia, research using labelled 
15

N fertiliser has indicated maximum recoveries 21 

in the crop and surrounding soil of just over 60% of the N fertiliser applied (Chapman et al. 1991; 22 

Vallis and Keating 1994; Prasertsak et al. 2002).  The unrecovered N is either held in the soil by 23 

microbial immobilisation (Jansson and Persson 1982) and/or lost from the sugarcane production 24 

system by a range processes including volatilisation, denitrification, leaching, erosion or runoff (Wood 25 
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et al. 2010a).  Ammonia volatilisation and denitrification are the dominant processes for gaseous losses 1 

of fertiliser N from Australian agriculture (Chen et al. 2008).   2 

Surface application of urea to sugarcane trash can result in significant losses of N fertiliser.  3 

Between 30% and 70% of the applied N can be lost by ammonia volatilization (Denmead et al. 1990; 4 

Prammanee et al. 1988).  The process of ammonia volatilization is driven by the addition of small 5 

amounts of water (dewfall, intermittent rainfall and condensation of evaporated soil moisture) to the 6 

trash layer where urea-based products have been surface-applied (Denmead et al. 1990).  Water 7 

dissolves the urea and allows the naturally occurring urease enzyme in the sugarcane residues to 8 

catalyse the hydrolysis of the dissolved urea to ammonium carbonate (Denmead et al. 1990).  9 

Sugarcane trash has a low capacity to retain ammonium and its high urease activity speeds up the 10 

hydrolysis process (Freney et al. 1994).  Ammonium carbonate is very unstable and, as the water 11 

evaporates, ammonia (NH3
+
) gas is released and volatilization commences (Denmead et al. 1990).   12 

Nitrate ions are highly susceptible to leaching losses (Brady and Weil 2002; Glendinning et al. 13 

2000).  As mentioned earlier, NO3
-
 are not well held by clay particles or organic matter and move 14 

freely with soil water (Glendinning et al. 2000).  Nitrate may be washed beyond the root zone 15 

following heavy rainfall (or irrigation).  The highest leaching losses are most likely to occur on coarse-16 

textured, free-draining soils (i.e. sandy soils) following heavy rainfall (Chen et al. 2008; Glendinning 17 

et al. 2000). 18 

In addition to existing ammonia volatilization and leaching loss pathways, the moist warm climate 19 

of Australian sugarcane production regions combined with GCTB, waterlogging and the addition of N 20 

fertiliser also provides conditions conducive to denitrification (Denmead et al. 2010; Allen et al. 2010; 21 

Wang et al. 2008b).  Denitrification involves the conversion of soil NO3
- 
to gaseous forms of N (nitric 22 

oxide (NO), nitrous oxide (N2O) or di-nitrogen nitrogen (N2)) by microorganisms in anaerobic 23 

conditions (i.e. waterlogged soils) (Denmead et al. 2005).  This process is driven by the availability of 24 

organic residues, NO3
-
 and NO2

- 
ions, high temperatures, strong acidity and anaerobic conditions 25 
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(Brady and Weil 2002).  Emission of N2O is of greatest concern from an environmental viewpoint 1 

(Wang et al. 2008b; Wang et al. 2012).   2 

In sugarcane, high N2O emissions can be expected from waterlogged soils with a high organic-3 

carbon content, high mineral-N concentration and high temperature (Allen et al. 2010; Allen et al. 4 

2008) and where GCTB is practiced because of greater soil moisture retention and increased microbial 5 

activity (Weier et al. 1998). It has been estimated that 17% of applied N fertiliser is lost to the 6 

atmosphere (Macdonald et al. 2009) with between 1.0% and 6.7% emitted as N2O (Allen et al. 2010).  7 

Nitrous oxide emissions were recently measured under different break and N fertiliser management 8 

regimes (Wang et al. 2012).  After a bare fallow emissions increased from 6.3 kg to 12.3 kg N2O N/ha 9 

following an increase in  plant cane N rates (0 to 150 kg N/ha), with the highest emission, 20.9 kg N2O 10 

N/ha, measured after a soybean break crop and the addition of 75 kg N/ha in plant cane.  Relatively 11 

high N2O emissions, 21% of the N fertiliser applied (Denmead et al. 2010), have also been measured 12 

from highly organic, acid-sulphate soils in northern NSW (Denmead et al. 2005; Denmead et al. 2010). 13 

 14 

2.4.2.1.3 Consequences of nitrogen losses 15 

 Loss of N from the sugarcane production system can have serious environmental consequences.  16 

The apparent declining health of the Great Barrier Reef has been attributed to damaging levels of land-17 

based pollutants entering reef waters as a result of agricultural activities, the dominant being beef 18 

grazing and sugarcane cultivation, undertaken in adjacent catchments (Thorburn et al. 2011c; 19 

Bainbridge et al. 2009; Benn et al. 2010; Brodie et al. 2001; Brodie et al. 2010).  At a regional scale, 20 

the Wet Tropics has been estimated to deliver the highest anthropogenic dissolved inorganic nitrogen 21 

(DIN) load to the Great Barrier Reef lagoon (Waterhouse et al. 2012; Kroon et al. 2012).  The loss of 22 

N fertiliser applied to sugarcane fields contributes a large proportion of the anthropogenic load of DIN 23 

in this region (Waterhouse et al. 2012).  At the local level, catchment water-quality monitoring 24 

programs have been undertaken to identify the source and quantity of land-based pollutants entering 25 

reef waters.  The monitoring of suspended sediments, nutrients and pesticides in waterways of the 26 



                           

 

 

20 

Tully-Murray catchment in the Wet Tropics region undertaken by (Bainbridge et al. 2009) is just one 1 

example.  Although it is difficult to easily isolate pollutant discharge from single land uses within the 2 

Tully-Murray catchment, elevated NO3
- 

concentrations were measured in waterways draining 3 

sugarcane land (Bainbridge et al. 2009).   4 

The production of N-containing gases by denitrification contributes to atmosphere pollution.  5 

Nitrous oxide in particular is a potent greenhouse gas with a global warming potential 298 times higher 6 

than that of carbon dioxide (Wang et al. 2008b; Wang et al. 2012).  The release of NO and N2O into 7 

the atmosphere can also contribute to the formation of nitric acid, one of the principal components of 8 

acid rain (Brady and Weil 2002). 9 

When NO3
+
 is leached from the soil it is often accompanied by basic cations such as Ca, Mg and K 10 

(Glendinning et al. 2000).  These cations are replaced by hydrogen (H) ions, increasing the acidity of 11 

the soil (Glendinning et al. 2000).  The nitrification and mineralisation processes are also major causes 12 

of soil acidification as the conversion of NH4
+
 to NO3

-
 releases hydrogen ions (Glendinning et al. 13 

2000; Noble et al. 1997).  The form of N fertiliser applied can influence the rate of acidification.  14 

However, fertiliser is applied in relatively small amounts (compared to the volume of soil and the 15 

soil’s pH buffering capacity) and does not have a direct effect on soil pH (Glendinning et al. 2000). 16 

Increased NO3
-
 concentrations in groundwater or surface water due to leaching can have toxic effects 17 

(causing methemoglobinemia or blue baby syndrome) if used as drinking water (Brady and Weil 18 

2002).   19 

 The magnitude of N losses and low recoveries of fertiliser N by the sugarcane crop are also of 20 

significant economic importance to the sugarcane industry (Haysom et al. 1990).  Investment in N 21 

fertiliser represents a relatively large component of farm production costs - approximately 30% of the 22 

average on-farm budget is associated with nutrient inputs (Schroeder et al. 2005b).  Therefore, loss of 23 

applied N from the sugarcane production system may represent a serious economic loss to the grower 24 

(Anich and Wegener 1992; Wood et al. 2010b; Chen et al. 2008).  The magnitude of economic losses 25 

will be influenced by the cost of N fertiliser, sugar price and the effect on cane yield.  Substantial 26 
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losses of applied N may severely reduce the amount of N that is available for crop growth.  Insufficient 1 

N supply, especially under favourable growing conditions, may restrict sugarcane yield (Schroeder et 2 

al. 2010b).  Lower cane yield reduces the economic return on N fertiliser investment.  Although the 3 

immediate consequences of N losses are first experienced by the grower, lower cane yields can also 4 

affect the operational efficiency and profitability of other industry sectors (i.e. harvesting contractors).    5 

 6 

2.4.2.1.4 Strategies to reduce N losses and improve nitrogen-use efficiency 7 

Nitrogen management in the Australian sugarcane industry has undergone significant changes since 8 

the 1960s with the aim of improving the use efficiency of N fertiliser.  Rate of fertiliser experiments 9 

conducted by the Bureau of Sugar Experiment Stations (now BSES Limited) resulted in the 10 

development of regional yield-response curves for N.  This provided a set of generalised N fertiliser 11 

recommendations for plant and ratoon crops that would maximise productivity and achieve an 12 

economic return (Chapman 1994).  These recommendations are shown in Table 1, and, although they 13 

were easy to use, they lacked precision.  Little emphasis was placed on the N mineralisation potential 14 

of different soil types and there was very little differentiation among regions or soil types (Schroeder et 15 

al. 2005a; Schroeder et al. 1998; Wood et al. 1997).   16 

Table 1. Generalised N management recommendations for sugarcane in Australia (Calcino 1994; 17 

Chapman 1994; Wood et al. 1997) 18 

Sugar Price 

N fertiliser rate (kg/ha) 

Fallow Plant Replant and Ratoons 

Burdekin Other districts Burdekin Other districts 

<A$300/t 135 120 210 160 

>A$300/t 150 120-150 270 160-200 

Dryland and/or richland 80 80 120 120 

 19 
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Recently, soil- and site-specific N fertiliser guidelines included in the Australian sugarcane 1 

industry’s comprehensive SIX EASY STEPS nutrient-management program (Schroeder et al. 2007a; 2 

Schroeder et al. 2009b; Schroeder et al. 2005a; Schroeder and Wood 2001; Schroeder et al. 2010b; 3 

Wood et al. 2003; Schroeder et al. 2009c; Calcino et al. 2010; Schroeder et al. 2010a; Schroeder et al. 4 

2005b) have effectively replaced those generalised N-fertiliser recommendations.   The SIX EASY 5 

STEPS package aims to promote sustainable nutrient management and ensure that sugarcane 6 

production remains profitable irrespective of sugar prices.  It is also recognised as part of the 7 

Australian sugarcane industry’s accepted best management practice (BMP) options (Schroeder et al. 8 

2009c).  Importantly, it has undergone extensive development and rigorous testing in the field, 9 

glasshouse and laboratory for more than a decade (Schroeder et al. 2007b; Salter et al. 2008; Skocaj et 10 

al. 2012; Schroeder et al. 2006).   11 

In the SIX EASY STEPS program, N fertiliser requirements are calculated by firstly establishing 12 

the baseline N requirement for a district yield potential.  The district yield potential is the estimated 13 

highest average annual district yield multiplied by a factor of 1.2 (Schroeder et al. 2010b).  The N 14 

requirement suggested by (Keating et al. 1997) of 1.4 kg N/t cane/ha up to 100 t/ha and 1 kg N/t 15 

cane/ha is then used in combination with the district yield potential to set the baseline N requirement.  16 

Once this is done, the organic carbon (%) value from a soil test result is used to determine the N-17 

mineralisation index of the soil (soils differ in their ability to easily mineralise N from organic matter) 18 

and refine the baseline N requirement.  Final adjustments are made to account for N contributions from 19 

other sources, including legume break crops and mill by-products.  The N fertiliser guidelines for the 20 

Wet Tropics region as determined by the SIX EASY STEPS program are shown in Table 2.  There is 21 

flexibility to adjust the baseline N requirement upward or downward by 1 kg N/t cane/ha for blocks, 22 

farms or sub-districts that consistently produce above or below the district yield potential.  Just as soil 23 

tests are considered fundamental to the SIX EASY STEPS process, leaf analysis is also considered to 24 

be an important diagnostic tool that may be used for checking on the adequacy of fertiliser inputs 25 

(Schroeder et al. 2006).      26 
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Table 2. SIX EASY STEPS N fertiliser guidelines for the Wet Tropics region of the Australian 1 

sugarcane industry (Schroeder et al. 2005a; Schroeder et al. 2007b) 2 

Crop and fallow management 

Organic C (%), N mineralisation index and N 

application rate (kg/ha) 

< 0.4 

0.41 - 

0.80 

0.81 - 

1.20 

1.21 - 

1.60 

1.61 - 

2.00 

2.01 - 

2.40 

> 

2.40 

Very 

Low 

Low 

Mod 

Low 

Mod 

Mod 

High 

High 

Very 

High 

Ratoon 160 150 140 130 120 110 100 

Replant 160 150 140 130 120 110 100 

Plant cane after grass/bare fallow 140 130 120 110 100 90 80 

Plant cane after poor green manure 

legume crop 

90 80 70 60 50 40 30 

Plant cane after good green manure 

legume crop 

0 0 0 0 0 0 0 

Plant cane after good legume crop 

harvested for grain 

70 60 50 40 30 20 10 

Modifications to N rates are recommended where mill by-products have been used: 

 Mill mud applied at 100-150 wet t/ha: Subtract 80 kg N/ha for plant, 40 kg N/ha for 1st 

ratoon, 20 kg N/ha for 2nd ratoon. 

 Mud/ash mixture applied at 100-150 wet t/ha: Subtract 50 kg N/ha for plant, 20 kg N/ha for 

1st ratoon, 10 kg N/ha for 2nd ratoon. 

 Ash applied at 100-150 wet t/ha: No modification. 

 3 
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The N fertiliser requirement for sugarcane grown in South Africa is determined in a somewhat 1 

similar method to the SIX EASY STEPS program.  Four soil-N mineralisation groups (depending on 2 

the organic carbon (%) values) are used to determine the N requirement from soil-test results (Meyer 3 

and Wood 1994; Meyer et al. 1986).  The N guidelines are based on a series of N response curves that 4 

had previously been established for a range of soil types.  They incorporate references to bioclimatic 5 

regions and moisture regimes (irrigated or rain-fed) as a means of recognizing differences in cane 6 

production (yield) capabilities.  Crop stage (plant or ratoon) and other growth limiting factors such as 7 

salinity, pests and soil depth are also used to adjust N recommendations (Meyer and Wood 1994; 8 

Meyer et al. 1986). 9 

In contrast to the SIX EASY STEPS philosophy, the Commonwealth Scientific and Industrial 10 

Research Organisation (CSIRO) has developed a N-management system that aims to replace the 11 

amount of N removed by the previously harvested crop (Thorburn et al. 2003; Thorburn et al. 2004a).  12 

This system is referred to as the ‘N Replacement’ theory.  N Replacement uses the yield of the 13 

previously harvested crop to set the N requirement for the following crop.  The overall objective is to 14 

reduce environmental losses of applied N by avoiding over application of N fertiliser when actual 15 

yields are lower than the expected yield and relying on soil N reserves to supply additional N 16 

requirements when actual yields are higher than the previously harvested crop (Thorburn et al. 2007; 17 

Thorburn et al. 2011b).  Nitrogen fertiliser requirements for each crop are calculated by multiplying 18 

the yield of the previous crop with a N requirement of 1 kg N/t cane/ha for GCTB systems and 1.3 kg 19 

N/t cane/ha for burnt systems before discounting other N sources (Thorburn et al. 2007; Thorburn et al. 20 

2011b).  The N requirement is based on an estimate of the N contained in the cane and sugarcane crop 21 

residue (i.e. trash) that is removed from the field through harvesting (and burning in burnt harvesting 22 

systems), and the amount of applied N fertiliser that is potentially lost to the environment (Thorburn et 23 

al. 2011b).  Within this system, environmental losses of N are assumed to be as low as 10% for all 24 

soils and circumstances (Thorburn et al. 2011b).   25 
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The average application rate of N fertiliser for Queensland sugarcane production (plant and ratoon 1 

crops combined) has declined steadily from 206 kg N/ha for the 1997 crop to 164 kg N/ha for the 2008 2 

crop (Wood et al. 2010a).  A grower survey conducted in the Tully and Murray River Catchments of 3 

the Wet Tropics region reported that the average rates of N fertiliser for plant and ratoon cane in 2006 4 

were 115 and 146 kg N/ha, respectively (McMahon and Hurney 2008).  There has been a marked 5 

reduction in N application rates in this region since 1996 and a tendency to apply lower N rates since 6 

2000 (Shannon 2002).  In 2006, 65% of growers surveyed applied <120 kg N/ha to plant crops 7 

compared to only 28% in 1996 (McMahon and Hurney 2008; Shannon 2002).  For ratoon crops, 65% 8 

of growers surveyed applied <160 kg N/ha, an increase of more than 27% of growers since 1996 9 

(McMahon and Hurney 2008; Shannon 2002).  Average grower N fertiliser application rates have 10 

reduced below the baseline N-application rate of 140 kg N/ha for plant cane and 160 kg N/ha for 11 

ratoons (prior to adjustment for the N-mineralisation index classes) as specified in the SIX EASY 12 

STEPS N guidelines for the Wet Tropics region (Schroeder et al. 2005a; Schroeder et al. 2007b).  The 13 

trend to lower grower N application rates has also occurred in the Herbert district (Wood et al. 2008).  14 

Despite evidence of a voluntary reduction in N application rates, Australian sugarcane growers must 15 

now comply with legislation limiting the application of N (and P) fertiliser to optimum amounts (Anon 16 

2009a).  In response to state-wide water-quality monitoring outcomes, the Queensland Government, as 17 

indicated previously, introduced the Great Barrier Reef Protection Amendment Act 2009 to regulate N 18 

inputs by sugarcane farmers and graziers in catchment areas adjacent to the Great Barrier Reef lagoon 19 

(Anon 2009a).  Specifically, the Act aims to reduce the impact of agricultural activities on the quality 20 

of water entering the lagoon and contribute towards achieving water-quality improvement targets for 21 

the reef including a minimum 50% reduction in N loads at the end of catchments by 2013 as agreed by 22 

the Queensland State and Commonwealth Governments under The Reef Water Quality Protection Plan 23 

(Reef Plan) (Wrigley 2007; ReefWaterQualityProtectionPlanSecretariat 2009).  The regulated method 24 

for determining the optimum amount of N for individual blocks of cane is based on the SIX EASY 25 

STEPS N-fertiliser guidelines (Schroeder et al. 2005a; Anon 2009b).   26 
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In addition to following recommended N rates, a number of other factors that can help reduce N 1 

losses and improve N uptake are within growers’ control.  These include the correct placement and 2 

timing of N fertiliser inputs.  It is recommended that all forms of N fertiliser be applied subsurface 3 

regardless of trash-management practices.  In particular, surface application (banded or broadcast) of 4 

urea-based products to GCTB systems is not recommended as it results in significant loss of N by 5 

ammonia volatilization and reduced cane yields (Prasertsak et al. 2002; Freney et al. 1994; Calcino and 6 

Burgess 1995).   7 

In plant cane, N fertiliser should be delivered in bands on each side of, and away from, the 8 

sugarcane sett when applied at planting and banded in the centre of the cane row before being covered 9 

with soil at top dressing (Schroeder et al. 2009a).  Subsurface application in ratoons can be achieved 10 

by either stool splitting with a single coulter to deliver fertiliser into the cane row or by dual coulters 11 

beside the cane row to a depth of 70 mm to 100 mm (Schroeder et al. 2009a; Calcino et al. 2000).  12 

Subsurface fertiliser applicators can apply fertiliser mixtures or two fertilisers simultaneously if 13 

manufactured as a ‘split’ fertiliser box (Freney et al. 1994).  Stool splitting is the most popular 14 

application method (three cane rows treated with each pass instead of two), as it is easier and quicker 15 

to use than other methods of subsurface application (McMahon et al. 1994).   16 

Where subsurface application of N is not possible (i.e. steep slopes and rocky terrain), strategies to 17 

reduce ammonia volatilisation losses include applying urea-based products in bands close to the cane 18 

stool and incorporating into the soil with at least 16 mm of overhead irrigation water (or rainfall) or 19 

delaying application until there is substantial canopy development (approximately 50 cm high) (Freney 20 

et al. 1991; Freney et al. 1994; Calcino and Burgess 1995; Wood et al. 1989; Prammanee et al. 1989).  21 

A developed canopy helps attenuate the wind speed over the trash surface allowing the leaves to 22 

absorb volatilised ammonia.  It also contributes to lower trash temperatures that reduces the ammonia 23 

vapour pressure, and shifts the site of overnight dew formation from the trash to the leaves, thereby 24 

reducing urea hydrolysis (Freney et al. 1991; Freney et al. 1994; Prammanee et al. 1989; Denmead et 25 

al. 1993).  A well-established canopy also means that the newly developing root system is capable of 26 
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relatively rapid uptake of applied N fertiliser (Chapman 1994).  However these strategies will not 1 

totally eliminate losses from ammonia volatilisation.  Losses of greater than 20% of the N from applied 2 

urea have been reported even when surface application of urea is followed by reasonably heavy rainfall 3 

(Prammanee et al. 1989).   4 

The use of urease inhibitors in combination with best practice surface application of urea-based 5 

products may reduce ammonia volatilisation losses where subsurface placement is not possible.  6 

Urease inhibitors aim to slow the hydrolysis process, thereby allowing the urea to move into the soil 7 

(Wood et al. 2010b; Chen et al. 2008).  Ammonia is then retained in the soil and less susceptible to 8 

volatilisation (Chen et al. 2008).  In Australia, several commercially available urease inhibitors are 9 

available.  One supplier has reported a reduction of loss of ammonia by volatilisation for between 7 10 

and 14 days after application (R. Dwyer 2013, pers. comm. 7 February).  Inadequate incorporation of 11 

urea through the trash blanket and into the soil (i.e. insufficient rainfall, extended dry conditions, thick 12 

trash layer) may reduce the effectiveness of urease inhibitors.     13 

To minimise N losses, application timing should coincide with the crop’s demand for N (Schroeder 14 

et al. 2009a; Chapman 1994).  To achieve this, N is often split applied in plant cane by applying a low 15 

N-concentration fertiliser concurrently at planting and any remaining N requirements as a top-dressing 16 

around the first fill-in stage (Schroeder et al. 2009a; Chapman 1994).  The best time for ratoon 17 

fertiliser application is when the crop is actively growing and is approximately 0.5 m high. At this 18 

stage there is a newly developed root system capable of using fertiliser N (Schroeder et al. 2009a; 19 

Chapman 1994).  This results in more efficient N uptake and allows the crop to act as a nutrient store.  20 

Growers are encouraged to avoid applying N fertiliser too early (i.e. straight after harvest when the 21 

crop is unable to take up applied N) or too late (i.e. crop may become N deficient or field entry may be 22 

restricted) as there is an increased risk of loss to the surrounding environment (Schroeder et al. 2009a; 23 

Chapman 1994).   24 

Split application of N fertiliser in ratoons has been suggested as a method that may produce tangible 25 

environmental benefits by reducing leaching losses (Chapman 1994).  However, as this type of 26 
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strategy has not resulted in higher cane yields, even in waterlogged soils, the majority of growers 1 

continue to apply N in a single application (Chapman 1994; Bieske 1972). Research into aspects of 2 

waterlogged soils found that split application did not improve N uptake or final cane yields and could 3 

not be associated with any economic or environmental benefits (Kingston et al. 2008). 4 

To conserve supplies of legume N for use by the following sugarcane plant crop, it is recommended 5 

that the crop residue is either left in situ or surfaced mulched, as opposed to incorporation, to reduce 6 

the rate of N mineralisation and potential of leaching losses (Garside and Bell 2001; Garside and Bell 7 

1999).   8 

There has been widespread adoption of management strategies, including subsurface N-fertiliser 9 

application, to reduce N losses from ammonia volatilisation.  However, this has not mitigated N losses 10 

from denitrification and leaching (Chapman et al. 1991; Vallis and Keating 1994).  Subsurface 11 

application of N fertiliser has been estimated to increase denitrification and/or leaching losses from 12 

21.8% (following surface application) to 40.1% of the applied N (Prasertsak et al. 2002).  To reduce 13 

denitrification and leaching losses management practices should aim to remove residual nitrate from 14 

the soil profile, maintain fertiliser N in the NH4
+
 form for longer, and lower the NO3

-
 concentration in 15 

the soil (Weier 1998; Chen et al. 2008).  This may be achieved through the use of nitrification 16 

inhibitors or controlled-release fertiliser products in combination with best-practice fertiliser placement 17 

and timing (Dalal et al. 2003; Weier 1998). 18 

The nitrification process transforms NH4
+
, a relatively immobile form of N, into NO3

-
  (Barth et al. 19 

2001).  The first stage of the nitrification process, bacterial oxidation of NH4
+
 to NO2

-
 by Nitrosomas 20 

bacteria, is closely followed by the second stage, conversion of NO2
-
 to NO3

-
 by Nitrobacter bacteria 21 

(Zerulla et al. 2001).  Nitrification inhibitors have been specifically developed to delay only the first 22 

stage of nitrification by depressing the activities of Nitrosomas bacteria in the soil (Zerulla et al. 2001; 23 

Barth et al. 2001).  This keeps N in the immobile form for longer, thereby reducing N susceptibility to 24 

leaching and denitrification losses (Wood et al. 2010b; Barth et al. 2001; Zerulla et al. 2001; Chen et 25 

al. 2008).   26 
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In the past, nitrification products have been too expensive for large-scale agricultural use (Chapman 1 

1994; Zerulla et al. 2001).  A relatively new nitrification inhibitor, dimethylpyrazol phosphate 2 

(DMPP), commercially referred to as ENTEC®, has recently been evaluated in two Australian 3 

sugarcane-growing regions on soils with the potential for high denitrification or leaching losses (Wang 4 

et al. 2008b; Wang et al. 2012).  Although ineffective in reducing N2O emissions in field plots at 5 

Murwillumbah and Mackay, emissions in fertilised chambers were significantly reduced at 6 

Murwillumbah (Wang et al. 2008b).  At another trial in Mackay, the addition of DMPP to urea resulted 7 

in significantly lower N2O emissions compared to using normal urea (Wang et al. 2012).   8 

Controlled-release fertiliser product technology may also contribute to lower N losses, improved N 9 

use efficiency and higher cane yields (Shoji et al. 2001).  These products include poly-coated urea and 10 

sulphur-coated urea, which can be formulated to have different N release rates (Glendinning et al. 11 

2000).  Previous research into the use of controlled-release fertilisers in Australian sugarcane crops has 12 

not been successful (Chapman 1994).  Poly-coated slow-release urea was not successful in reducing 13 

N2O emissions from a trial site in Mackay, Queensland (Wang et al. 2008b).  However, recent trials 14 

have demonstrated that compared to using normal urea, polymer-coated slow-release urea reduced 15 

N2O emission from an acid-sulphate soil in NSW by 30% (Wang et al. 2008b).   16 

Further research is required under different climatic and soil conditions to substantiate the 17 

effectiveness of DMPP on reducing N2O emissions from Australian sugarcane fields (Wang et al. 18 

2012).  In addition, it appears that the success of slow-release N fertiliser products is affected by the 19 

solubility of the product, climate, N uptake by the crop and the soil’s capacity to retain the mineral N 20 

from leaching (Wang et al. 2008b).  Incorporation of nitrification inhibitors and controlled release 21 

fertiliser products into the sugarcane production system will ultimately be determined by their 22 

robustness to reduce N losses in a range of soil types and varying climatic conditions, and economics 23 

(Chen et al. 2008).  Price and commercial availability are likely to have the greatest influence on the 24 

use of these products  in sugarcane (Chen et al. 2008; Chapman 1994).  25 
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Another potential avenue for reducing N losses is the selection of N-efficient sugarcane genotypes.  1 

Nitrogen use efficiency (NUE) in plants is complex and refers to the combined efficiencies of internal 2 

N use by the plant and N uptake from the soil (and N fertiliser) (Robinson et al. 2007; Robinson et al. 3 

2008). Australian sugarcane varieties have not been selected for NUE.  However, there is evidence that 4 

some of the Australian sugarcane germplasm used for breeding purposes contains considerable 5 

genotypic variation for internal NUE (iNUE), i.e. the ability to produce biomass per unit N in plant 6 

tissue (Robinson et al. 2007).  This suggests there is potential to breed new sugarcane varieties with 7 

higher iNUE that could result in the production of significantly more biomass under low N supply 8 

(Robinson et al. 2007).  Although sugarcane varieties with improved iNUE are not currently available, 9 

future N-management strategies may involve planting high iNUE varieties in fields susceptible to 10 

denitrification and leaching. 11 

It is apparent that N management in Australia focuses on N application rate (i.e. SIX EASY STEPS 12 

and N Replacement), fertiliser placement (subsurface) and application timing (matched to crop 13 

demand) to improve N uptake by the crop and lower N losses.  The benefit of using alternative N 14 

forms (nitrification inhibitors and controlled-release products) is still to be validated over a range of 15 

climate and soil conditions, but early indications are that they have potential to contribute towards 16 

improved N uptake and lower N losses (Wang et al. 2012; Wang et al. 2008b) in the short-term future.  17 

A longer-term prospect may be the use of sugarcane varieties with higher iNUE (Robinson et al. 18 

2007).  Although N application rates have been reduced (both voluntarily and legislatively) in an 19 

attempt to reduce N losses by better matching fertiliser inputs to crop requirements, current N 20 

calculation methods are limited in their ability to match N fertiliser inputs to forthcoming crop 21 

requirements.   22 

The SIX EASY STEPS program uses predetermined district yield potential (DYP) values in the 23 

determination of N fertiliser recommendations as it assumes that the forthcoming season will be 24 

characterised by conditions conducive to producing the yield potential for the district (Schroeder et al. 25 

2010b).  Despite the ability to adjust these values for specific circumstances when blocks and sub-26 
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districts continually underperform, the use of DYP still nonetheless limits the ability to adapt to annual 1 

yield fluctuations caused by climatic variability.  In contrast, N Replacement focuses on previous crop 2 

yields rather than the yield potential for the next season, assumes environmental losses of N are low 3 

and does not consider the N mineralisation potential of specific soils (Thorburn et al. 2011b).  4 

Refinement of the N Replacement theory may be required to account for higher environmental losses 5 

of N or become more site-specific in the calculation of environmental loss values (Thorburn et al. 6 

2011b).  Different N requirement factors are also used to calculate N fertiliser application rates for 7 

each system (Schroeder et al. 2010a).  The suitability of these factors for sugarcane grown in the Wet 8 

Tropics is uncertain and requires further investigation.  Other concerns include potential for greater 9 

environmental losses of N when actual yields do not reach the DYP as used in the SIX EASY STEPS 10 

program (Thorburn et al. 2011b; Thorburn and Wilkinson 2012 ) and the possibility that the N 11 

Replacement strategy may restrict productivity when favourable growing conditions are experienced 12 

and cane yield exceeds the yield of the previously harvested crop (Schroeder et al. 2009b).   13 

It is common BMP for nutrients, including N, to be aligned with potential or target yields (Thorburn 14 

and Wilkinson 2012 ).  Both the SIX EASY STEPS and South African soil-specific N strategies 15 

consider potential yield in calculations of N fertiliser requirements.  Although the use of a 16 

predetermined district yield potential is most evident in the SIX EASY STEPS strategy, incorporation 17 

of different bioclimatic regions and moisture regimes in the South African system acknowledges 18 

differences in cane production (yield) potentials throughout the industry (Meyer and Wood 1994; 19 

Meyer et al. 1986).   20 

To better align N fertiliser inputs with crop requirements, more accurate yield estimates need to be 21 

produced and used to calculate requirements for N fertiliser on an annual basis, instead of using a 22 

predetermined yield potential.  The difficulty of predicting weather conditions for the upcoming 23 

growing season has been identified as a limitation to the formulation of N fertiliser input strategies on 24 

an annual basis in the SIX EASY STEPS program (Schroeder et al. 2010b).  Forecasts of the climatic 25 

conditions likely to be experienced during the sugarcane growing season (i.e. spring and summer) may 26 
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help improve yield estimates used in the generation of N fertiliser guidelines (Schroeder et al. 2010b).  1 

Climate forecasts may also improve decisions related to N fertiliser application timing, frequency 2 

(single vs. split) and the potential to use alternative N forms (i.e. nitrification inhibitors and controlled 3 

release products) to improve N uptake and reduce N losses.  Over-fertilisation and environmental 4 

losses of N may be reduced by combining these practices into an overall N management strategy 5 

which has the flexibility to adapt to climate conditions.  However, the possibility of using seasonal 6 

climate forecasts to guide N management strategies in sugarcane is uncertain.   7 

 8 

2.4.2.2 Climate and sugarcane production 9 

Climatic conditions experienced during the sugarcane growing season have a profound influence on 10 

cane and sugar yields and is largely responsible for regional and seasonal productivity fluctuations 11 

(Everingham et al. 2001; Everingham et al. 2003; Muchow et al. 1997; Bezuidenhout and Schulze 12 

2006; Salter and Schroeder 2012).  The ideal growing environment for sugarcane is where rainfall (or 13 

irrigation) is well distributed throughout the summer growing season, sunshine is plentiful and there is 14 

a relatively dry and cool pre-harvest ripening period (James 2004).  In Australia prolonged heavy 15 

rainfall during the 2010 harvest season resulted in wet weather harvesting damage, 5.5 Mt of cane 16 

being left to standover (Kingston 2011) and unfavourable growing conditions that restricted crop 17 

growth and contributed to the extremely poor yields recorded across most districts in 2011.  Further 18 

losses were suffered in the northern district following the crossing of Tropical Cyclone Yasi over Tully 19 

in February 2011.  The Tully mill area average cane yield of 47 t cane/ha for the 2011 season was the 20 

lowest since 1948 and greatly below the 10-year average of 84 t cane/ha (Anon 2012).  Annual 21 

productivity variations caused by extreme weather events have implications for all sectors of the sugar-22 

industry value chain.     23 

Climate variability also has an indirect impact on industry profitability as it influences planting and 24 

harvesting strategies, nutrient, pesticide and irrigation management, season operating times, mill 25 

maintenance programs, marketing strategies, sugar transport and storage arrangements (Everingham et 26 
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al. 2002a; Antony et al. 2002; Everingham et al. 2002b; Muchow et al. 1997).  Sugarcane yield 1 

estimates before the commencement of the harvest season are required for milling and marketing 2 

purposes.  The difference between initial estimates and actual sugarcane yields in the Australian 3 

sugarcane industry has reported to range from an over estimate of 25% to an underestimate of 22% 4 

(Everingham et al. 2003).  With the exception of pest or disease outbreak, these large differences can 5 

be attributed to swings in climatic conditions.  Knowledge of the different climate systems influencing 6 

rainfall patterns over sugarcane production areas and the ability to use their signals for forecasting 7 

seasonal climatic conditions can help improve management decisions across all sectors of the 8 

sugarcane-industry value chain.   9 

The El Niño Southern Oscillation (ENSO) is one of the largest sources of inter-annual climate 10 

variability over most of the Pacific region including sugarcane production areas in Africa, India, 11 

central America and Australia (Partridge 1994; Allan et al. 1996; Aguado and Burt 2004).  The oceanic 12 

component of ENSO has two extreme but closely linked phases: El Niño and La Niña (Allan et al. 13 

1996).  El Niño refers to the unusual warming of normally cool water in the central and eastern 14 

equatorial Pacific, resulting in widespread rainfall over much of the equatorial Pacific, parts of the 15 

Indian Ocean and eastern equatorial Africa, while many areas of western Pacific, Australia, South-East 16 

Asia, northern India, southeastern and Sahelian Africa and northeastern South America experience 17 

drier conditions than normal and possibly drought (Aguado and Burt 2004; Trenberth 1997; Allan et 18 

al. 1996; Partridge 1994; Cai et al. 2001).  Conversely, La Niña refers to increased warming of water 19 

in the western Pacific Ocean and extensive cooling of water in the central and eastern Pacific Ocean.  20 

Rainfall and storm activity increases over Australia, South-East Asia, northern India, southeastern and 21 

Sahelian Africa and northeastern South America and reduces over the central and southern region of 22 

South America (Partridge 1994; Allan et al. 1996; Aguado and Burt 2004).  Tropical cyclones also 23 

tend to be more frequent over the western Pacific during La Niña events (Partridge 1994).  Once 24 

established ENSO events usually last for around 12 months; however, they can be shorter or much 25 

longer.   26 
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The Southern Oscillation represents the atmospheric component of ENSO.  Changes in the strength 1 

and phase of the Southern Oscillation are measured by the Southern Oscillation Index (SOI) (Partridge 2 

1994; McBride and Nicholls 1983; Kuhnel 1994).  The most commonly used Troup SOI measures the 3 

monthly differences in mean sea-level air pressure between Tahiti (in the central Pacific) and Darwin 4 

(Australia), and ranges from around -35 to +35 (Partridge 1994; McBride and Nicholls 1983; Kuhnel 5 

1993).  Negative (positive) values of the SOI are typically associated with the El Niño (La Niña) 6 

phase. 7 

Extreme ENSO events have a significant impact on sugarcane productivity and harvest management 8 

in the Australian sugarcane industry (Kuhnel 1994). The SOI and sea surface temperatures (SST) for 9 

selected regions within the Pacific Ocean have been identified as useful predictors of seasonal rainfall 10 

in northeastern Australia where the majority of sugarcane is grown (McBride and Nicholls 1983; Cai et 11 

al. 2001; Russell et al. 1992).  The SOI alone can be used to forecast sugarcane yields for specific mill 12 

and terminal areas, especially in north Queensland (Kuhnel 1993; Kuhnel 1994).  The chance of above 13 

average cane yields is higher than climatology for mills in the Wet Tropics region, such as Mulgrave 14 

and Tully when the October-November SOI remains deeply negative (Everingham et al. 2003).  This is 15 

because deeply negative SOI values during October-November favor lower summer rainfall, which in 16 

these wetter districts generally has a positive impact on cane growth owing to increased solar radiation 17 

(Everingham et al. 2003).  Similarly, for the Mourilyan terminal region in north Queensland, a deeply 18 

negative (deeply positive) SOI value at the end of November suggests it is highly likely that cane 19 

yields will be above (below) average for the next harvest season (Everingham et al. 2002a).   20 

Seasonal climate forecasting has been used in the Australian sugarcane industry to help manage the 21 

impact of climate variability on growing, harvesting, milling and marketing operations (Everingham et 22 

al. 2003; Everingham et al. 2001; Everingham et al. 2002a; Everingham et al. 2005).  Millers and 23 

marketers can use seasonal climate forecasts to improve yield estimates so they can make more 24 

informed management decisions related to crop size.  Knowledge of crop size allows marketers to 25 

refine selling and storage strategies and hopefully increase industry profitability, whereas the miller is 26 
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better able to plan activities related to mill maintenance programs and harvest logistics (Everingham et 1 

al. 2008b; Everingham et al. 2005; Antony et al. 2002; Everingham et al. 2002a; Everingham et al. 2 

2002b).  For growers, climate forecasts covering the harvest season can be used to develop harvest 3 

plans for a ‘wet’ (or ‘dry’) harvest to minimise wet weather disruptions and damage to fields and 4 

hopefully avoid standover (Everingham et al. 2008b; Antony et al. 2002; Everingham et al. 2002a; 5 

Everingham et al. 2002b).  Climate forecasts can also be used to improve irrigation scheduling, 6 

especially when water supplies are scarce (Everingham et al. 2008a; Everingham et al. 2002b). 7 

The South African and Swaziland sugarcane industries have also identified the potential for 8 

seasonal climate-forecasting information to improve management decisions in the growing, milling 9 

and marketing sectors.  In South Africa, sugarcane yields tend to be lower in years when the monthly 10 

SOI values for October to November remain deeply negative, as there is a higher probability of low 11 

summer rainfall (Singels and Bezuidenhout 1998, 1999).  Observed weather data is combined with 12 

historical climate sequences representative of likely future climatic conditions or mid to long range 13 

climate forecasts and entered into computer crop models such as CANEGRO (Singels and 14 

Bezuidenhout 2002; Inman-Bamber 1991) or CANESIM (formerly called IRRICANE) (Singels et al. 15 

1998) to forecast seasonal sugarcane yields (Singels et al. 1999; McGlinchey 1999; Bezuidenhout and 16 

Schulze 2006; Schmidt et al. 2004).  Seasonal sugarcane-yield forecasts can be used to assist irrigation 17 

management, harvest scheduling, crop husbandry decisions, planning mill-season length, haulage 18 

scheduling and mill maintenance and marketing, pricing and storage strategies in South Africa (Singels 19 

et al. 1999; Schmidt et al. 2004).  In Swaziland, improved estimation of forthcoming crop yields was 20 

identified as having the potential to assist growers estimate transport requirements, ripening strategies 21 

and harvest schedules and millers’ estimates of season length and harvest commencement, and plan 22 

maintenance programs (McGlinchey 1999). 23 

It is evident that seasonal climate forecasts can be used to improve decision making capabilities 24 

across different sectors of the sugarcane value chain.  Regrettably, there is little evidence at the grower 25 

level of seasonal climate forecasts being used to guide N-management strategies.   If seasonal climate 26 
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forecasts can be used to guide other crop management decisions such as harvesting and irrigation 1 

scheduling, why can’t they be used in the development of strategies to help minimise N losses and 2 

improve the economic return from N fertiliser investment? 3 

 4 

2.4.2.3 Seasonal climate forecasting for improved nitrogen management  5 

There is no doubt that climate has a profound influence on cane growth and final yields and is 6 

largely responsible for regional and seasonal productivity fluctuations.  In north Queensland sugarcane 7 

growing districts, higher (lower) than average rainfall during spring and summer is often linked to 8 

lower (higher) cane yields (Schroeder et al. 2010b).  The SOI can be used to forecast the occurrence of 9 

‘wetter’ and ‘drier’ than average rainfall conditions and hence lower or higher cane yields (Section 10 

2.4.2.2).  As climate influences crop growth, and N-demand and N-loss processes, predictions of 11 

climatic conditions during the sugarcane growing season (i.e. spring and summer) could be used to 12 

refine N-management strategies.   13 

It is reasonable to hypothesize that different N-management strategies will need to be developed for 14 

‘wet’ and ‘dry’ years.  In developing N-management strategies, seasonal climate forecasts might be 15 

used to guide changes to N application rates, timing and/or frequency of N inputs, and the benefit of 16 

using alternative forms of N fertiliser (i.e. nitrification inhibitors and controlled-release products).  For 17 

example, in the Wet Tropics region the N-management strategy in a ‘wet’ year may consist of lower 18 

application rates of N and the use of a nitrification inhibitor or controlled-release fertiliser.  To obtain 19 

the greatest benefit, existing management practices, such as subsurface placement, which aim to 20 

reduce the potential for environmental losses of N, will need to be incorporated into the devised 21 

management strategy.  Seasonal climate forecasts may also allow the most appropriate N-management 22 

strategy to be identified before N fertiliser is applied.  The important question, - “can we achieve 23 

superior environmental and economic outcomes by integrating seasonal climate forecasts into the 24 

development of sugarcane N management strategies?” will need to be answered.     25 
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Sugarcane growers in the Tully district of the Wet Tropics region identified the potential of using 1 

seasonal climate forecasting to assist fertiliser, harvesting, planting and herbicide management 2 

decisions (Jakku et al. 2007).  In particular, these growers wanted to investigate the possibility of 3 

improving N-fertiliser management to reduce environmental losses whilst maintaining or improving 4 

productivity (Everingham et al. 2006; Thorburn et al. 2011c).  Varying N-fertiliser rates, split 5 

applications and the use of seasonal climate forecasts to guide application timing were identified as 6 

potential strategies (Thorburn et al. 2011c).  Researchers worked with the growers to assess these 7 

management strategies using the Agricultural Production Systems sIMulator (APSIM) sugarcane 8 

cropping systems model (Keating et al. 2003) and seasonal rainfall forecasts based on the SOI phase 9 

system (Stone and Auliciems 1992).  Split application of N fertiliser every year was simulated to be 10 

the most sustainable strategy, but the response varied with soil type (best response on coarse textured 11 

soils).  However, growers believed the environmental and economic benefits weren’t large enough to 12 

routinely implement this practice (Thorburn et al. 2011c).  The predicted economic benefit was a 5% 13 

median increase in partial gross margin over the long-term (Everingham et al. 2006).  This small 14 

increase is unlikely to convince growers to adopt this strategy for the inconvenience associated with 15 

splitting fertiliser applications, especially at a time when many other crop-management practices also 16 

require completion (i.e. weed control, hilling up plant cane, applying pest control).  The study also 17 

identified that the positive effects of split applications were greatest in years receiving above-average 18 

rainfall.  This is likely to be due to higher cane yields and lower N losses being modeled following 19 

split application of N fertiliser every year (Thorburn et al. 2011c).   20 

The impact of splitting N applications based on the SOI phase at the time of fertiliser application 21 

(i.e. split if SOI phase consistently positive at time x) was also investigated but predicted to have a 22 

lower economic and environmental benefit than splitting in all years (Everingham et al. 2006).  This is 23 

because there were years when the SOI phase did not correlate with the amount of rainfall received.  24 

Here, the management strategy suited the forecasted rainfall, not the observed rainfall.   25 
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In using seasonal climate forecasts to guide the development of N-management strategies it is 1 

important to be aware of the limitations.  Seasonal climate forecasts provide probabilistic information 2 

about future climatic conditions and are unable to precisely predict future climatic conditions.  A 3 

mismatch between the N-management strategy and actual climatic conditions may restrict crop growth 4 

and reduce profitability in years predicted to experience above-average rainfall that actually receive 5 

below-average rainfall (i.e. in the Wet Tropics region).  As there will always be uncertainty regarding 6 

the accuracy of the climate forecast, it would be advantageous to incorporate different levels of risk 7 

exposure into N-management strategies.  This would allow individual growers to select the level of 8 

risk exposure with which they are most comfortable.   9 

The use of seasonal climate forecasting to improve N-management strategies in agriculture is not a 10 

new concept with many cropping systems already looking beyond yield-forecasting capabilities.  In 11 

Australia, SOI phase-based seasonal climate forecasts (Stone and Auliciems 1992; Stone et al. 1996) 12 

are used in conjunction with crop growth models to improve N-management decisions in wheat-13 

cropping systems.  Although the responsiveness of N-management strategies to ENSO-based climate 14 

forecasts appears to be inconsistent, the majority of research indicates that SOI phase-based N 15 

management is beneficial in wheat-cropping systems (Hammer et al. 1996; Wang et al. 2008a; Yu et 16 

al. 2008; Asseng et al. 2012).  As early as 1996, adjusting N-fertiliser rates based on the SOI phase 17 

system (Stone and Auliciems 1992; Stone et al. 1996) was simulated to increase profits by up to 20% 18 

in the Queensland wheat-belt (Hammer et al. 1996).  Since then, research has been directed towards 19 

better understanding the potential for seasonal climate forecasting to improve N management at 20 

different Australian wheat-growing locations.     21 

In southeast Australia, changing application rates for N fertiliser based on SOI phases was predicted 22 

to increase wheat gross margins by 8%, 13% and 20% when the April-May SOI phase was 23 

negative/falling, zero, and positive/rising, respectively, compared to current N-management practices 24 

for the region of a fixed application of 100 kg N/ha (Wang et al. 2008a).  In addition, SOI phase-based 25 

N management was also compared to using the long-term average optimal N rate (a fixed application 26 



                           

 

 

39 

of 150 kg N/ha) derived from long-term climate records for the region (Wang et al. 2008a).  While SOI 1 

phase-based N management was still beneficial, the value was much smaller with gross margins 2 

predicted to increase by 3%, 0% and 1% when the April-May SOI phase was negative/falling, zero and 3 

positive/rising, respectively (Wang et al. 2008a).  Although these financial increases are relatively 4 

small, the fact that sugarcane is produced in areas vulnerable to extreme climatic variability and sold in 5 

a volatile market, any improvement in gross margins will be beneficial. 6 

The value of a ‘perfect’ climate forecast for N management purposes in a wheat cropping system in 7 

southeast Australia has also been simulated for two locations with contrasting rainfall.  Compared with 8 

the long-term average optimal N rate derived from long-term climate records, adjusting N application 9 

rates based on a ‘perfect’ climate forecast was estimated to generate an average benefit of $65.2/ha and 10 

$66.5/ha for the high and low rainfall areas, respectively (Yu et al. 2008).   11 

More recently different approaches to N-fertiliser management in the Western Australian wheat-belt 12 

have been investigated using the Predictive Ocean Atmosphere Model for Australia (POAMA) 13 

(Asseng et al. 2012). The POAMA seasonal rainfall-forecasting system could improve gross margins 14 

by $50/ha when used for N management decisions in the southern region of Western Australia’s 15 

wheat-belt (Asseng et al. 2012).   16 

Compared to wheat, the sugarcane industry has spent very little effort investigating the potential for 17 

SOI phase-based N management, even though there is relatively high forecasting skill in areas where 18 

the majority of sugarcane is grown (McBride and Nicholls 1983; Cai et al. 2001; Russell et al. 1992; 19 

Kuhnel 1994; Everingham et al. 2003).  Results from the grains industry indicate that there is potential 20 

for seasonal climate forecasts to improve N management in Australian sugarcane.  The importance of 21 

using historical climate knowledge to understand responsiveness to applied N under different climate 22 

scenarios should also not be ignored in future attempts to improve sugarcane N management.  23 

Historical climate knowledge is an important tool that can be used to improve our understanding of 24 

crop performance and N-management strategies under different climate scenarios (Wang et al. 2008a; 25 

Yu et al. 2008). 26 
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Despite considerable research efforts into seasonal climate forecasting for improved N management 1 

in grain production, a survey conducted in northern New South Wales revealed that the majority of 2 

growers favoured simplistic approaches to varying N fertiliser rates (i.e. block history, recent yields, 3 

protein levels and length of fallow) (Hayman and Alston 1999).  Soil testing, monitoring stored soil 4 

water and using seasonal climate forecasts to guide N management was considered too complex 5 

(Hayman and Alston 1999).  In addition, it was found that seasonal climate forecasting based on the 6 

SOI was seldom used when making decisions about N fertiliser management.  However, Australian 7 

sugarcane growers are already using a combination of simple and complex approaches to determine 8 

the nutritional requirement of each crop (Schroeder et al. 2007b; Schroeder et al. 2005a).  If seasonal 9 

climate forecasting can be used in a way that removes the perceived inconvenience of split applying N, 10 

it is likely to gain acceptance and hopefully result in greater on-ground adoption than experienced 11 

elsewhere.    12 

Although simulated SOI phase-based N management outcomes in wheat-cropping systems have not 13 

always been validated under commercial field conditions, APSIM has undergone extensive 14 

development and scientific testing for various Australian wheat-growing locations so that it can be 15 

used to evaluate proposed changes to N management (Keating et al. 2003).  APSIM has also been used 16 

to investigate various issues related to N management in sugarcane (Thorburn et al. 1999; Thorburn et 17 

al. 2001; Thorburn et al. 2011a; Stewart et al. 2006; Thorburn et al. 2004b; Verburg et al. 1996; 18 

Robertson and Thorburn 2007). To gain recognition as part of the sugarcane industry’s accepted best-19 

management practice options, N-management strategies based on seasonal climate forecasts will have 20 

to be evaluated thoroughly.  This will include rigorous field testing to ensure that simulation-based 21 

benefits from crop models such as APSIM are realistically achievable for commercial sugarcane-22 

farming enterprises.     23 

 24 

3. Conclusions  25 
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Losses of nutrients, sediment and pesticides from agricultural production systems, including 1 

sugarcane cultivation, have been linked to water quality decline and the subsequent degradation of 2 

coastal marine ecosystems (Brodie et al. 2001; Waterhouse et al. 2012; Brodie and Mitchell 2005).  3 

Increased emphasis on minimising environmental degradation is likely to place further restrictions on 4 

sugarcane production practices into the future and this may reduce profitability.  To help ensure that 5 

water-quality targets are met and the introduction of more stringent regulations avoided, further 6 

research is required to better understand the impact of natural climate variability on sugarcane N-use 7 

efficiency.  The development of N-management strategies that optimise profit and minimise 8 

environmental losses for different climatic conditions will be a major challenge.  9 

In Australia, just over 60% of the N fertiliser applied is recovered in the sugarcane crop and 10 

surrounding soil (Prasertsak et al. 2002; Chapman et al. 1991; Vallis and Keating 1994).  Unrecovered 11 

N is either stored in the soil or presumed to be lost from the sugarcane production system, primarily 12 

through denitrification and leaching processes as management strategies have been adopted to reduce 13 

ammonia volatilisation losses (Prasertsak et al. 2002; Freney et al. 1994; Calcino and Burgess 1995; 14 

Freney et al. 1991; Prammanee et al. 1989; Wood et al. 1989).  N-loss processes are influenced by soil 15 

type, position in the landscape, rainfall amount and intensity, fertiliser form, placement, application 16 

timing and rate (Wood et al. 2010a).  Sugarcane growers can improve N uptake and reduce the 17 

potential for N losses by applying N fertilisers at recommended rates in the correct location and at the 18 

right time.  The SIX EASY STEPS nutrient-management program incorporates soil type and position 19 

in the landscape into the formulation of soil- and site-specific N-management guidelines (Schroeder et 20 

al. 2005a; Schroeder et al. 2007b).  Although climatic conditions such as rainfall amount and intensity 21 

cannot be controlled, options are available to help reduce the impact on N losses.   22 

Seasonal climate forecasts are being used to improve decision making capabilities across different 23 

sectors of the Australian sugarcane value chain.  At the grower level, it is surprising that seasonal 24 

climate forecasts are not being used to guide N-management strategies domestically or internationally.  25 

Seasonal climate forecasts provide probabilistic information about future climatic conditions.  As 26 
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climate is a key driver of crop growth, and N-demand and N-loss processes, prediction of climatic 1 

conditions during the sugarcane growing season (i.e. spring and summer) could be used to refine N-2 

management strategies.  It is highly likely that N-management strategies will need to be different for 3 

‘wet’ and ‘dry’ years.  Information generated from the seasonal climate forecast could be used to 4 

formulate the most appropriate N-management strategy.   5 

Seasonal climate forecasts could be used to guide application timing and/or frequency of N inputs 6 

and the benefit of using alternative forms of N fertiliser (i.e. nitrification inhibitors and controlled 7 

release products).  The current methods that can be used to calculate requirements for N fertiliser in the 8 

Australian sugarcane industry are limited in their ability to match N-fertiliser inputs to forthcoming 9 

crop yields.  The SIX EASY STEPS program uses predetermined yield potentials to determine N-10 

fertiliser requirements, whereas N Replacement uses the yield of the previously harvested crop. As it is 11 

common to align N-application rates with potential or target yields, seasonal climate forecasts could be 12 

used to improve yield estimates used in the calculation of N-fertiliser requirements in the SIX EASY 13 

STEPS program (Schroeder et al. 2010b).    14 

The use of seasonal climate forecasts may allow more environmentally sensitive, yet profitable, N-15 

management strategies to be developed for the Australian sugarcane industry.  The Wet Tropics 16 

sugarcane production area provides an ideal case study environment to test this hypothesis, given the 17 

skill in climate forecasting capabilities for this region, the potential for high N losses, and the 18 

proximity of the district to sensitive ecosystems.    19 

 20 

Acknowledgments 21 

We thank BSES Limited, the Sugar Research and Development Corporation (SRDC) and the 22 

Queensland Government through its Department of Agriculture, Fisheries and Forestry for financial 23 

support for research in this area.  SRDC are providing funding in the form of a postgraduate 24 

scholarship.  We also thank Justin Sexton for helping develop the mean annual rainfall distribution 25 



                           

 

 

43 

map of the Australian sugarcane industry, Dr Peter Allsopp and two anonymous reviewers who 1 

provided constructive comments.   2 

 3 

References and Notes 4 

Aguado E, Burt JE (2004) Understanding Weather and Climate. Third edn. Pearson Education, Inc, 5 

New Jersey 6 

Allan R, Lindesay J, Parker D (1996) El Nino Southern Oscillation and Climatic Variabilty CSIRO 7 

Publishing, Collingwood 8 

Allen D, Kingston G, Rennenberg H, Dalal R, Schmidt S (2008) Nitrous oxide emissions from 9 

sugarcane soils as influenced by waterlogging and split N fertiliser application. Proceedings of 10 

the Australian Society of Sugar Cane Technologists 30:95-104 11 

Allen DE, Kingston G, Rennenberg H, Dalal RC, Schmidt S (2010) Effect of nitrogen fertilizer 12 

management and waterlogging on nitrous oxide emission from subtropical sugarcane soils. 13 

Agriculture, Ecosystems and Environment 136 (3-4):209-217 14 

Alonso-Pippo W, Luengo CA, Koehlinger J, Garzone P, Cornacchia G (2008) Sugarcane energy use: 15 

The Cuban case. Energy Policy 36 (6):2163-2181 16 

Anich GN, Wegener MK (1992) Rainfall analysis to improve urea application decisions in trash 17 

blanketed sugarcane. Proceedings of the Australian Society of Sugar Cane Technologists 18 

14:94-98 19 

Anon (2009a) Great Barrier Reef Protection Amendment Act 2009. Queensland State Government,  20 

Anon (2009b) Reef Wise Farming Reef Protection Package.  The method for calculating the optimum 21 

amount of nitrogen and phosphorus to be applied to sugarcane properties regulated under the 22 

Environmental Protection Act 1994. State of Queensland,  23 

Anon (2012) Tully district comprehensive area productivity analysis 2011. Tully Sugar Industry, Tully 24 

Antony G, Everingham Y, Smith M (2002) Financial benefits of using climate forecasting: a case 25 

study. Proceedings of the Australian Society of Sugar Cane Technologists 24:21 26 

Asseng S, McIntosh PC, Wang G, Khimashia N (2012) Optimal N fertiliser management based on a 27 

seasonal forecast. European Journal of Agronomy 38:66-73 28 

Bainbridge ZT, Brodie JE, Faithful JW, Sydes DA, Lewis SE (2009) Identifying the land-based 29 

sources of suspended sediments, nutrients and pesticides discharged to the Great Barrier Reef 30 

from the Tully - Murray Basin, Queensland, Australia. Marine and Freshwater Research 60 31 

(11):1081-1090 32 

Bakker H (1999) Sugar Cane Cultivation and Management. Kluwer Academic / Plenum Publishers, 33 

New York 34 

Barnes AC (1974) The Sugar Cane. Halsted Press,  35 



                           

 

 

44 

Barth G, Von Tucher S, Schmidhalter U (2001) Influence of soil parameters on the effect of 3,4-1 

dimethylpyrazole-phosphate as a nitrification inhibitor. Biology and Fertility of Soils 34 (2):98-2 

102 3 

Bell MJ, Halpin NV, Garside AL, Moody PW, Stirling GR, Robotham BG (2003) Evaluating 4 

combination of fallow management, controlled traffic and tillage options in prototype 5 

sugarcane farming systems at Bundaberg. Proceedings of the Australian Society of Sugar Cane 6 

Technologists 25:129-141 7 

Benn KE, Elder J, Jakku E, Thorburn PJ (2010) The sugar industry's impact on the landscape of the 8 

australian wet tropical coast. Landscape Research 35 (6):613-632 9 

Bezuidenhout CN, Schulze RE (2006) Application of seasonal climate outlooks to forecast sugarcane 10 

production in South Africa. Climate Research 30 (3):239-246 11 

Bieske GC (1972) Split applications of nitrogen fertilisers on ratoon crops. Proceedings of the 12 

Queensland Society of Sugar Cane Technologists 39:73-76 13 

Brady NC, Weil RR (2002) The nature and properties of soils.  Thirteenth Edition. Pearson Education 14 

Ltd., New Jersey 15 

Braunbeck O, Bauen A, Rosillo-Calle F, Cortez L (1999) Prospects for green cane harvesting and cane 16 

residue use in Brazil. Biomass and Bioenergy 17 (6):495-506 17 

Brodie J, Christie C, Devlin M, Haynes D, Morris S, Ramsay M, Waterhouse J, Yorkston H (2001) 18 

Catchment management and the Great Barrier Reef. Water Science and Technology 43 (9):203-19 

211 20 

Brodie J, Schroeder T, Rohde K, Faithful J, Masters B, Dekker A, Brando V, Maughan M (2010) 21 

Dispersal of suspended sediments and nutrients in the Great Barrier Reef lagoon during river-22 

discharge events: conclusions from satellite remote sensing and concurrent flood-plume 23 

sampling. Marine and Freshwater Research 61 (6):651-664 24 

Brodie JE, Mitchell AW (2005) Nutrients in Australian tropical rivers: Changes with agricultural 25 

development and implications for receiving environments. Marine and Freshwater Research 56 26 

(3):279-302 27 

Brumbley SM, Purnell MP, Petrasovits LA, Nielsen LK, Twine PH (2007) Developing the sugarcane 28 

biofactory for high-value biomaterials. International Sugar Journal 109 (1297):5 29 

Brumbley SM, Snyman SJ, Gnanasambandam A, Joyce P, Herman SR, da Silva JAG, McQualter RB, 30 

Wang M, Egan BT, Patterson AH, Albert HH, Moore PM (2008) Sugarcane. In: Kole C, Hall 31 

TC (eds) Compendium of Transgenic Crop Plants: Transgenic Sugar, Tuber and Fiber Crops. 32 

Blackwell Publishing Ltd,  33 

Bull T (2000) The Sugarcane Plant. In: Hogarth DM, Allsopp PG (eds) Manual of Canegrowing. 34 

Bureau of Sugar Experiment Stations, Brisbane, pp 71-82 35 

Cai W, Whetton PH, Pittock AB (2001) Fluctuations of the relationship between ENSO and northeast 36 

Australian rainfall. Climate Dynamics 17 (5-6):421-432 37 

Calcino D, Schroeder B, Hurney A, Allsopp P (2008) SmartCane plant cane establishment and 38 

management: TE08010 BSES Limited Technical Publication. BSES Limited, Brisbane 39 



                           

 

 

45 

Calcino DV (1994) Australian sugarcane nutritional manual. BSES Limited, Brisbane,  1 

Calcino DV, Burgess DJW (1995) Effect of urea placement on crop cycle yields of green trash 2 

blanketed sugarcane ratoons. Proceedings of the Australian Society of Sugar Cane 3 

Technologists 17:193-198 4 

Calcino DV, Kingston G, Haysom M (2000) Nutrition of the plant. In: Hogarth DM, Allsopp PG (eds) 5 

Manual of Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 153-193 6 

Calcino DV, Schroeder BL, Hurney AP (2010) Extension and adoption of the "Six Easy Steps" 7 

nutrient management program in sugarcane production in North Queensland. Proceedings of 8 

the XXVII Congress of the International Society of Sugar Cane Technologists 27:235 9 

CANEGROWERS (2010) The Canegrowers Annual Report 2009/2010.  10 

Chapman LS (1994) Fertiliser N management in Australia. Proceedings of the Australian Society of 11 

Sugar Cane Technologists 16:83-92 12 

Chapman LS, Haysom MBC, Saffigna PG (1992) N cycling in cane fields from 15N labelled trash and 13 

residual fertiliser. Proceedings of the Australian Society of Sugar Cane Technologists 14:84-89 14 

Chapman LS, Haysom MBC, Saffigna PG, Freney JR (1991) The effect of placement and irrigation on 15 

the efficiency of use of 
15

N labelled urea by sugar cane. Proceedings of the Australian Society 16 

of Sugar Cane Technologists 13:44-52 17 

Chen D, Suter H, Islam A, Edis R, Freney JR, Walker CN (2008) Prospects of improving efficiency of 18 

fertiliser nitrogen in Australian agriculture: a review of enhanced efficiency fertilisers. 19 

Australian Journal of Soil Research 46:289-301 20 

Christiansen I (2000) Environmental Management. In: Hogarth DM, Allsopp PG (eds) Manual of 21 

Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 27-69 22 

Dalal RC, Wang W, Robertson GP, Parton WJ (2003) Nitrous oxide emission from Australian 23 

agricultural lands and mitigation options: A review. Australian Journal of Soil Research 41 24 

(2):165-195 25 

Denmead OT, Freney JR, Dunin FX, Jackson AV, Reyenga W, Saffigna PG, Smith JWB, Wood AW 26 

(1993) Effect of canopy development on ammonia uptake and loss from sugarcane fields 27 

fertilised with urea. Proceedings of the Australian Society of Sugar Cane Technologists 15:285-28 

292 29 

Denmead OT, Freney JR, Jackson AV, Smith JWB, Saffigna PG, Wood AW, Chapman LS (1990) 30 

Volatilisation of ammonia from urea and ammonium sulfate applied to sugarcane trash in North 31 

Queensland. Proceedings of the Australian Society of Sugar Cane Technologists 12:72-78 32 

Denmead OT, Macdonald BCT, Bryant G, Naylor T, Wilson S, Griffith DWT, Wang WJ, Salter B, 33 

White I, Moody PW (2010) Emissions of methane and nitrous oxide from Australian sugarcane 34 

soils. Agricultural and Forest Meteorology 150 (6):748-756 35 

Denmead OT, Macdonald BCT, Bryant G, Reilly RJ, Griffith DWT, Stainlay W, White I, Melville 36 

MD (2005) Gaseous nitrogen losses from acid sulfate sugarcane soils on the coastal lowlands. 37 

Proceedings of the Australian Society of Sugar Cane Technologists 27:211-219 38 



                           

 

 

46 

Ellis RD, Merry RE (2004) Sugarcane Agriculture In: James GL (ed) Sugarcane. Second edn. 1 

Blackwell Science Ltd, pp 101-142 2 

Everingham Y, Baillie C, inman-Bamber G, Baillie J (2008a) Forecasting water allocations for 3 

Bundaberg sugarcane farmers. Climate Research 36:231-239 4 

Everingham Y, Inman-Bamber G, Ticehurst C, Barrett D, Lowe K, McNeill T (2005) Yield forecasting 5 

for marketers. Proceedings of the Australian Society of Sugar Cane Technologists 27:51-60 6 

Everingham Y, Jakku E, Inman-Bamber G, Thorburn PJ, Webster T, Attard S, Antony G (2006) 7 

Understanding the adoption of knowledge intensive technologies in the Australian sugar 8 

industry - a pilot study. Proceedings of the Australian Society of Sugar Cane Technologists 9 

28:76-85 10 

Everingham YL, Clarke AJ, Van Gorder S (2008b) Long lead rainfall forecasts for the Australian 11 

sugar industry. International Joural of Climatology 28:111-117 12 

Everingham YL, Inman-Bamber NG, Smith DM (2002a) Seasonal climate forecasts to enhance 13 

decision-making across the sugar industry value chain. Proceedings of the Australian Society of 14 

Sugar Cane Technologists 24:10 15 

Everingham YL, Muchow RC, Stone RC (2001) Forecasting Australian sugar yields using phases of 16 

the Southern Oscillation Index. Proceedings of the International Congress on Modelling and 17 

Simulation 4:1781-1786 18 

Everingham YL, Muchow RC, Stone RC, Coomans DH (2003) Using Southern Oscillation Index 19 

phases to forecast sugarcane yields: A case study for northeastern Australia. International 20 

Joural of Climatology 23:1211-1218 21 

Everingham YL, Muchow RC, Stone RC, Inman-Bamber NG, Singels A, Bezuidenhout CN (2002b) 22 

Enhanced risk management and decision-making capability across the sugarcane industry value 23 

chain based on seasonal climate forecasts. Agricultural Systems 74 (3):459-477 24 

F.O.Lichts (2010) World Sugar Yearbook 2011. Informa Business Information, London,  25 

Ferreira-Leitao V, Gottschalk LMF, Ferrara MA, Nepomuceno AL, Molinari HBC, Bon EPS (2010) 26 

Biomass residues in Brazil: Availability and potential uses. Waste and Biomass Valorization 1 27 

(1):65-76 28 

Freney JR, Denmead OT, Saffigna PG, Wood AW, Chapman LS, Hurney AP (1991) Ammonia loss 29 

from sugar cane fields as affected by fertiliser placement, irrigation and canopy development. 30 

Proceedings of the Australian Society of Sugar Cane Technologists 13:38-43 31 

Freney JR, Denmead OT, Wood AW, Saffigna PG (1994) Ammonia loss following urea addition to 32 

sugar cane trash blankets. Proceedings of the Australian Society of Sugar Cane Technologists 33 

16:114-121 34 

Garside AL (1997) Yield decline research in the Australian sugar industry. Proceedings of the 71st 35 

Annual Congress of the South African Sugar Technologists' Association 71:3-8 36 

Garside AL, Bell MJ (1999) The potential for legumes in sugarcane cropping systems in Australia. 37 

Proceedings of the International Society of Sugar Cane Technologists 23:100-106 38 



                           

 

 

47 

Garside AL, Bell MJ (2001) Fallow legumes in the Australian sugar industry: review of recent 1 

research findings and implications for the sugarcane cropping system. Proceedings of the 2 

Australian Society of Sugar Cane Technologists 23:230-235 3 

Garside AL, Bell MJ, Magarey RC (2001) Monoculture yield decline - Fact not fiction. Proceedings of 4 

the XXIV Congress of the International Society of Sugar Cane Technologists 11 (2):16-21 5 

Garside AL, Bell MJ, Robotham BG (2009) Row spacing and planting density effects on the growth 6 

and yield of sugarcane. 2. strategies for the adoption of controlled traffic. Crop and Pasture 7 

Science 60 (6):544-554 8 

Garside AL, Berthelsen JE, Richards CL, Toovey LM (1996) Fallow legumes on the wet tropical 9 

coast: some species and management options. Proceedings of the Australian Society of Sugar 10 

Cane Technolgists 18:202-208 11 

Garside AL, Berthelsen JE, Robotham BG, Bell MJ (2006) Management of the interface between 12 

sugarcane cycles in a permanent bed, controlled traffic farming system. Proceedings of the 13 

Australian Society of Sugar Cane Technologists 28:118-128 14 

Garside AL, Smith MA, Chapman LS, Hurney AP, Magarey RC (1997) The yield plateau in the 15 

Australian sugar industry: 1970-1990. In: Keating BA, Wilson JR (eds) Intensive sugarcane 16 

production: meeting the challenges beyond 2000. Proceedings of the Sugar 2000 Symposium, 17 

Brisbane, Australia, 20-23 August 1996., 1997. CAB International, Wallingford, UK, pp 103-18 

124 19 

Garside AL, Watters TS, Berthelsen JE, Sing NJ, Robotham BG, Bell MJ (2004) Comparisons 20 

between conventional and alternative sugarcane farming systems which incorporate permanent 21 

beds, minimum tillage, controlled traffic and legume fallows. Proceedings of the Australian 22 

Society of Sugar Cane Technologists 26:21 23 

Glendinning JS, Fertilizer Industry Federation of Australia, Commonwealth Scientific and Industrial 24 

Research Organization (2000) Australian soil fertility manual. 2 edn. CSIRO  Publishing, 25 

Collingwood 26 

Goldemberg J, Coelho ST, Guardabassi P (2008) The sustainability of ethanol production from 27 

sugarcane. Energy Policy 36 (6):2086-2097 28 

Hammer GL, Hansen JW, Phillips JG, Mjelde JW, Hill H, Love A, Potgieter A (2001) Advances in 29 

application of climate prediction in agriculture. Agricultural Systems 70 (2-3):515-553 30 

Hammer GL, Holzworth DP, Stone R (1996) The value of skill in seasonal climate forecasting to 31 

wheat crop management in a region with high climatic variability. Australian Journal of 32 

Agricultural Research 47 (5):717-737 33 

Hayman PT, Alston CL (1999) A survey of farmer practices and attitudes to nitrogen management in 34 

the northern New South Wales grains belt. Australian Journal of Experimental Agriculture 39 35 

(1):51-63 36 

Haysom MB, Chapman LS, Vallis I (1990) Recovery of nitrogen from 15N urea applied to a green 37 

cane trash blanket at Mackay. Proceedings of the Australian Society of Sugar Cane 38 

Technologists 12:79-84 39 



                           

 

 

48 

Hogarth M, Ryan C (2000) Australian sugar industry. In: Hogarth DM, Allsopp PG (eds) Manual of 1 

Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 1-5 2 

Hurney A, Schroeder B, Calcino D, Allsopp P (2008) SmartCane fallow and land management: 3 

TE08009 BSES Limited Technical Publication. BSES Limited, Brisbane 4 

Inman-Bamber NG (1991) A growth model for sugarcane based on a simple carbon balance and the 5 

CERES-Maize water balance. South African Journal of Plant and Soil 8:93-99 6 

Irvine J, E. (2004) Sugarcane Agronomy. In: James GL (ed) Sugarcane. Second edn. Blackwell 7 

Science Ltd, pp 143-159 8 

Jakku E, Thorburn P, Everingham Y, Inman-Bamber G (2007) Improving the paticipatory 9 

development of decision support systems for the sugar industry. Proceedings of the Australian 10 

Society of Sugar Cane Technologists 29:41-49 11 

James GL (2004) An Introduction to Sugarcane. In: James GL (ed) Sugarcane. Second edn. Blackwell 12 

Science Ltd, pp 1-19 13 

Jansson SL, Persson J (1982) Mineralization and Immobilization of Soil Nitrogen. In: Stevenson FJ 14 

(ed) Nitrogen in Agricultural Soils. Madison, Wisconsin USA, pp 229-252 15 

Keating BA, Carberry PS, Hammer GL, Probert ME, Robertson MJ, Holzworth D, Huth NI, 16 

Hargreaves JNG, Meinke H, Hochman Z, McLean G, Verburg K, Snow V, Dimes JP, Silburn 17 

M, Wang E, Brown S, Bristow KL, Asseng S, Chapman S, McCown RL, Freebairn DM, Smith 18 

CJ (2003) An overview of APSIM, a model designed for farming systems simulation. 19 

European Journal of Agronomy 18 (3-4):267-288 20 

Keating BA, Verburg K, Huth NI, Robertson MJ (1997) Nitrogen management in intensive 21 

agriculture: sugarcane in Australia. In: Keating BA, Wilson JR (eds) Intensive sugarcane 22 

production: meeting the challenges beyond 2000. Proceedings of the Sugar 2000 Symposium, 23 

Brisbane, Australia, 20-23 August 1996. CAB International, Wallingford, pp 221-242 24 

Kingston G (2000) Climate and the management of sugarcane. In: Hogarth DM, Allsopp PG (eds) 25 

Manual of Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 7-25 26 

Kingston G (2011) The difficult 2010 sugarcane harvest in Australia: causes, effects and learnings. 27 

Proceedings of the 84th Annual Congress of the South African Sugar Technologists' 28 

Association 84:28-36 29 

Kingston G, Anink MC, Allen D (2008) Acquisition of nitrogen by ratoon crops of sugarcane as 30 

influenced by waterlogging and split applications. Proceedings of the Australian Society of 31 

Sugar Cane Technologists 30:202-211 32 

Kroon FJ, Kuhnert PM, Henderson BL, Wilkinson SN, Kinsey-Henderson A, Abbott B, Brodie JE, 33 

Turner RDR (2012) River loads of suspended solids, nitrogen, phosphorus and herbicides 34 

delivered to the Great Barrier Reef lagoon. Marine Pollution Bulletin 65 (4-9):167-181 35 

Kuhnel I (1993) Periodicity and strength of the ENSO climatic signal and its consequences for 36 

sugarcane production in Queensland. Proceedings of the Australian Society of Sugar Cane 37 

Technologists 15:261-267 38 



                           

 

 

49 

Kuhnel I (1994) Relationship Between the Southern Oscillation Index and Australian Sugarcane 1 

Yields. Australian Journal of Agricultural Research 45 (7):1557-1568 2 

Leverington KC (1964) Urea and ammonium sulphate as sources of nitrogen - a review of some 3 

experiments in Queensland. Proceedings of the Queensland Society of Sugar Cane 4 

Technologists 31 (99-103) 5 

Macdonald BCT, Denmead OT, White I, Naylor T, Salter B, Wilson SR, Griffith DWT (2009) 6 

Emissions of nitrogen gases from sugarcane soils. Proceedings of the Australian Society of 7 

Sugar Cane Technologists 31:85-92 8 

Mackintosh D (2000) Sugar Milling. In: Hogarth DM, Allsopp PG (eds) Manual of Canegrowing. 9 

Bureau of Sugar Experiment Stations, Brisbane, pp 369-377 10 

McBride JL, Nicholls N (1983) Seasonal Relationships between Australian Rainfall and the Southern 11 

Oscillation. Monthly Weather Review 111 12 

McGlinchey M (1999) Computer Crop Model Applications:  Developments in Swaziland. Proceedings 13 

of the 73rd Annual Congress of the South African Sugar Technologists' Association 73:35-38 14 

McMahon GG, Ham GJ, Brandon RW (1994) Effects of nitrogen placement on crop production under 15 

furrow irrigated, trash blanket conditions. Proceedings of the Australian Society of Sugar Cane 16 

Technologists 16:55-62 17 

McMahon M, Hurney AP (2008) Crop management practices in the Tully and Murray River 18 

catchments. Proceedings of the Australian Society of Sugar Cane Technologists 30:267-275 19 

Meyer JH, Wood RA (1994) Nitrogen management of sugar cane in South Africa. Proceedings of the 20 

Australian Society of Sugar Cane Tecnologists 16:93-104 21 

Meyer JH, Wood RA, Leibbrandt NB (1986) Recent advances in determining the N requirement of 22 

sugarcane in the South African sugar industry. Proceedings of the 60th Annual Congress of the 23 

South African Sugar Technologists' Association 60:205-211 24 

Muchow RC, Robertson MJ, Keating BA (1997) Limits to the Australian sugar industry: climatic and 25 

biological factors. In: Keating BA, Wilson JR (eds) Intensive sugarcane production: meeting 26 

the challenges beyond 2000. Proceedings of the Sugar 2000 Symposium, Brisbane, Australia, 27 

20-23 August 1996, 1997. Cab International, Wallingford, Wallingford UK, pp 37-54 28 

Newby J, Wegener MK (2003) Assessing management options to reduce nutrient outputs from cane 29 

production in the Herbert River District. Proceddings of the Australian Society of Sugar Cane 30 

Technologists 25:37 31 

Noble AD, Bramley RGV, Wood AW, Hurney AP (1997) Sugarcane and soil acidity-why should we 32 

be worried? Proceedings of the Australian Society of Sugar Cane Technologists 19:187-199 33 

Pankhurst CE, Magarey RC, Stirling GR, Blair BL, Bell MJ, Garside AL (2003) Management 34 

practices to improve soil health and reduce the effects of detrimental soil biota associated with 35 

yield decline of sugarcane in Queensland, Australia. Soil and Tillage Research 72 (2):125-137 36 

Partridge IJ (1994) Will it rain?  : The effects of the Southern Oscillation and El Nino on Australia. 37 

Second edn. Department of Primary Industries, Brisbane 38 



                           

 

 

50 

Prammanee P, Saffigna PG, Wood AW, Freney JR (1989) Loss of nitrogen from urea and ammonium 1 

sulphate applied to sugar cane crop residues. Proceedings of the Australian Society of Sugar 2 

Cane Technologists 11:76-84 3 

Prammanee P, Wood AW, Saffigna PG (1988) Nitrogen loss from urea applied to sugarcane crop 4 

residues. Proceedings of the Australian Society of Sugar Cane Technologists 10:119-124 5 

Prasertsak P, Freney JR, Denmead OT, Saffigna PG, Prove BG, Reghenzani JR (2002) Effect of 6 

fertilizer placement on nitrogen loss from sugarcane in tropical Queensland. Nutrient Cycling 7 

in Agroecosystems 62 (3):229-239 8 

ReefWaterQualityProtectionPlanSecretariat (2009) Reef Water Quality Protection Plan 2009: For the 9 

Great Barrier Reef World Heritage Area and adjacent catchments. Queensland Department of 10 

Premier and Cabinet, Brisbane 11 

Ridge R, Norris C (2000) Harvesting and Transport. In: Hogarth DM, Allsopp PG (eds) Manual of 12 

Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 353-377 13 

Robertson FA, Thorburn PJ (2007) Management of sugarcane harvest residues: consequences for soil 14 

carbon and nitrogen. Australian Journal of Soil Research 45:13-23 15 

Robinson N, Fletcher A, Whan A, Critchley C, Von Wirén N, Lakshmanan P, Schmidt S (2007) 16 

Sugarcane genotypes differ in internal nitrogen use efficiency. Functional Plant Biology 34 17 

(12):1122-1129 18 

Robinson N, Fletcher A, Whan A, Vinall K, Brackin R, Lakshmanan P, Schmidt S (2008) Sustainable 19 

sugarcane production systems: reducing plant nitrogen demand. Proceedings of the Australian 20 

Society of Sugar Cane Technolgists 30:212-219 21 

Robotham BG (2004) Sugarcane Planters:  Characteristics of different types, soil distrubance and crop 22 

establishment. Proceedings of the Australian Society of Sugar Cane Technologists 26:33 23 

Robotham BG, Chappell WJ (2000) Design of a double disk opener for sugarcane planting. 24 

Proceedings of the Australian Society of Sugar Cane Technologists 22:510 25 

Russell JS, McLeod I, Dale MB Combined Southern Oscillation Index and sea surface temperatures as 26 

predictors of seasonal rainfall. In: Proceedings International COADS workshop, Boulder, 27 

Colorado 13-15 June 1992 1992. pp 333-340 28 

Salter B, Schroeder BL (2012) Seasonal rainfall and crop variability in the Mackay region. 29 

Proceedings of the Australian Society of Sugar Cane Technolgists 34:12 30 

Salter B, Schroeder BL, Wood AW, Panitz JH, Park G (2008) The use of replicated strip-trials for 31 

demonstrating the effectiveness of different nutrient management strategies for sugarcane. 32 

Proceedings of the Australian Society of Sugar Cane Technologists 30:361 33 

Schmidt EJ, Singels A, Grers CJ (2004) Sugar forecasting techniques in South Africa: research and 34 

application. Proceedings of the Australian Society of Sugar Cane Technologists  26:6 35 

Schroeder B, Calcino D, Hurney A, Smith R, Panitz J, Cairns R, Wrigley T, Allsopp P (2008) 36 

SmartCane principles of best management practice: TE08006 BSES Limited Technical 37 

Publication. BSES Limited, Brisbane 38 



                           

 

 

51 

Schroeder B, Panitz J, Linedale T, Whiteing C, Callow B, Samson P, Hurney A, Calcino D, Allsopp P 1 

(2009a) SmartCane harvesting and ratoon management: TE09004 BSES Limited Technical 2 

Publication. BSES Limited, Brisbane 3 

Schroeder BL, Allsopp PG, Cameron T, Salter B, Hurney AP, Davis M (2013) Need for cropping 4 

systems R&D to suit the evolving sugarcane farming system. Proceedings of the Australian 5 

Society of Sugar Cane Technolgists 35 6 

Schroeder BL, Hubert JW, Hubert C, Hubert FG, Panitz JH, Wood AW, Moody PW (2007a) 7 

Recognising difference in soil type to guide nutrient inputs on-farm - a case study from 8 

Bundaberg. Proceedings of the Australian Society of Sugar Cane Technologists 29:138-148 9 

Schroeder BL, Hurney AP, Wood AW, Moody PW, Allsopp PG (2010a) Concepts and value of the 10 

nitrogen guidelines contained in the Australian sugar industry's "Six Easy Steps" nutrient 11 

management program. Proceedings of the XXVIIth Congress of the International Society of 12 

Sugar Cane Technologists 27:26 13 

Schroeder BL, Hurney AP, Wood AW, Moody PW, Calcino DV, Cameron T (2009b) Alternative 14 

nitrogen management strategies for sugarcane production in Australia: the essence of what they 15 

mean. Proceedings of the Australian Society of Sugar Cane Technologists  31:93-103 16 

Schroeder BL, Wood A, Moody P, Stewart B, Panitz J, Benn J (2007b) Soil-specific nutrient 17 

management guidelines for sugarcane production in the Johnstone catchment. Technical 18 

Publication TE07001. BSES Limited, Indooroopilly 19 

Schroeder BL, Wood AW (2001) Assessment of nitrogen mineralising potential of soils in two 20 

different landscapes in the Australian sugar industry - implications for N fertiliser mangement. 21 

Proceedings of the Australian Society of Sugar Cane Technologists  23:281-288 22 

Schroeder BL, Wood AW, Kingston G (1998) Re-evaluation of the basis for fertiliser 23 

recommendations in the Australian sugar industry. Proceedings of the Australian Society of 24 

Sugar Cane Technologists 20:239-247 25 

Schroeder BL, Wood AW, Moody PW, Bell MJ, Garside AL (2005a) Nitrogen fertiliser guidelines in 26 

perspective. Proceedings of the Australian Society of Sugar Cane Technologists 27:291-303 27 

Schroeder BL, Wood AW, Moody PW, Panitz JH (2005b) Sustainable nutrient management - 28 

delivering the message to the Australian sugar industry. Proceedings of the 79th Annual 29 

Congress of the South African Sugar Technologists' Association 79:206-219 30 

Schroeder BL, Wood AW, Moody PW, Panitz JH, Agnew JR, Sluggett RJ, Salter B (2006) Delivering 31 

nutrient management guidelines to growers in the central region of the Australian sugar 32 

industry. Proceedings of the Australian Society of Sugar Cane Technolgists 28:142-154 33 

Schroeder BL, Wood AW, Park G, Panitz JH, Stewart RL (2009c) Validating the 'Six Easy Steps' 34 

nutrient management guidelines in the Johnstone catchment. Proceedings of the Australian 35 

Society of Sugar Cane Technologists 31:177-185 36 

Schroeder BL, Wood AW, Sefton M, Hurney AP, Skocaj DM, Stainlay T, Moody PW (2010b) District 37 

yield potential: an appropriate basis for nitrogen guidelines for sugarcane production. 38 

Proceedings of the Australian Society of Sugar Cane Technologists  32:193-209 39 



                           

 

 

52 

Shannon G (2002) Final Report-SRDC Project BSS176: Optimisation of nutrient management of the 1 

Queensland sugar industry.  BSES Publication SD02006.  2 

Shoji S, Delgado J, Mosier A, Miura Y (2001) Use of controlled release fertilisers and nitrification 3 

inhibitors to increase nitrogen use efficiency and to conserve air and water quality. 4 

Communications in Soil Science and Plant Analysis 32:1051-1070 5 

Singels A, Bezuidenhout CN (1998) ENSO, the South African climate and sugarcane production. 6 

Proceedings of the 72nd Annual Congress of the South African Sugar Technologists' 7 

Association 72:10-11 8 

Singels A, Bezuidenhout CN (1999) The relationship between ENSO and rainfall and yield in the 9 

South African sugar industry. South African Journal of Plant and Soil 16 (2):96-101 10 

Singels A, Bezuidenhout CN (2002) A new method of simulating dry matter partitioning in the 11 

Canegro sugarcane model. Field Crops Research 78 (2-3):151-164 12 

Singels A, Kennedy A, Bezuidenhout C (1999) Weather based decision support through the internet 13 

for agronomic management of sugarcane. Proceedings of the 73rd Annual Congress of the 14 

South African Sugar Technologists' Association 73:30-32 15 

Singels A, Kennedy A, Bezuidenhout CN (1998) IRRICANE: a simple computerised irrigation 16 

scheduling method for sugarcane. Proceedings of the 72nd Annual Congress of the South 17 

African Sugar Technologists' Association 72:117-122 18 

Sivakumar MVK (2006) Climate prediction and agriculture: current status and future challenges. 19 

Climate Research 33:3-17 20 

Skocaj DM, Hurney AP, Schroeder BL (2012) Validating the 'SIX EASY STEPS' nitrogen guidelines 21 

in the Wet Tropics. Proceedings of the Australian Society of Sugar Cane Technologists 34:10 22 

Smith NJ, McGuire PJ, Mackson J, Hickling RC (1984) Green cane harvesting - a review with 23 

particular reference to the Mulgrave Mill area. Proceedings of the Australian Society of Sugar 24 

Cane Technologists 6:21-27 25 

Smith RJ (2008) SmartCane riparian and wetland areas on cane farms: TE08006 BSES Limited 26 

Technical Publication. . BSES Limited, Brisbane 27 

Stewart LK, Charlesworth PB, Bristow KL, Thorburn PJ (2006) Estimating deep drainage and nitrate 28 

leaching from the root zone under sugarcane using APSIM-SWIM. Agricultural Water 29 

Management 81 (3):315-334 30 

Stone R, Auliciems A (1992) SOI phase relationships with rainfall in eastern Australia. International 31 

Journal of Climatology 12 (6):625-636 32 

Stone RC, Hammer G, Marcussen T (1996) Prediction of global rainfall probabilities using phases of 33 

the Southern Oscillation Index. Nature 384:252-255 34 

Thorburn PJ, Antwerpen Rv, Meyer JH, Keating BA, Robertson FA (2001) Impact of trash blanketing 35 

on soil nitrogen fertility: Australian and South African experience. Proceedings of the XXIV 36 

Congress of the International Society of Sugar Cane Technologists 11 (2):33-39 37 



                           

 

 

53 

Thorburn PJ, Biggs JS, Attard SJ, Kemei J (2011a) Environmental impacts of irrigated sugarcane 1 

production: Nitrogen lost through runoff and leaching. Agriculture, Ecosystems &amp; 2 

Environment 144 (1):1-12 3 

Thorburn PJ, Biggs JS, Webster AJ, Biggs IM (2011b) An improved way to determine nitrogen 4 

fertiliser requirements of sugarcane crops to meet global environmental challenges. Plant and 5 

Soil 339 (1):51-67 6 

Thorburn PJ, Horan HL, Biggs IM, Park SE (2004a) Which is the most important crop when assessing 7 

nitrogen applications-the next or the last? Proceedings of the South African Sugar 8 

Technologists Association 78:383-391 9 

Thorburn PJ, Horan HL, Biggs JS (2004b) The impact of trash management on sugarcane production 10 

and nitrogen management: a simulation study. Proceedings of the Australian Society of Sugar 11 

Cane Technologists  26:29 12 

Thorburn PJ, Jakku E, Webster AJ, Everingham YL (2011c) Agricultural decision support systems 13 

facilitating co-learning: a case study on envrionmental impacts of sugarcane production. The 14 

International Journal of Agricultural Sustainability 9 (2):1-12 15 

Thorburn PJ, Park SE, Biggs IM (2003) Nitrogen fertiliser management in the Australian sugar 16 

industry: strategic opportunities for improved efficiency. Proceedings of the Australian Society 17 

of Sugar Cane Technologists 25:22 18 

Thorburn PJ, Probert ME, Lisson S, Wood AW, Keating BA (1999) Impacts of trash retention on soil 19 

nitrogen and water: An example from the Australian sugarcane industry. Proceedings of the 20 

South African Sugar Technologists Association 73:75-79 21 

Thorburn PJ, Webster AJ, Biggs IM, Biggs JS, Park SE, Spillman MF (2007) Towards innovative 22 

management of nitrogen fertiliser for a sustainable sugar industry. Proceedings of the 23 

Australian Society of Sugar Cane Technologists  29:85-96 24 

Thorburn PJ, Wilkinson SN (2012 ) Conceptual frameworks for estimating the water quality benefits 25 

of improved agricultural management practices in large catchments. Agriculture, Ecosystems 26 

and Environment. doi:10.1016/j.agee.2011.12.021 27 

Trenberth KE (1997) The definition of El Nino. Bulletin of the American Meteorological Society 78 28 

(12):2771-2777 29 

Trott L (1996) Wet tropics in profile: a reference guide to the wet tropics of Queensland World 30 

Heritage Area. Wet Tropics Management Authority, Cairns 31 

Vallis L, Keating BA (1994) Uptake and loss of fertiliser and soil nitrogen in sugarcane crops. 32 

Proceedings of the Australian Society of Sugar Cane Technologists 16:105-113 33 

van der Laan M, Miles N, Annandale JG, du Preez CC (2011) Identification of opportunities for 34 

improved nitrogen management in sugarcane cropping systems using the newly developed 35 

Canegro-N model. Nutrient Cycling in Agroecosystems 90 (3):391-404 36 

Van Dillewijn C (1952) Botany of Sugarcane. Waltham Mass, USA 37 

Verburg K, Keating BA, Bristow KL, Huth NI, Ross PJ, Catchpoole VR (1996) Evaluation of nitrogen 38 

fertiliser management strategies in sugarcane using APSIM-SWIM. In: Wilson JR, Hogarth 39 



                           

 

 

54 

DM, Campbell JA, Garside AL (eds) Sugarcane: Research towards efficient and sustainable 1 

production. CSIRO Division of Tropical Crops and Pastures, Brisbane, pp 200-202 2 

Wang E, Xu JH, Smith CJ (2008a) Value of historical climate knowledge, SOI-based seasonal climate 3 

forecasting and stored soil moisture at sowing in crop nitrogen management in south eastern 4 

Australia. Agricultural and Forest Meteorology 148 (11):1743-1753 5 

Wang WJ, Moody PW, Reeves SH, Salter B, Dalal RC (2008b) Nitrous oxide emissions from 6 

sugarcane soils: effects of urea forms and application rate. Proceedings of the Australian 7 

Society of Sugar Cane Technologists 30:87-94 8 

Wang WJ, Salter B, Reeves SH, Brieffies TC, Perna J (2012) Nitrous oxide emissions from a 9 

sugarcane soil under different fallow and nitrogen fertiliser management regimes. Proceedings 10 

of the Australian Society of Sugar Cane Technologists 34:8 11 

Waterhouse J, Brodie J, Lewis S, Mitchell A (2012) Quantifying the sources of pollutants in the Great 12 

Barrier Reef catchments and the relative risk to reef ecosystems. Marine Pollution Bulletin 65 13 

(4-9):394-406 14 

Weier KL (1998) Sugarcane fields: sources or sinks for greenhouse gas emissions? Australian Journal 15 

of Agricultural Research 49:1-9 16 

Weier KL, Rolston DE, Thorburn PJ (1998) The potential for n losses via denitrification beneath a 17 

green cane trash blanket. Proceedings of the Australian Society of Sugar Cane Technologists 18 

20:169-175 19 

Willcox T, Garside A, Braunack M (2000) The sugarcane cropping system. In: Hogarth DM, Allsopp 20 

PG (eds) Manual of Canegrowing. Bureau of Sugar Experiment Stations, Brisbane, pp 127-140 21 

Wood AW (1991) Management of crop residues following green harvesting of sugarcane in north 22 

Queensland. Soil and Tillage Research 20 (1):69-85 23 

Wood AW, Bramley RGV, Meyer JH, Johnson AKL (1997) Opportunities for improving nutrient 24 

management in the Australian sugar industry. In: Keating BA, Wilson JR (eds) Intensive 25 

sugarcane production: meeting the challenges beyond 2000. Proceedings of the Sugar 2000 26 

Symposium, Brisbane, Australia, 20-23 August 1996. CAB International, Wallingford, UK, pp 27 

243-266 28 

Wood AW, Holzberger G, Kerkwyk RE, Dwyer R, Schroeder BL (2008) Trends in nutrient 29 

applications in the Herbert river district from 1996 to 2006. Proceedings of the Australian 30 

Society of Sugar Cane Technologists 30:260-266 31 

Wood AW, Saffigna PG, Prammanee P, Freney JR (1989) Loss of nitrogen from urea applied to 32 

sugarcane trash in North Queensland. Proceedings of the International Society of Sugar Cane 33 

Technologists 20:481-488 34 

Wood AW, Schroeder BL, Dwyer R (2010a) Opportunities for improving the efficency of use of 35 

nitrogen fertiliser in the Australian sugar industry. Proceedings of the 2010 Conference of the 36 

Australian Society of Sugar Cane Technologists 32:221-233 37 

Wood AW, Schroeder BL, Dwyer R (2010b) Opportunities for improving the efficiency of use of 38 

nitrogen fertiliser in the Australian sugar industry. Proceedings of the Australian Society of 39 

Sugar Cane Technologists 32:221-233 40 



                           

 

 

55 

Wood AW, Schroeder BL, Stewart RL (2003) The development of site-specific nutrient management 1 

guidelines for sustainable sugarcane production. Proceedings of the Australian Society of Sugar 2 

Cane Technologists 25:14 3 

Wrigley T (2007) The Reef Water Quality Protection Plan and the role of and implications for 4 

Queensland canegrowers. Proceedings of the Australian Society of Sugar Cane Technologists 5 

29:24-33 6 

Yu Q, Wang E, Smith CJ (2008) A modelling investigation into the economic and environmental 7 

values of 'perfect' climate forecasts for wheat production under contrasting rainfall conditions. 8 

International Journal of Climatology 28 (2):255-266 9 

Zerulla W, Barth T, Dressel J, Erhardt K, Horchler von Locquenghien K, Pasda G, Rädle M, 10 

Wissemeier A (2001) 3,4-Dimethylpyrazole phosphate (DMPP) - a new nitrification inhibitor 11 

for agriculture and horticulture. An introduction. Biology and Fertility of Soils 34 (2):79-84 12 

 13 

 14 


