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5.2	 Cane yield monitoring

The basic technology is available for yield monitoring of sugar cane with the exception of the mass 
flow sensor (Cox, 2002). Much research has been undertaken on the development of a yield monitor 
for sugarcane. Several developers have indicated they are very close to delivering a system; however, 
there still remains no commercially available yield monitor. 

Most of the actual developments try to measure cane yield using one of four techniques defined by 
Cox (2002) as: 

	 chopper power measurement - uses the hydraulic power required to chop the sugar cane into 
billets as an indicator of the mass flow rate;

	 elevator power measurement - uses the hydraulic power required to elevate the billeted sugar 
cane into the ‘haul-out’ vehicle as an indicator of the mass flow rate;

	 volumetric measurement - uses the separation distance between the feed rollers of the harvester 
feed train as a volumetric indicator of the mass flow rate; or

	 mass measurement - involves weighing the cane flow through the elevator of the harvester as it 
passes over a weighing platform defined as the ‘weigh pad’.

Cox (2002) evaluated the four techniques simultaneously by placing various sensors on a single 
harvester and comparing the sensor outputs with the mass flow rate as measured by a weigh truck. 
The locations of sensors for each of these techniques on the harvester are shown in Figure 3. Cox also 
found that each technique had potential, but also inherent problems and limitations.

Figure 3.	 The location of the four mass flow sensing techniques throughout the 
sugarcane harvester (Cox, 2002)
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Recent developments in harvester monitoring and performance have seen the mounting on 
harvesters of various configurations, of systems incorporating sensors to allow the status of the 
machine to be determined. These systems typically monitor elevator on/off and engine on/off and 
incorporate GPS to allow tracking and harvester ‘state’ to be defined. Recently these systems have 
been expanded to include additional sensors to monitor harvester components including chopper 
pressure, feed train roller pressure, feed train roller opening and elevator pressure. The specific 
purpose of the additional sensors is to collect data to allow estimation of harvest yield. 

5.2.1	 Chopper power measurement

Cox (2002) found chopper power measurement to be quite erratic and noisy, with spikes at a 
relatively high frequency. A number of factors that influenced chopper power were identified and 
shown to be a significant source of error in calibration curves.  

In addition, harvesting conditions (green v burnt), crop factors (hardness etc.) were also found to 
vary the requirements for chopping power. The chopper power technique would therefore need to 
be calibrated for each different condition to be useful for yield monitoring purposes. That is, changes 
in crop variety, green/burnt cane and even crop age would have to be calibrated. Every time a new 
field is entered the sensor would have to be recalibrated. This is standard practice for grain yield 
monitors (Cox, 2002).

One advantage of the chopper pressure approach is that they could provide a cheap and easy way 
for growers to collect data to generate yield maps. However, there is still a lot of work to do to make 
the system more accurate. The limitation of the recent attempts at this approach is that chopper 
hydraulic pressure and not power is used. 

5.2.2	 Elevator power measurement

Cox (2002) evaluated the potential of elevator power as a mass flow sensor. He found the elevator 
pressure/power traces to have similar features to the chopper power measurement with high spikes 
at a frequency similar to the rotational speed of the hydraulic motors and lower frequency spikes due 
largely to the variation in sugar cane flow rate. However, these fluctuations are somewhat smoother 
than those for the chopper power measurements.

A high variation in the free running power was observed and attributed to the force required to 
overcome friction from the multitude of rotating and sliding elements. This force can change 
significantly due to changes in the components of the elevator such as the elevator chain and foreign 
matter build up.

Cox found a large degree of scatter in the calibration data and therefore a large amount of error, but 
it was slightly better than that for chopper power. If the variation in the free running power of this 
technique could be reduced or monitored, the accuracy could improve dramatically. 
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5.2.3	 Volumetric measurement 

A substantial improvement on the power measurement techniques was found for this simple 
technique. Although the method is volumetric, the benefit of this technique is its simplicity. 

Cox (2002) found that irregular feeding of sugar cane through the harvester influenced feed roller 
separation. This finding was supported by Davis and Norris (2000, 2002) who quantified the effects 
of harvester feeding ability in green cane.

The volumetric technique has a stable baseline but the gradient of the calibration line is significantly 
affected by crop conditions. If it is to be used to sense mass flow rate then factors affecting its 
accuracy, such as cane density variation and feed rate variations, need to be examined.

The enormous variability of the cane cropping environment (such as variety, class etc.) and machine 
operational factors (such as chopper speed, blade wear, chain wear, mud build up on elevators, 
inconsistent feeding, extractor performance etc.) makes the accurate calibration of indirect 
measurements such as chopper and elevator power and feed roller displacement very difficult. The 
most recent attempts at using these methods for yield estimation only utilise hydraulic pressures, not 
power. Therefore, at best, these methods only offer a relative measurement of yield across a block 
and ideally should be used in combination with each other and pressure measurement extended to 
power. The advantage of these methods lies in their sensor simplicity, ease of installation and cost. 
Work is ongoing to evaluate the various measurements against actual yield. However, it is the belief  
of the authors that there is still a lot of work to do to make these systems more accurate.

5.2.4	 Mass measurement (weigh pad) 

A weighing technique, known as the ‘weigh pad’, offered the most potential for improvement and 
potential to accurately measure the mass flow rate with a single calibration under all conditions when 
compared to the indirect mass flow rate methods (Figure 4; Cox, 2002).
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Figure 4.	 Topside view of weigh pad installed in a Cameco harvester (Cox, 2002)

Cane yield monitoring systems based on weigh pads have been developed and trialed in several 
countries (Cox, 2002; Benjamin, 1998; Benjamin et al., 2001; Pagnano and Magalhaes, 2001).  
A yield map produced in Brazil is shown in Figure 5.
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Figure 5.	 Sugar cane yield map of 43ha area in Brazil (Cerri and Magalhaes, 2005)

Direct measurement offers the most accurate method for estimation of cane yield as this method 
is independent of cropping environment and machine component operational parameters. It can 
provide an absolute measurement of yield spatially across a block with a single calibration under all 
conditions. However, this system is not without its limitations, including build up of debris around the 
weighing platform, installation and cost. Advances in technology and thinking into the design and 
layout of the weighing platform system will lead to the commercial release of robust and accurate 
systems based on this technology. This presents an opportunity to the industry. 

For sugarcane production, the full benefits of PA are severely constrained by the lack of an accurate 
and reliable spatial yield monitoring solution. Within the industry a number of attempts have been 
made to monitor yield variation across a block, ranging from discrete yield monitoring systems 
based on mass measurement systems to the current focus of monitoring chopper pressure, feed train 
roller displacement and elevator power. The advantages and limitations of these methods have been 
previously discussed. 

Accurate yield monitoring will close the PA cycle to enable the use of precision farming tools and 
analysis that allow spatially based farming management and associated variable rate applications. 
However, yield maps are not knowledge. If these maps are to be of any real value, data generated 
from them must be incorporated into the decision making, analysis, and overall planning process of 
the cane growing operation. The value of a yield map is in its interpretation. 



83Precision agriculture options for the Australian sugarcane industry

5.3	 Sugar yield monitoring

Traditionally, the grower conducts static measurements of sugar concentration in the field with a 
handheld refractometer. More accurate measurements are later conducted at the mill. To date there 
has not been a method developed to reliably measure sugar concentration in real time that may be 
applied to the harvesting process.

McCarthy and Billingsley (2002) developed a robust low cost refractometer together with signal 
conditioning algorithms to enable sucrose content to be measured during harvesting. To date this 
technology is not commercially available. 

In addition to sugar yield monitoring, there are studies aimed at developing a reliable in-field 
technique for measuring sugar juice on trash (Sichter et al., 2005). If proved to be reliable, the 
potential of this technique for monitoring sugar yield in real-time should also be investigated. 

Further research on technologies to facilitate the monitoring of sugar yield in real-time presents 
opportunities for the industry as the implementation of PA at a block scale can provide information 
for differential management of the harvest process (i.e. harvesting best practice) to increase industry 
profitability and minimise the risk of adverse environmental impacts. 

5.4	 Harvester performance monitoring

A major opportunity for the sugar industry is to significantly increase industry profitability without 
increasing capital investment by reducing field losses of cane and juice during mechanical harvesting. 
The loss of juice and cane fragments with gathering, basecutting, chopping and extraneous matter 
extraction through primary and secondary fans is largely invisible. Adopting harvesting best practice 
(HBP) with attention to extractor fan speed, pour rate, feed train and chopper speed synchronisation, 
basecutter height control and row profile, row length and cane presentation, not only increases the 
amount of cane delivered to mills but also reduces the potential for environmental impacts associated 
with sugar juice entering waterways and causing de-oxygenation (Jones, 2004).

Various technologies have been researched and developed to provide machine performance 
feedback or automate machine operations to favour higher harvesting efficiency and higher sugar 
recovery. These include automatic basecutter height control, synchronising component speed with 
ground speed and cane loss monitoring. The aim of these technologies is to optimise on-the-go the 
interaction between machine components and the crop to transfer as much of the sugar standing 
in the field to the mill whilst minimising extraneous matter (EM) and dirt in the supply. Therefore, 
these technologies are an important component of a PA system in that they provide information 
for differential management of the harvest process (i.e. HBP) to increase industry profitability and 
minimise the risk of adverse environmental impacts. 
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Numerous studies have illustrated the impact of dirt in the cane supply (Clarke et al., 1988; Steindl, 
1998; Wright, 2003). Kroes and Forsell (1999) found that while some of the dirt in the cane supply 
was attached to the cane stalks, tops and leaves, most of the dirt was loose or bound to roots. The 
loose dirt results from the crop divider shoes, knockdown roller position and base cutter depth. The 
latter has a significant effect on dirt in the cane supply (Henkel et al., 1979). 

The development of automatic basecutter height control systems has occurred with systems that rely 
on interaction with the soil to gauge basecutter height, non-soil contact or ground height sensing 
methods or a combination of both. Recent developments have been based on monitoring basecutter 
hydraulic pressure. The advantage of this approach is that it is relatively simple and robust. Automatic 
basecutter height controllers are commercially available. 

5.4.1	 Cane loss monitors

There have been several attempts to measure cane loss through the extractor system. Dick and 
Grevis-James (1992) developed a cane loss monitor based on the principle that the impact of billets 
on the primary extractor hood could be detected clearly and distinguished from other noise sources. 
McCarthy et al. (2002) measured the vibrations produced by billet impacts on the blades of the 
primary extractor fan. Thus, the fan blades replaced the extractor hood as the sensor location to 
detect cane billets passing through the extractor with the resulting output of hit counts providing a 
relative index of cane loss. 

Whiteing et al., (2004) compared the performance of the hood and fan mounted sensors and 
showed that both systems predicted mass material flow and therefore cane loss through the extractor 
fan very well. This was because both sensors gave a good measurement of total cane and trash flow 
through the primary extractor and cane loss is directly related to this total material flow.

No commercial product is available to provide feedback to the operator on material flow or cane loss 
through the extractor. 

5.4.2	 Harvester monitoring systems

In 1997, a state-wide research program funded by SRDC commenced. It was aimed at facilitating the 
adoption of harvesting best practice by demonstrating harvesting and farming practices that improve 
profitability and the financial impact on growers and harvesters. As part of this research, Agnew et 
al. (2002) fitted a number of harvesters with logging equipment to measure and record machine 
performance once during every minute of operation. This was the first attempt at combining 
technology to comprehensively monitor machine performance and resulted in the BSES Ltd 
publishing ‘The Harvesting Best Practice Manual for Chopper-Extractor Harvesters’ (Sandell and Agnew, 
2002). This manual described harvester machine factors that affect the efficiency of cane harvesting 
and the final recovery of sugar. Subsequently SRDC released a review of sugar cane harvesting 
practices and options for improvement in 2004. This also incorporated a number of economic 
analyses of harvesting best practice scenarios (Jones, 2004). 
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Further development and application of machine performance monitoring has occurred as a result of 
subsequent work on harvesting pricing structures (Willcox et al., 2005) and integrating harvest and 
transport (Markley et al., 2003, 2006; Crossley and Dines, 2003, 2004).

A limitation to the adoption of electronic harvester monitoring units has been the unavailability of 
commercial ‘off-the-shelf’ systems for harvesters. Previous systems were either adapted from systems 
in use in other industries or purpose built from individual commercial products (i.e. logger, sensors, 
GPS, modem etc.). However, a number of commercial off-the-shelf systems are now available and are 
cost effective. 

Current developments are extending these to expert systems that will provide advice on operating 
within HBP guidelines. The system will read data from the sensors fitted on a harvester, interpret real 
time data using HBP logic to guide the operator, provide options to display data collected on a screen 
and collate data to give HBP index reports. For example this system may suggest ranges of reasonable 
fan speeds based on ground speed and yield estimate.

All commercially available harvester performance systems can be configured to individual monitoring 
requirements. The driving force to implement this technology will be the production of harvester 
performance reports that can be used to track and monitor the efficiencies of harvesters for 
differential harvest pricing and to monitor key performance indicators for growers and contractors.

5.4.3	 Harvest monitoring

Emerging technologies are currently being implemented to enhance operations through an 
integrated approach to establishing communication links from the relevant databases to harvesters 
and locomotives automatically. Integrated harvest and transport management systems offer the sugar 
industry significant improvements over existing harvest and transport operations. Technologies have 
already been implemented in a number of mill areas such as Mackay Sugar (Markley et al., 2006) and 
NSW Sugar milling co-operative (Crossley and Dines, 2004) to enhance operations and add value to 
harvest and transport management. 

5.5	 Proximal sensing systems 

Most data collected for PA, with the exception of yield monitoring and remote sensing, is performed 
by manual sampling and laboratory analysis. The cost and time required for traditional soil sampling 
and chemical analysis are much too high for economic use in PA (Viscarra Rossel and McBratney, 
1988a). This has led to the widespread interest in the development of real-time or near real-time 
sensing systems.

Ground-based sensors offer the opportunity to automate the collection of crop, soil and weed data 
at a spatial resolution that is not economically feasible with manual sampling methods. Increasing 
the intensity of sampling will result in a more accurate characterisation of the within-field variability. 
A number of sensors that provide real-time geo-referenced data have been developed or are in the 
progress of being developed for PA purposes. 



Investing in Sugarcane Industry Innovation

86 SRDC Technical Report 3/2007

5.5.1	 Soil sensors

A major use of soil sensors is to provide spatially dense data layers at relatively low cost. This 
information can be used in combination with other data (i.e. soil sampling, crop scouting, yield 
maps, digital elevation models, remote sensing) to (i) divide a field or landscape into smaller sub-
units (e.g. management zones), (ii) guide soil sampling, or (iii) improve the precision of maps of 
primary attributes if those are correlated with data layers obtained from sensors. 

A number of methods that rely on spectroscopic principles or direct sensing of soil extracts are 
available. However, implementation of the technology for real-time soil measurement is hindered 
by the need for a rapid specimen collection and difficulties in extracting the soil solution. Hence, for 
real-time measurement, several geophysical methods can be used to determine the ease with which 
an electrical current can be made to pass through soil and deeper regolith. These methods rely on 
either electromagnetic induction or resistivity and they can be used to characterise large volumes of 
soil (with depths from less than 1 m to several hundred metres), although the extent of measurement 
is often not specified with any great precision (McKenzie et al., 2003).

Electromagnetic induction survey, or EM survey as it is widely known, has become very popular in 
Australia, particularly to support PA. This technique has also been used extensively within the sugar 
industry and, when coupled with DGPS, provides a rapid mapping tool. 

Soil electrical conductivity (EC) mapping quickly and accurately characterises soil differences within 
a cropping paddock. EC measurements are influenced by soil properties such as texture, cation 
exchange capacity, drainage conditions, organic matter, salinity and subsoil characteristics. Variation 
in measured soil electrical conductivity is mainly caused by variation in salinity, soil texture, soil 
moisture, and organic matter content (Corwin and Lesch, 2003). The most common use of soil 
EC survey maps generated by these instruments remains the identification of soil sampling points 
for stratified sampling. The data are used either alone or in conjunction with yield, elevation and 
remotely-sensed images to pin-point areas of difference. EC survey maps have also been used in 
the grains industry to identify field areas with high salt load within the rooting zone, variation in 
clay content and estimated plant available water content, and areas having soil moisture remaining 
at harvest (possibly indicative of subsoil constraints) (O’Leary, 2006). Electromagnetic soil survey 
techniques are becoming more widely used in viticulture for delineating spatial variations in soil type 
and/or texture in established vineyards (Bramley, 2001; Lamb, 2005) and have also been utilised in 
the sugar industry by a number of researchers investigating soil sodicity and salinity (Kingston, 1985; 
Nelson and Ham, 1998; Nelson, 2001).

The resistivity of soil (i.e. the inverse of conductivity) can be measured by passing a voltage to 
electrodes placed in the soil. The technique has been used for a long time in geophysics, and various 
configurations of electrodes can be used to control the volume and depth of measurement. Resistivity 
measurements using conventional equipment are slower than electromagnetic induction and 
physical interpretation of results can be complex. The soil factors noted previously affect resistivity 
measurements in the same way. 
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Several commercial systems are available to measure the resistivity of soil. One system, the Veris 3100, 
is currently in use within the sugar industry (Tony Crowley, pers. comm.) It is used predominantly in 
the Prosperpine, Mackay and Sarina regions, however it can be towed behind a vehicle and has been 
used in the Bundaberg area (Clinton Scott, pers. comm.). It can be used to gain an understanding of 
soil variation at high spatial resolution and to assist with practical agronomic decision making. When 
used appropriately (i.e. with thorough ground truthing of measured soil properties), the method is 
invaluable for mapping selected soil properties.  

Ground-penetrating radar (GPR) is a subsurface imaging technique that uses the reflection of very 
short pulses of electromagnetic energy from dielectric discontinuities in the ground to form an 
image of the subsurface. Although it has been applied successfully to many field situations, GPR has 
not been widely used because the methodology and instrumentation are still in the research and 
development phase. Methods of measuring moisture profiles have been published (Davis and Annan, 
2002; Huisman et al., 2003; McKenzie et al., 2003). However, we are not aware of any practical 
implementations or commercial instruments based on these techniques.

Ion-selective field effect transistors (ISFETs) are integrated circuits with ion-selective membranes 
applied to the gate of the sensor. ISFETs can be used to measure concentrations of the relevant ions 
in a soil solution. These include nitrate (Birrell and Hummel, 2001), pH, lime requirement (Viscarra 
Rossel and McBratney, 1998b), calcium, potassium, sodium and ammonium (Birrell and Hummel, 
2001). The major challenge for implementation of ISFET technology is construction of robust 
equipment for high-speed specimen collection and solution extraction. Research has been conducted 
into the applicability of flat-surface combination ion selective electrodes to measure soil properties 
(particularly pH) on moist soil samples directly (Adamchuk et al., 2003). Progress has been made but 
considerable refinement of this technology is needed, particularly to deal with difficult Australian soils 
(e.g. hard-setting soils, sodic clays, non-wetting sands) (McKenzie et al., 2003).

5.5.2	 Crop sensors

As the sugar industry moves towards minimum tillage farming systems to reduce the cost of farming 
it is becoming increasingly dependent on herbicides. Precision spray technology that targets specific 
weeds has the potential to revolutionise weed management by maximising production and reducing 
herbicide usage while reinforcing minimum tillage concepts. 

Sensors under development vary from simple colour detectors to complex machine vision systems, 
whose ultimate goal is to use colour, shape and texture features of plant material to separate weeds 
and crops as well as to identify populations of different weed species. These sensors are typically 
mounted on fixed-boom sprayers.

A number of commercial companies have developed technologies capable of distinguishing green 
plants from bare ground. The Weedseeker® uses an optical sensor to measure infrared and near 
infrared reflectance and the presence of chlorophyll and is a self contained unit. It can detect any 
green plant but it cannot distinguish between a green target (weeds) and green plant (crops). 
Essentially when a green plant is detected a solenoid is activated that turns the spray nozzle on and off. 
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Automated detect and spray equipment used for the eradication of weeds has never been utilised 
in the sugar industry. No existing technology can reliably distinguish green weeds from green 
plants (sugarcane) based on image analysis and success in this area will represent a major technical 
breakthrough. 

Spray the weeds not the paddock technology offers the sugar industry potential reductions in 
herbicide usage in turn leading to a greater range of herbicide options by allowing for more 
expensive herbicide products to be considered. In addition, combined with GPS, the technology  
will also be able to map weed infestation across a field. 

Much research has been conducted to develop optical sensors that measure reflectance or absorption 
of light by leaves or the entire crop canopy to facilitate adjustments of crop management during 
growth. On-the-go sensing of crop reflectance at wavelengths that are sensitive to biomass and/or 
leaf greenness has received much recent attention, particularly within the context of real-time,  
in-season nitrogen (N) management (Raun et al., 2002; Schmidthalter et al., 2003 in Dobermann 
et al., 2004). Current technologies vary in terms of types of sensors used, sensor configurations 
(number, height, angle, etc.), spectral and spatial resolution, wavelength indices used for 
interpretation, and decision algorithms. 

A number of real-time crop sensing and N application systems have been developed with current 
application in broadacre cereal cropping, cotton, vineyards, pastures and orchards. These systems are 
based on corrective N management concepts in which vegetation indices for estimating crop biomass 
and N status is identified and translated into decisions for N fertiliser needs (Schroeder et al., 2000).

Whilst weed sensors offer opportunities for the sugar industry, the application of plant sensors 
in particular N-sensors in on-the-go technology is limited due to the current temporal fertilising 
applications which occur at planting, and approximately 12 weeks after planting and ratooning. 

5.6	 Discrete soil and plant sampling

Discrete soil and plant sampling refers to the manual sampling of variables within a field using either 
a grid-based or statistically based random sampling strategy. Discrete sampling may be undertaken 
using one of three methods; traditional composite, grid or directed sampling. 

Traditional composite sampling has generally being implemented by the sugar industry in the past, 
especially for soil and plant nutrient testing and pest and disease monitoring. In essence, the aim  
of such a sampling regime is to obtain an estimate of an attribute to represent the whole field.  
A significant shortcoming of composite sampling is that it does not provide any indication on the 
extent to which variability is occurring within a field. Hence, such an approach to sampling has some 
serious limitations for uniform crop management and is unsuitable for PA as it does not provide any 
measure of the spatial variability that is present in the field.
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A grid sampling system uses a systematic method to select sampling points but assumes there is no 
logical reason in the way patterns may vary within a field. The rigid shape of the grid means that 
sample density does not depend on actual variability within the field. Grid schemes are convenient 
to locate and can be easily inputted into a GIS. Grid sampling may be the best option where there is 
little or no prior knowledge of the within-field variability (Stewart et al., 2005).

Directed or stratified sampling is based on spatial patterns defined by some prior knowledge or 
observation from a field. There are many data sources which can be utilised for directed sampling 
purposes. The most efficient sampling design involves the incorporation of all data layers that can 
provide information on the local spatial variability of an attribute in question. Aerial photographs, 
satellite imagery, yield monitor maps, soil survey information, digital elevation models and grower 
experience can all be useful in directed sampling schemes for measuring soil and crop production 
variation (Stewart et al., 2005). 

Nutrient management and fertiliser inputs for sugarcane production in Australia are one example 
of a paradigm shift from a set of generalised recommendations across the industry towards sets of 
soil-specific nutrient management guidelines for use at district level and ultimately facilitating the use 
of nutrient management plans at block and farm scales (Schroeder et al., 2006). This includes the 
concept of ‘whole-of-crop-cycle’ fertiliser recommendations, using both soil and leaf analysis, which  
is being promoted within the industry. 

Nitrogen management is also improving as new farming systems like controlled traffic, minimum 
till and legume fallow are adopted along with other sampling techniques such as leaf analysis. This 
has already led to a reduction in fertiliser inputs of 20% over the last 6-7 years because of better soil 
health properties (Wrigley and Moore, 2006). 

This type of approach will not only enable more informed decision making on-farm and the 
identification of blocks requiring special management but will also help to demonstrate that growers 
in the industry are being environmentally responsible with respect to their fertiliser management. In 
addition the location of the Australian sugar industry along the east coast of Queensland adjacent 
to the Great Barrier Reef also places additional pressures on the industry to demonstrate that it is 
adopting best management practices that ensure that soil fertility is sustained and that any nutrient 
wastage is effectively eliminated. 

Soil-specific nutrient management offers a significant opportunity to the sugar industry. As such, 
the industry is well on its way to developing the capability to employ this approach to fertiliser 
management at a regional scale. The next challenge will be the extension of this framework to a 
farm/block scale. However, with the level of GPS technology and GIS systems already in use within 
the industry this may not be that difficult. 
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5.7	 Crop modelling 

Crop simulation models or even more complex soil-landscape-crop simulation models are 
increasingly used in PA research, but their complexity has often hampered the use of modelling in 
making practical decisions on input use (Dobermann et al., 2004). 

The key Australian sugarcane cropping systems model APSIM-Sugarcane (Keating et al., 1999; 
Lisson et al., 2000; Thorburn et al., 2001b) has evolved and emerged as one of the more powerful 
modelling tools currently available to the sugar industry. A key feature of APSIM, which distinguishes 
it from many vegetation specific models, is the central position of the soil rather than the vegetation. 

Crop modeling should also play a major role in improving water and nitrogen management by 
more quantitative prediction of crop yield, water and N needs during the growing season. APSIM-
Sugarcane has been and is being used as the essential tool in a wide range of industry studies (Inman-
Bamber et al., 1999, 2000, 2002, 2005, 2006; Brennan et al., 1999; Lisson et al., 2003; Keating et al., 
1997; Gardner et al., 2000; Hurst et al., 2003; Thorburn et al., 2000, 2001c, 2003a, b, 2004, 2006 a, 
b; Park et al., 2003).

There are also opportunities for using simplified crop models in site-specific management, particular 
with regard to making nitrogen decisions before planting and during early growth.

The challenge for the industry is to make these models robust enough for practical decision-making, 
limit the amount of input variables needed, minimise the need for local model calibration, and use 
models for exploring management options a priori as well as in real-time during the growing season. 

For example, models describing the optimal N concentrations with increasing crop biomass for 
a certain yield target could be used in conjunction with actual weather data and sensed crop 
reflectance to make quantitative N application decisions on-the-go.

However, if industry is to benefit from information produced from knowledge intensive technologies, 
it is essential that researchers and industry understand better the technology development process 
and appropriate adoption pathways. 

5.8	 Climate monitoring

The sugar industry operates under extreme variability in climate. Knowledge of future climate 
conditions can therefore assist with forward planning for farming, harvesting, milling and marketing 
operations. There are key decision points within the growing season when a range of tactical 
decisions, such as nutrient applications, can be made or modified according to seasonal conditions. 
Stored soil water, rainfall and rainfall distribution are key factors determining yield potential, so 
weather to date and outlooks for the rest of the season are important factors to consider.
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Seasonal forecasting is a rapidly evolving area and considerable advances have been made in recent 
years, providing farmers with a growing number of seasonal outlooks. 

Numerous research projects into seasonal climate forecasts have been undertaken for the sugar 
industry (Everingham et al., 2002a,b; Antony et al., 2002). Everingham et al. (2002b) examined the 
capability of the ‘user-friendly’ SOI phase system (Stone et al., 1996) to target climate forecasts for 
the needs of the industry across different sectors of the value chain and demonstrated several ways 
in which climate forecasts can be used to plan activities for the growing, harvesting, and marketing 
sectors of the industry. They concluded that whilst climate forecasts cannot provide certainty about 
the likely climatic conditions, they can reduce the uncertainty associated with many industry decisions.

Studies on the economic benefit of seasonal climate forecasting for the sugar industry have also been 
undertaken. For example, Antony et al. (2002) assessed the benefits across the farming, harvesting and 
milling components of the supply chain using a case study with four scenarios of the Herbert region.

Numerous interactions occur between soil, crop and climate, which are often difficult to identify and 
manage. Management decisions that relate to climate are also made at different times of the year 
and with different levels of significance for different farming systems. This is why the use of crop 
simulation models has been identified as essential to integrate and quantify processes and factors 
that interact across the different dimensions of the production system, the soil, the climate, the crop 
and its management. Everingham et al. (2006) demonstrated the use of three different knowledge 
intensive technologies (irrigation modelling, nitrogen modelling and climate forecasting) in case 
studies in the Tully, Plane Creek, Bundaberg and northern NSW regions.

5.9	 Investment analysis 

The first question a grower or harvesting contractor will ask about PA is ‘How much will it cost?’ This 
question is somewhat easy to answer as commercial suppliers will be able to supply quotations for 
enabling technologies. Secondly, ‘What benefit can I expect?’ is more difficult to answer as PA is not 
a certain path to profitability, but a management tool that enables better decisions. Better decisions 
allow better control of the system and could mean a decision that produces an outcome that is more 
profitable, less risky or of more consistent quality (Cook, 1997). 

The key to making money from PA is for growers or harvesting contractors to choose an aspect of the 
technology that provides rapid and certain benefits across a wide area of their enterprise. 

Growers and harvesting contractors now have a good choice of programs at their disposal to assess risks 
to their business and to identify potential productivity and cost saving initiatives (Wrigley and Moore, 
2006). These can be utilised to assess whether or not investment in PA is feasible for their enterprise.
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Once data on spatial variability has been collected, it is necessary to capture, store (manage), integrate 
and analyse the data. Advancements in computing technologies have lead to the development of 
software that is capable of undertaking these tasks. These are called spatial information systems. Using 
spatial information system software it is possible to integrate or link data and information that would 
otherwise be difficult to associate. For example, imagery from satellites, aerial photography, digital 
elevation and electronic tabular data can be analysed and new variables derived.

Although a spatial information system is often thought of as a single piece of software, it should 
be considered in broader terms as part of an information management system. One of the major 
strengths of a spatial information system is its ability to link numerous databases of information within 
a system whereby it is possible to visualise and view data in a spatial context. 

The power of a spatial information system lies in its ability to relate different layers of information 
covering the same location and be able to derive conclusions about the spatial relationship. The 
majority of data has some form of geographic component and can therefore be referenced to 
geographical locations such as points, lines or areas. Hence, these systems are known as geographic 
information systems (GIS). 

6.1	 Geographic information systems

Central to the GIS system is the database, which is comprised of two elements; a spatial database 
that records the location and an attribute database that describes the characteristics or qualities 
at each of the locations. Each measured variable from a field that is geo-referenced becomes a 
unique data layer that can be overlaid and visually and mathematically correlated or interpreted. 
For example, a GIS for precision farming may contain information on cane yield, topography, 
soil nutrient concentrations and soil textural properties at the same point for numerous locations 
throughout a field (Stewart et al., 2005).

GIS systems for agriculture are typically various farm mapping software packages. For a PA 
application, the uses for potential GIS systems are enormous. However, they come at the cost of time, 
money and energy in training to be able to use the software. These resources are something that 
in most cases an average producer is unable to spare. However, with systems in place, consultants 
with training and expertise in using the software are shouldering the initial costs of the software and 
are able to satisfy grower’s requirements. The advent of Web-based GIS in the near future will give a 
grower the potential to effectively map his property using a differential GPS receiver, send the data 
to a consultant and, within hours, log on from home to the consultant’s Web-based GIS software and 
access a GIS map of his property with simple analysis tools, without the costs, or time and energy in 
learning to use the software.

6.	 Attribute Mapping
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The sugar industry is the only agricultural industry that, through its operational framework, collects 
large resources of base mapping data about the crop. Data is collected by mills for their business 
of crop estimation and harvest planning. This information is valuable for other purposes including 
research, optimisation studies and disease response. Hence a number of customised GIS are utilised in 
the sugar industry. These include the following examples. 

6.1.1	 FarmMap

FarmMap is a customised GIS product developed specifically for the sugar industry to centrally 
manage farm mapping and data. FarmMap is designed to store attributes at the farm and block level 
such as owners, variety, class, estimates and area. It is simple to use and is generally operated by 
the cane inspectors who have little formal GIS training. The FarmMap system is now used by 22 out 
of the 27 mills in Australia, including mills from Mackay Sugar, Bundaberg Sugar, Sunshine Sugar, 
CSR Burdekin Mills and Sugar North. The main purpose of FarmMap is to provide cane inspectors 
with customised tools to map farms, maintain data about those farms and produce good quality 
maps (Figure 8). FarmMap is now extending to include harvest recording, harvest tracking, activity 
reporting, productivity analysis, telemetry and transport logistics. 

Figure 8. 	An example of block maps from FarmMap (Crossley, 2006)
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6.1.2	 CHOMP 

Centralised Harvest Operations Management Plan (CHOMP) is a customised GIS that enables cane-
inspectors to maintain harvest progress records from a map interface. The system uses harvester 
tracking data interpreted by Agtrix and satellite interpretation of cut areas or traditional consignment 
data to define cut areas. It then associates deliveries with the areas they came from. A wide range of 
tools are available to manually edit this data and look for consignment errors. The system will also 
integrate crop data such as variety, production data generated from CHOMP and land attributes such 
as soils to create a database suited to detailed spatial analysis of productivity. CHOMP also serves to 
link weighbridge and laboratory data to the spatial data, creating thematic maps depicting spatial 
change in yield, CCS and other analysed cane data. 

6.1.3	 FRANK  

A harvester tracking and productivity reporting system.

6.1.4	 Land and water management plans 

A system to generate maps for Land and Water Use Management Plans (LWMP) for the Bundaberg 
region in 2003 was developed by AgTrix. This was done using RWUEI Stage 1 funding and was aimed 
at supporting a series of workshops that would guide growers through the process of preparing their 
own LWMP. The concept was that growers would be provided with plans of their farms with the best 
available natural resource information, and these would be used as a base to mark their own required 
infrastructure onto these maps.

6.1.5	 Farm productivity analysis  

Productivity reporting systems that include spatial representations of fields as part of the data provide 
the ability to analyse performance through time through spatial analysis. Agtrix has developed a 
system for the Bundaberg area to allow analysis of farm productivity. This system generates a spatial 
layer of base productivity by intersecting spatial data from blocks (FarmMap), harvested areas and 
productivity (CHOMP) and land attributes (soils, climate). This system provides a set of tools to 
analyse relationships and benchmark farm production. A map is generated automatically for each 
farm showing yield spatially and soil type. A table accompanies the map to illustrate the performance 
of the grower against others with the same variety, class and soil type. This system can display a 
graph of the influence of two attributes on production. 
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Information about variability within the field doesn’t solve any problems unless there is some kind 
of decision support system (DSS) to make site-specific recommendations. Therefore, DSSs are an 
important component of the PA management system and will become the main link to convert the 
spatial data collected into detailed management recommendations at the grower level. 

Decision support combines traditional management skills with PA tools to help growers make 
the best management choices or ‘prescriptions’ for their crop production system. Their role is 
to integrate data sources with expert knowledge and decision models to aid in making strategic 
decisions for both the short- and long-term. Basically they operate by combining a crop model, 
which contains technical knowledge on crop growth, with economic and environmental 
considerations. Ideally a DSS will provide the user with a number of possible courses of action in 
response to some hypothetical scenarios.

Once enough spatial data has been collected to determine a management size, the tools available 
for environmental modelling can then be applied to estimate the amount of a crop production input 
or the affects of alternate management strategies on these different regions within the field. The 
integration of these models into a GIS environment to permit their use at the within-field scale will 
prove invaluable in the future. 

7.1	 Integrated harvesting and transport management

A number of sugar mills have, or are currently developing integrated cane harvest management 
systems to facilitate marketing and logistics, planning mill start dates, cane transport arrangements, 
harvest groups base daily loadings and harvesting schedules. These systems use modern computer 
and communication technologies to integrate data and systems and to develop tools that assist 
individual decision-making as well as support whole-of-industry management strategies. Mackay 
Sugar Cooperative Association Ltd (Markley et al., 2003, 2006) and NSW Sugar Milling Cooperative 
(Crossley and Dines, 2004) have developed successful systems.

7.	 Decision support systems
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Much PA research is involved with monitoring and information gathering. However, it is important 
that the ultimate goal is to be able to implement site-specific management using variable rate 
application. Spatial variability may be dealt with through operations such as planting rate, tillage, 
fertiliser, soil ameliorants, irrigation, herbicide and pesticide application etc. which may be varied 
in real-time across a field. Using the DSS, a treatment map can be developed to adjust rate control 
mechanisms in the field. Yield monitoring at harvest can be used to assess applied treatment effects 
and refine yield potential goals for the subsequent season. 

8.1	 Variable rate technology 

Variable rate technology (VRT) allows rates of inputs, for example fertiliser, irrigation water, seed, 
chemical, soil ameliorants and operations such as tillage, to be varied within a paddock. The concept 
of the site-specific application of crop production inputs is dependent on machinery with the capacity 
to accurately vary application rates within a field. 

Site-specific management is not a new concept. Many growers have been selectively managing 
certain areas within areas for many years. Developments in DGPS and VRT give growers the ability to 
implement site-specific management in a much more precise manner and without the need for extra 
in-field work. 

Different technical solutions have enabled manufacturers to refine existing machinery and develop 
new machinery so that seed, fertiliser, agricultural chemicals, soil ameliorants, irrigation water and 
tillage can all now be applied variably within-field utilising more complex automated systems. The rate 
is changed on the basis of either a preset map (determined by the user from the integration of yield, 
soil and plant data) or information gathered by sensors as the machine moves through the field. 

The greatest benefits of VRT will be seen in blocks with high variability in soil fertility, water 
management, weed growth or soil compaction. Instead of applying a single rate of input throughout 
an entire paddock, the input rate can be adjusted to match the potential yield of the management 
zone or to tackle infestations of weeds or pests. 

The latest generation of implements are being developed with ‘black box machine controllers’ that 
enable the implement to operate as a self managed unit able to receive rate instructions and react 
immediately to deliver specific rates as directed by a cab mounted ‘task computer’.

Variable irrigation control has been attempted using sprinklers on self-propelled irrigators, lateral 
move, centre pivot irrigators or trickle irrigation. These systems can be modified to apply varying 
amounts of water and liquid fertiliser (Perry et al., 2003). 

8.	 Differential action 
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8.1.1	 Sensor-based VRT

Sensor-based VRT utilises real-time sensors to collect data, such as soil properties or crop 
characteristics, on-the-go. This information is processed and used to vary the amount of input 
applied. This technology does not rely on GPS or require data gathering and analysis to provide 
detailed maps or extensive decision making prior to application (Williams, 1997). 

Sensor-based VRT can be utilised with or without precision farming practices with similar benefits. 
Sensor-based VRT tends to be highly specific, one piece of equipment will only apply pesticides 
and another will be needed to apply fertiliser. The specific nature of the equipment is driven by the 
different sensors needed and the different processing required by each input. At the current level of 
technology, sensor-based VRT is only available in complete units, so while it is simpler to purchase, 
each unit will only perform one function.

8.1.2	 Map-based VRT

Map-based VRT involves creating application maps that describe the varying amounts of input 
needed throughout the paddock. Application maps are produced from yield, topography, soil, 
nutrient or weed maps which have been ‘ground-truthed’ to give specific details of inputs required 
throughout a paddock. The application maps are interpreted by small computers called controllers 
that increase or decrease the amount of input according to the map. 

Map-based VRT allows farmers to make decisions based on the detailed maps and knowledge of the 
paddocks before they are in the field. Map-based VRT gives farmers precise control over how much of 
a given input is applied to specific areas within any paddocks. However, it does involve collecting and 
processing certain amounts of data, greater amounts of data collected over longer periods of time 
can create more accurate maps. 

Map-based VRT will require more components than sensor-based VRT. However, these components 
are available commercially and can be used for multiple inputs. 

8.2	 Prospective management options

Considerable yield variability exists within cane growing systems. The question is what variables 
are controlling yield variation. These may include soil water status due to variation in the degree of 
subsoil sodicity and subsequent impacts on irrigation efficiency, soil chemical parameters such as 
acidity, crop nutrition or a combination of these (Bramley et al., 1997). There is currently impetus for 
the industry to adopt management practices to address this yield variability. 

8.2.1	 New farming systems

The Sugar Yield Decline Joint Venture (SYDJV) has been developing a new sugarcane cropping system 
which incorporates the three basic principles of minimum/zero tillage, controlled traffic, and legume 
breaks to the sugarcane monoculture. Research has demonstrated that these three basic principles 
can be combined and result in improvements in soil health, crop productivity, and water and nutrient 
use efficiency (Garside et al., 2006, Bell et al., 2003, 2006).
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Growers have continued to adopt more sustainable farming practices that improve farm productivity 
while delivering improved environmental outcomes. While the total new cropping system program 
may not be suitable on all farms, growers are adopting components of the system and are finding 
benefits which encourage them to progress with more changes that are in line with the base 
concepts of reduced cultivation, control traffic and break cropping. 

In conjunction with new cropping systems, the sugar industry has seen the application of variable 
rate application technology, which seeks to have more precise operations such as targeted fertiliser 
and chemical use in line with the requirements of areas within paddocks. 

8.2.2	 Ground preparation/compaction management 

Variation in soil texture, structure and strength within a field may combine to produce significant 
spatial variability in the tillage required to achieve a suitable or optimum result. Generally, 
conventional tillage systems attempt to apply a uniform treatment to the soil irrespective of the 
spatial variation in soil tilth/structural condition that may occur. Schafer et al. (1985) discuss the 
concept of ‘prescription tillage’ as involving the combination of soil characteristics, the interaction 
of soil/machine operations and the eventual crop requirements into a suitable tillage operation. 
Therefore, prescribed tillage or site-specific tillage operations for a specific crop may be achieved 
by controlling the type of tillage implement and the depth of operation. This modifies the physical 
properties of soil only where the tillage is needed for crop growth and potentially offers significant 
savings in tillage energy. 

Site-specific tillage can be implemented either with pre-tillage map technology or a real-time 
sensor. The pre-tillage map technology would be a two-step process in which a sensor such as 
a soil cone penetrometer or soil electrical conductivity would be used to develop maps showing 
soil characteristics (e.g. hardpan existence and depth). This map would then be used in the site-
specific tillage equipment control system to control subsoiling location and depth. The real-time 
sensor would provide a one-step system to control subsoiling location and depth. A number of 
technologies are now available to allow tillage depth to be varied on-the-go according to soil profile 
or compaction status. 

The use of GPS guidance systems to implement controlled traffic wheel tracks confines compaction 
to the wheel zone and maintains the soil in most of the paddock in an optimum state for plant 
development and growth. The use of this very precise guidance technology to implement controlled 
traffic systems also minimises the potential for skips and overlapping of crop production inputs during 
the application stage as is often a problem with conventional application equipment. Tullberg and 
Yule (2005) demonstrate that controlled traffic based farming systems are applicable to all cropping 
industries, including sugar. The key components for the sugar industry are matching all machinery 
including infield haulouts and transition to the new system.
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8.2.3	 Elevation profiling

The high-accuracy positioning receivers (RTK GPS) being used to provide locations in a field also 
measure elevation at the same time. Hence, in addition to assisted guidance systems there are a 
number of other applications in which this technology may be utilised. Most notably is the creation 
of field-scale digital elevation models (DEM). The term DEM may also be used interchangeably with 
the term digital terrain model (DTM) (Stewart et al., 2005). 

Field-scale DEM datasets can be recorded easily during routine guidance activities and then may be 
utilised in a number ways for agricultural purposes. The DEM is useful because it provides information 
on the potential movement of water within a paddock, on areas at risk from frost, and on locations 
where changes in soil type or key attributes may occur. The DEM can also be used to calculate other 
topographical properties such as aspect, slope, water shedding and accumulation points, which in 
turn can indicate differences in clay content, soil depth or nutrient status. The DEM is also often used 
as a data layer in the process of directing soil sampling sites.

An opportunity for the sugar industry is the ability of a RTK GPS survey to generate a DEM capable of 
identifying areas within the field of localised waterlogging or water-shedding caused by poor laser-
levelling or years of erosion. Such information will enable growers to prioritise their laser-levelling 
programmes according to need and should lead to the more efficient application of irrigation waters. 
Furthermore, yield patterns within the field may be linked back to localised micro-elevation. 

8.2.4	 GPS guidance systems

Guidance systems use GPS positioning technology to improve the accuracy and efficiency of a 
number of farming operations. When properly installed and operated, such benefits include: the 
ability to generate straighter rows with no wide or narrow middles, the establishment of controlled 
traffic lines to minimise compaction areas within fields, the operation of equipment at higher ground 
speeds with less operator fatigue, a reduction in the amount of overlapping of sprayers and fertiliser 
equipment beyond that of the current foam marker system and the ability to download data on 
application areas for future reference. When the GPS receiver is not being used for guidance, it may 
be used for other operations in the PA system including yield monitoring, crop scouting and variable-
rate applications. 

8.2.5	 Irrigation and water management

The spatial factors that influence yield variability include genetic variation, field topography, soil 
hydraulic and nutritional properties, micro-climatic differences, pest and disease infestation; fertiliser 
uniformity and irrigation uniformity (Zhang et al., 2002). Some of these factors also vary temporally 
within spatial management units. However, Sadler et al. (2000) speculate that water is the main input 
resource for precision management since yield is highly correlated with water application in water-
limited situations. Similarly, Cox (1997) offered the view that up to 90% of in-field variation in crop 
production was soil-water related.  Further evidence of this is given by the lack of correlation between 
yield and soil fertility for many crops; spatial variability of crop temperature (and hence, water stress) 
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that is indicated by remote sensing images; and known spatial variability of soil properties, including 
water holding capacity. An important component of precision agriculture is thus focussed on optimal 
management of the spatial and temporal components of water and irrigation.

The current situation in irrigated cropping systems has been reviewed recently by several authors. 
A scoping study on opportunities for improved irrigation application systems by Schimdt (2005) 
summarises the current technologies, technology and adoption gaps and research opportunities for 
precision irrigation systems in a range of regions and cropping systems across Australia. Misra et al. 
(2005) highlighted the importance of accurate measuring and monitoring for precision irrigation and 
outlined in detail a range of measurement technologies that have been developed. Inman-Bamber 
and Attard (2005) have reviewed many software tools that are available to improve the precision 
of irrigation and water management and have outlined the technology, benefits, applications, 
limitations, barriers to adoption and promotion and further development needs. Raine et al. (2005) 
outlined future opportunities for adaptive irrigation control systems to manipulate irrigation inputs 
in real time to optimise the quality or quantity of crop produced. The basic components of an 
adaptive control system are the ability to variably control the application of pertinent input variables 
(e.g. water and nutrients), sensory measurement of the crop response and decision support systems 
linking the sensed output with the variable application control.

8.2.6	 Fertiliser management

Variable-rate application of fertiliser at a block scale has generated a significant amount of interest 
among growers and service providers within the sugar industry. Fertiliser can be distributed by 
various means, most of which can be adapted with varying degrees of success to variable rate 
control. All systems suffer from an inherent problem of having no effective means of directly 
measuring the relatively small mass flow of the dry product and so systems rely on some surrogate 
measure (usually feed mechanism rotational speed or hopper opening size).

A range of map-based variable rate controllers are commercially available. These controllers feed 
the rates of input to the piece of equipment that varies the rate of input application. While the 
technology to implement variable rate fertiliser application is available and in use by some parts of 
the industry, this issue opens up a wide field of debate between those who say that we still need to 
know more about factors at block or farm level and those who believe that more might be explained 
by yield maps themselves. The situation is limited by the knowledge of fertiliser requirements and the 
development and interpretation of suitable prescription maps. 
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8.2.7	 Soil amelioration

Another agronomic input that may be more judiciously applied by using a site-specific strategy is 
gypsum for soil structural problems caused by sodic soil. Gypsum could be applied on the basis of 
sodicity maps, yield maps or on-the-go soil sensors. 

Within the sugar industry the variable rate application of soil ameliorants such as gypsum is 
considered feasible and worthwhile. In attempting to manage the sodicity problem on his farm, Cox 
and a local contractor developed variable rate technology for gypsum spreading (C4ES, 2004). Cox 
(1997) also believed that variable application of lime might be similarly worthwhile on acid soils.

8.2.8	 Pest and weed management

Although still at an evolving stage of development, the site-specific management of weeds holds 
clear potential to reduce herbicide use within the industry. Whilst commercial equipment is available 
and in use in other industries (i.e. grain, cotton), we are not aware of any practical uses of the fully 
automated variable rate technology within the Australian sugar industry.

8.3	 Road ahead

Concepts that are currently being developed are most likely to lead to innovations that will be used 
in the medium term due to the time required to develop and diffuse agricultural technologies. Figure 
9 shows a timeline with some of the innovations that may be adopted for agricultural cropping 
operations over the next 15 years. The technologies illustrated are based on existing technologies 
and do not consider the potential for new technologies that may be developed. 

 

Figure 9.	 Potential new technologies, showing estimated timeframes  
to commoditisation
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PA enabling technologies have been strengthened in recent years with accurate spatial referencing 
using DGPS, soil (moisture, nutrients) and crop monitoring capabilities, development of variable rate 
technology for spatially variable application, harvester monitoring capabilities and GIS interface systems. 

Many cane growers and harvesting operators will benefit from the use of some parts of the PA  
suite of technologies. For example, implementation of new farming systems through GPS for 
machinery guidance, the testing of new varieties using yield data or harvester tracking and 
monitoring will be adopted. 

However, PA may not be for everyone, at least not straight away. The first step is recognising whether 
significant variability in yield and profit is occurring whether the scale is within a paddock or across 
the farm, and whether the yield zones are stable or unstable between years (seasons) and different 
crops. This can generally be achieved from grower’s own knowledge of blocks and from mill data 
from individual blocks.

The next step should be to identify the underlying causes of yield variability. These could include 
soil depth, soil type (water-holding capacity, nutrients), topography (elevation), acidity, subsurface 
salinity or compaction, presence of soil pests and diseases, or the influence of past management (old 
fencelines, previous crop type). This step may require soil or disease testing, aerial photographs, or 
contour data. There is little point in trying to manage spatial variability in a block that suffers from 
waterlogging or compaction. Sorting out these more important problems, for example with laser 
leveling, controlled traffic or minimum tillage systems, will reduce the variability seen within the block.

Where there are several likely causes, it is important to get a sense of their relative impact on yield 
and profit. By the end of this step, growers should know what the main underlying causes of yield 
variability are, and whether it is practical to do anything about them, either by direct amelioration 
(ripping, correcting nutrient deficiency, liming, gypsum) or by changing management (variety 
change, reducing fertiliser inputs on non-responsive areas and increasing them where there is a good 
yield response).

Dealing with spatial variability is not always a cane grower’s first or immediate priority. Growers first 
need to make sure that they have addressed the basic components of their cropping system (crop 
type and varieties, rotations, nutrition, disease, weed and pest control) and have these working 
satisfactorily, before dealing with spatial variation. In other words, make sure the basics are right 
before considering PA. 

9.	 Recommendations to Growers
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The next step should ask the question ‘Does it matter?’ In other words, knowing that variation exists 
and the scale of variation in yield (step 1) and the underlying causes and possible solutions (step 2), is 
it worth doing anything about it. In this step the cost of enabling technologies (GPS, remote sensing 
etc), grower/adviser experience or crop modelling can be evaluated to help assess the likely impact 
on yield under different management systems and seasonal conditions. The impediments to adoption 
of PA should also be assessed (i.e. current level of understanding and management, technology gaps 
or cost etc.). Growers can then determine whether it is economically feasible or sensible to tackle 
yield variability using PA, and if so what its relative priority should be in the farm or cropping budget.

The next step is implementation (and at what scale) and monitoring the outcome. At present 
application of PA within the sugar industry is considered at a number of scales from regional level 
through to block scale. Monitoring the outcome should occur as part of a continuous learning 
process of change. 

Future directions for PA will be dependent on external factors such as the continued development of 
technology, the conditions of world markets or the insistence of buyers on product standards - all of 
which are beyond the control of cane growers. In the end, the adoption of precision agriculture will 
depend on the economic benefits offered, which will, in turn, depend on the degree of variability 
present in the field, and the opportunity to manage that variability. 
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Precision farming is a systems approach to managing soils and crops to reduce decision uncertainty 
through better understanding and management of spatial and temporal variability. 

Figure 1 provides a schematic of the PA system. A review of the technologies associated with each 
component of this system outlined in Figure 1 suggests a range of skills are required for implementation 
of a successful PA system. Collectively, the sugar industry has the skill base required viz. engineering 
technology, agronomic, soil science, GIS and information technology to facilitate adoption. 

However, much of the research conducted to date has occurred across a number of scales to develop 
strategies for crop management within the sugar industry. Researchers and growers have collected 
huge amounts of information, but assessing the quality of this information, transforming it into 
meaningful management decisions, evaluating potential benefits and risks, and coordinating has 
proven to be a difficult task with respect to PA. 

For example, many growers have shown an interest in GPS as they can see that it works in principle. 
Much of the development and adoption of GPS has been driven by growers who are motivated to 
adopt a new farming system incorporating the principles of controlled traffic, minimum tillage and 
rotation crops. This has opened up a range of opportunities including reduced driver fatigue, precise 
tillage, planting and fertiliser placement, minimising overlaps, efficiency gains and staff management. 
Growers in most cases have individually purchased GPS systems incorporating base station and 
rovers. Networked RTK GPS is a completely different approach to calculating and communicating 
base station information to the mobile unit (i.e. tractor). This approach offers an opportunity to the 
sugar industry with the potential to rapidly increase the number of users through a reduction in 
the cost of the technology. Community network based GPS are already being implemented within 
Queensland, with networks being established in the Maryborough, Isis, Bundaberg and Herbert River 
areas. This area along with developments in integrated communication technology and networking 
(i.e. wireless networks, broadband internet etc.) should continue to be one area of focus for PA 
research and development. 

For sugar cane farming, the full benefits of PA are severely constrained by the lack of an accurate and 
reliable spatial yield monitoring solution. Within the industry a number of attempts have been made 
to monitor yield variation across a block, ranging from discrete yield monitoring systems based on 
mass measurement systems to the current focus of monitoring chopper pressure, feed train roller 
displacement and elevator power. An independent evaluation of the commercially available mass flow 
sensors should be undertaken. Depending on the outcome of this evaluation priority research may be 
needed into the development of a reliable and accurate mass flow sensor. Accurate yield monitoring 
will close the PA cycle to enable the use of precision farming tools and analyses that allow spatially 
based farming management and associated variable rate applications. It will also allow improved 
understanding of what factors are controlling yield, prescribing treatments and determining optimum 
management units. This should be a high priority for PA research.

10.	Priorities for Precision Agricultural Research 
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A major opportunity for the sugar industry is to significantly increase industry profitability without 
increasing capital investment by reducing field losses of cane and juice during mechanical harvesting. 
Harvester performance monitoring systems are now available to the industry, however the priority for 
further research should be in the interrogation of the information collected and the development and 
interpretation of practical and meaningful real-time performance feedback indicators. 

The APSIM-Sugarcane model has evolved and emerged as one of the more powerful modelling tools 
currently available to the sugar industry. It has been used in a number of studies for improving water 
and nitrogen management by more quantitative prediction of crop yield, water and nitrogen needs 
during the growing season. Climate forecasting has been shown to be a tool available to the industry 
to improve competitiveness and profitability, through enhanced decision making and forward 
planning. Further research should be aimed at building on social science and economic capacity to 
increase awareness about the capability of the technology and for the industry to understand the 
strengths, limitations and associated risks of the technologies so they can be better positioned to use 
the technology appropriately. Decision support tools that combine GIS and results derived from crop 
modelling and seasonal climate forecasting systems should also be developed to provide objective 
assessments of management alternatives for specific crops and locations. 

Remote sensing provides, at relatively low cost, a great deal of fundamental information relating 
spectral reflectance and thermal remittance properties of soils and crops to their agronomic and 
biophysical characteristics at scales that may range from small patches within a field to large 
regions. Research has highlighted the potential for remote sensing in yield forecasting, improving 
crop production and detecting outbreaks of disease. Continued research and development into 
higher resolution and hyperspectral sensors will open up many new possibilities for crop and farm 
management. The major opportunity is the need for further practical research in the sugar industry 
with lessons learnt from other industries (i.e. viticulture, grains, cotton etc.). In addition, broader 
agronomic application of remote sensing with respect to pest and disease monitoring and integration 
with crop modeling activities should be investigated. 

The technology to implement site-specific management is now available. Variable rates of inputs 
can be implemented by simple, manually controlled systems or by fully automated variable 
rate controllers. The technology will vary according to the situation and the type of VRT to be 
implemented. Technologies range in complexity and features; most can be adapted to existing 
equipment and therefore do not require the expense of purchasing new equipment. It is possible to 
adapt machinery by adding different gearbox and clutch systems, but this will vary from one piece 
of equipment to another. With VRT capable machinery, it is necessary that the controllers have the 
correct ‘drivers’, software programs for that specific equipment. New equipment such as fertiliser 
applicators and sprayers can be purchased from several companies. Improving irrigation application 
uniformity may be one of the most important management improvements to come from precision 
agriculture. Variable irrigation control has been attempted using sprinklers on self-propelled irrigators, 
lateral move irrigators, centre pivot irrigators or trickle irrigation. Improved optimisation and 
management of furrow irrigation from a field rather than a furrow perspective should be investigated. 
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To date most emphasis has been on proving reliability of the hardware rather than actually using 
geo-positioning to vary product rates. This is largely due to the lack of a sound basis for making site 
specific rate decisions. Therefore the question for site-specific management and implementation 
of VRT is what variables are controlling yield variation. This may range from soil water status due 
to variation in the degree of subsoil sodicity and subsequent impacts on irrigation efficiency, soil 
chemical parameters such as acidity, crop nutrition or a combination of these. The priority for the 
industry should be the development of accurate and reliable prescription maps. Therefore it is up to 
soil and crop scientists along with agricultural engineers to develop simple and robust methodologies 
and technologies for growers so that the full potential of PA can be exploited. They must conduct 
rigorous evaluation studies at multiple sites with standardised methodologies, including utilising PA 
technologies for gaining a better understanding of crop yield determinants. 

Proof of economic and environmental benefits must be demonstrated. The widespread use of 
empirical rules and algorithms must gradually be replaced with more in-depth understanding of 
cause-effect relationships that determine crop productivity and soil and environmental quality at 
scales that are manageable through PA.

Technology gaps, adoption/commercialisation gaps and research opportunities identified for PA  
for sugarcane production and harvesting are summarised in Table 2.
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Table 2. Technology gaps, adoption/commercialisation gaps and research opportunities 
identified for PA for sugarcane production and harvesting

Technology gaps
Adoption/commercialisation  

gaps and opportunities
Research/development  

opportunities

	 Standardisation of PA technologies.

	 Quantifying economic and environmental 
benefits of PA technologies and system 
implementation. 

	 Facilitate capacity building of PA skills 
through appropriate training  
of committed industry people. 

	 Pre-emptive evaluation of emerging 
technologies.

	 Foster the development of industry 
user groups on PA systems and 
facilitate the up-skilling of industry 
personnel in new technology – to 
allow growers access to up-to-date 
independent information. 

Spatial referencing 

Networked GPS 

Remote sensing 

	 GPS networks have the potential to rapidly 
increase the number of users through a 
reduction in the cost of the technology. 

	 Improved relationships between technology 
supplies, growers and researchers need to be 
developed. 

	 A program to rapidly up-skill personnel in  
new technology – to allow growers access  
to up-to-date independent information. 

	 Remotely sensed research trial data is 
insufficient to persuade growers to change 
systems. The major opportunity is the need 
for practical research with lessons learnt from 
other industries. 

	 Facilitate cooperative based 
framework for GPS adoption. 

	 Industry/regional evaluation 
of systems for integrated 
communication networking and 
development of on-farm systems 
using currently available technology.

	 Practical research on higher 
resolution and hyperspectral sensors. 

	 Research broader agronomic 
application of remote sensing 
with respect to pest and disease 
monitoring and integration with crop 
modelling activities.

Production environment 
monitoring

The implementation of 
PA is severely constrained 
by the lack of an accurate 
and reliable spatial yield 
monitoring solutions. An 
appropriate mass flow 
sensor for sugarcane needs 
to be developed. Alternative 
systems need to be 
investigated. 

Standardisation of harvester 
performance monitoring 
and feedback management 
technology. 

	 The basic technology is available for yield 
monitoring of sugar cane with the exception 
of a proven mass flow sensor. 

	 Improved and robust methodologies for the 
production of yield maps. 

	 Improved linkages and integration between 
researchers and growers to develop practical 
yield monitoring and mapping management 
outputs. 

	 An examination of the EM, VERIS and other 
similar soil sensing systems for providing 
surrogate data for the creation of high-
resolution maps of soil properties such as 
texture, cation-exchange capacity and soil 
moisture for PA.

	 The hardware for monitoring harvester 
performance is now available. Any number of 
performance parameters can be measured. 
The limitation for widespread adoption as 
opposed to a research tool is the lack of 
suitable design/evaluation software. 

	 An examination of image analysis for 
providing yield variation data. 

	 Research is needed into the 
development of a reliable and 
accurate mass flow sensor. 

	 Independent evaluation of 
commercially available mass flow 
sensors should be undertaken. 

	 Information from yield maps needs 
to be translated into spatially based 
farming management impact, 
variable rate applications and 
economic return. 

	 Developing practical and meaningful 
real time performance feedback 
measures, specifically in relation to 
harvesting best practice. 

	 Build on social science and economic 
capacity to increase awareness on 
the strengths and limitations of crop 
and climate modelling. 

	 Development and interpretation 
of key performance indicators for 
real time harvester performance 
monitoring. 
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Table 2. 	 Technology gaps, adoption/commercialisation gaps and research opportunities 
identified for PA for sugarcane production and harvesting (cont’d)

Technology gaps
Adoption/commercialisation  

gaps and opportunities
Research/development  

opportunities

Attribute mapping 

Spatial farm productivity 
information

	 Through its operational framework, large 
resources of base mapping data about 
the crop are collected. This information is 
predominantly used by mills for their business 
of crop estimation and harvest planning. 
However this information could be further 
exploited and utilised for farm productivity 
management and practice change. 

	 The advent of Web-based GIS offers growers 
the potential to effectively map their property 
and send data to a consultant with the 
specialised technology and within hours be 
able to access a GIS map of their property. 
This makes available this technology without 
the costs, or time and energy in learning to 
use specialised farm mapping software.

	 Facilitate collation of data into  
a central node for warehousing  
and presentation. 

Decision support 	 Spatial variability within the field needs to be 
quantified to ascertain whether differential 
treatment within the field is warranted. 

	 Need to fully understand causes of yield 
variation.

	 Prescribing treatments. 

	 Determining optimum management units. 

	 Integration of crop models into a 
GIS environment to permit their use 
at the within-field scale will prove 
invaluable in the future.

	 Improved understanding of yield 
variation with respect to treatment 
prescription. 

Differential action 

Weed management – ‘on-
the-go’ sensing technology 
for distinguishing weeds 
from sugarcane plants

 
 
 
 

Irrigation 

Water meters should be 
essential components of any 
irrigation systems but are 
not widely used owing to 
cost/accuracy.

Surface irrigation evaluation 
requires extensive/time 
consuming data acquisition 
and evaluation. This needs to 
be automated/streamlined.

	 Emphasis has been on proving reliability of 
development of hardware rather than actually 
using geoposition to vary product rates. 

	 Focus needs to be the development of accurate 
and reliable prescription maps. Therefore simple 
and robust methodologies must be developed. 

	 Current precision spray technology cannot 
distinguish weeds from sugarcane. 

	 Targeting specific weeds has the potential 
to revolutionise weed management by 
maximising production and reducing herbicide 
usage while reinforcing minimum tillage 
concepts. Giving direct environmental benefits.

	 Workshops are often more effective where a 
‘credible’ outsider is used to give advice and 
guidance.

	 Utilising optimisation tools such as irrimate.

	 There is a need for better training of 
designers and suppliers who rely on standard 
specifications and equipment packages. 

	 Improved understanding of what 
variables are controlling yield. 

	 Variable rate application linked to 
real time information on crop/soil 
moisture status.

	 Variable rate application linked 
to real time information on weed 
infestation status. 

 
 

	 Improved optimisation and 
management of field rather than 
furrow. 

	 Improved management of higher 
technology pressurised systems.
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As the concept of PA is only embryonic in the sugarcane farming systems context, there are many 
potential areas of investigation that could significantly improve the profitability and long-term 
sustainability of the industry. Research needs to be undertaken to tackle some key technology gaps 
(e.g. yield monitoring); agronomic questions relating to site-specific yield variation, especially weed 
control and irrigation management; harvester performance; and building capacity with industry 
personnel in PA technology. 

Finally, we urge the industry to consider the following research objectives to expand on the current 
understanding and management of spatial variability in Australian cane growing and harvesting 
systems: 

	 Investigations into the development of a robust, reliable, calibratable and accurate yield monitor 
and robust methodologies for the production of maps of yield. 

	 The provision of associated support services or tools for making use of the data collected by yield 
monitors to allow the development of accurate and reliable prescription maps.

	 Investigations into the variable rate application of herbicides. This recommendation has 
significant environmental and economic considerations, demonstrating that best management 
practice is being employed for the coastal ecosystems in which the majority of sugarcane is 
grown. In addition, it may prolong the registered use life of key chemicals within the industry. 

	 An examination of variable rate irrigation technology for the industry. 
	 An exploration of remote sensing technologies (satellite and/or airborne) to aid in site-specific 

cane management particularly for the early detection of pest or disease outbreaks or water stress. 
	 An examination of the EM, VERIS and other similar soil sensing systems for providing surrogate 

data for the creation of high-resolution maps of soil properties such as texture, cation-exchange 
capacity and soil moisture. 

	 An examination of harvester performance data and the development of practical and meaningful 
real-time performance feedback measures for integration with PA programs. 

	 A program, possibly in combination with other industries, needs to be developed to rapidly 
up-skill personnel in new technology so that growers can obtain independent and up-to-date 
information. 

	 Pre-emptive evaluation of emerging technologies in other industries in Australia and overseas. 
	 Facilitate capacity building of PA skills viz. data acquisition, management and analysis through 

appropriate training of committed industry research personnel. 
	 Foster the development of industry PA user groups and facilitate the up-skilling of growers 

and consultants in PA. Allowing growers access to up-to-date independent information and to 
prevent other growers making the same mistakes as early adopters will be one of the keys to 
successful adoption of PA.

11.	Recommended Areas of Investment for SRDC 
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