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1.0 INTRODUCTION 
 
A significant effort has been applied to the investigation of soil compaction in the 
sugar cane industry.  Most recently research performed by Dr Mike Braunack at Tully 
in the wet tropics of Queensland, Australia, has attempted to quantify the relationships 
that exist between harvesting of sugar cane, soil compaction and yield.  Harvesting 
has the greatest impact on soil physical properties as the cane harvester and haul-out 
machines, the heaviest machinery used in the production of sugar cane, traffic the 
interspace at least two times for each implement and are required to harvest at soil 
moisture contents that range from field capacity to wilting point to ensure continuity 
of supply to their respective sugar cane mill. 
 
A major conflict in sugar cane production is the requirement of optimum soil 
conditions for plant growth verses trafficability to support cultivating, planting and 
harvesting machines.  The weight of machines (axle load) will compact soils 
sometimes to an extent hostile to plant root growth.  Sugar cane farming in Australia 
can be considered row cropping.  Cane is currently planted at 1.45 to 2.00 m rows, 
sometimes as dual or triple rows at the wider spacings.  Trafficking by machinery is 
on the inter-row but can sometimes be near or even on the row through 
mismanagement.   
 
This review will attempt to collate Australian and world information to establish an 
understanding of the issues involved and their impact. 
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2.0 BACKGROUND 
 
In 1991 Dr Braunack completed a thorough literature review on “The Effect of Soil 
Physical Properties on Growth and Yield of Sugar Cane”.  His review forms the 
background of this report and the starting point for the review of more recent works.  
References in this background should be referred directly to Dr Braunack’s paper in 
Appendix 2. 
 
Many of the reports reviewed by Dr Braunack did not agree in their outcomes.  This 
underlying inconsistency is a common thread that carries through to more current 
research.  The amount of variability in nature, differing measurement techniques and 
the recording of only some of the parameters, particularly in older reports, make it 
difficult to collate results and draw any conclusions.   
 
Overseas reports show a range of yield results from sugar cane crops that have been 
treated in various ways.  Results range from no effect on yield to increased yields (due 
to weed control) to losses in yield due to soil structure degradation (Primavesi and  
Primavesi, 1964 (11)).  Yang, 1978 (9) & Yang et al., 1974 (10) in their study found 
no change in soil bulk density.  Wood, 1985 (12) suggested that yield decline in sugar 
cane was partly due to soil structural degradation resulting from intensive cultivation. 
 
The trend to larger and heavier harvesting and haul-out equipment is increasing soil 
structural degradation.  This is accentuated when soils are wet (between field capacity 
and the lower plastic limit).  Harvesting under these conditions increase soil bulk 
density, increase soil cone resistance (soil penetrometer), reduce saturated hydraulic 
conductivity and reduce soil porosity.  
 
Torres and Villegas, 1992 (22) found losses up to 42% after traffic over the row 
associated with bulk density and saturated hydraulic conductivity increases and 
infiltration decreases.  This was complicated by data inconsistencies and suggestions 
that the main cause may be due to direct stool damage by traffic (Torres et al., 1990 
(20)). 
 
Increases in bulk densities reduce porosity (Hare, 1960 (35)) with greater changes in 
clay than silty clay.  Yield decline was greater on the high density, low porosity soils 
than soils where density was lower and porosity higher.  Observations were made 
from 4th to 6th ratoons. 
 
South African research by Cleasby, 1964 (36) comparing manual and mechanical 
harvesting showed very little difference in shoot numbers and suggested varietal 
tolerance to soil compaction. 
 
Australian work (Hurney, 1975 (37)) examining different harvesting and haul-out 
systems showed compaction in surface layers 0-10 cm and variable yield results due 
to differences in soil type and water contents.  Vickers et al., 1976 (38) reported no 
yield decline in the following ratoons if it had been harvested wet. 
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Significant losses have been recorded by Yang, 1977 (39) after repeated harvester 
passes with greater detrimental effect during periods of higher soil water content.  
Effects were detectable to 40 cm.  Compaction under drier conditions is not as severe 
as under wet conditions.  Higher floatation equipment will reduce soil bulk density 
but total axle load is the most significant issue. 
 
Row width (1.5 m) incompatibility with current industry equipment (1.83 m) forces 
equipment to run hard against the row and, with driver error, traffic the entire row on 
occasions.  Increasing row spacing to1.85 m to match that of harvesting machinery is 
a logical step.  This then allows a control traffic regime to be adopted. 
 
Soil bulk density will affect cane growth at high levels but the absolute figure varies 
with soil texture.  Rao and Narasimham, 1988b (60) found no limiting value for soil 
bulk density or root growth.  Singh, 1964 (61) found a field bulk density of 1.75 g/cm 
restricted root growth which was reflected in poor shoot growth.  An increase in soil 
bulk density also gave an increase in soil strength and a decrease in air-filled porosity 
(Swinford and Meyer, 1985, (41)).  Pore continuity, rigidity and pore size distribution 
(Srivastava, 1990 (63)) restrict root proliferation.  This occurred with sugar cane roots 
at pore sizes of 250 µm. 
 
Improving soil physical condition by tillage after harvest can alleviate surface 
compaction and soil physical condition affecting subsequent yield.  Variety, soil 
nutrition and the natural wetting and drying cycles of soils can mask this effect.  
Drying cycles cause cracking and opening of the soil and wetting cycles weaken soil 
strength allowing easier root penetration.  Deep ripping can also be effective if soil 
moisture is appropriate. 
 
Filter mud, bagasse, minimum tillage and trash blanketing have been used 
successfully to alleviate the effect of soil compaction (73, 74, 75, 76). 
 
The effect on soil physical properties on sugar cane growth and yield is variable due 
to the influence of remedial action and climate.  Attempts have been made to define 
the soil bulk density that limits growth and yield.  This depends on soil water content 
used to generate the density and the soil texture.  There is a need to more clearly 
define soil physical conditions in relation to sugar cane growth and to determine 
whether there is a soil physical constraint to production. 
 
Dr Braunack identified a number of areas requiring further research: 

1. A system of relative soil density should be developed that can be related to 
crop yield. 

2. Determine the ability of sugar cane varieties to grow under high soil 
density/strength situations. 

3. Review the impact of high floatation running gear on soil compaction. 
4. Reduce sub-soil compaction by reducing equipment axle loads. 
5. Investigate the impact of controlled traffic and the use of strategic tillage. 
6. Study the effect of soil physical factors on soil biota. 
7. The need to monitor soil physical factors in relation to plant growth over 

several seasons. 
 

There is a need to more clearly define soil physical conditions and their impact on 
sugar cane growth. 
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3.0 REVIEW OF RECENT PUBLICATIONS 
 

3.1 Soils 
 
 3.1.1 Soil water  
Soil water is one of the major factors influencing soil compaction (Yang, 1980).   
Braunack (1993) noted that soil water content at the time of impact is critical  to the 
extent of soil compaction (Chancellor 1977).  When soil moisture falls between field 
capacity and the lower plastic limit soil compaction can be created when supporting  
machinery loads used in sugar cane production. 
 
Braunack (1995) noted the higher the soil moisture content the greater is the potential 
for compaction.  Movement of machinery, particularly harvesting, should be done 
under drier conditions to reduce the impact on soil physical properties Yang, (1977) in 
Braunack and Peatey (1999). 
 

3.1.2 Soil texture 
Soil texture is considered the other major variable in soil compaction. As the 
percentage of sand, silt and clay in a soil change so does the soils texture.  Different 
soil textures will have the capacity to hold different amounts of soil water and will 
react differently under load.  A soils texture also has a bearing on its capacity to 
maintain its structure and Conway et al. (1996) stated that it directly affects, water, 
air, nutrient movement and root growth. 
   
 3.1.3 Soil organic matter 
Soil organic matter has a lesser effect on the physical attributes of compaction 
although Meyer and Van Antwerpen (1996) noted that increasing soil organic matter 
is an effective way to reduce the effect of compaction and maintain lower bulk 
density.  Organic matter plays a vital role in providing food for soil fauna that can 
slowly repair the damage of compaction. 
 
 
4.0 SOIL QUALITY INDICATORS 
 
These indicators are methods of estimating how hostile the soil is for root growth, the 
health of soils and their potential to repair.   
There are four soil physical properties commonly measured: 

- bulk density 
- soil cone resistance 
- saturated hydraulic conductivity 
- pore space. 

 
It is also important to consider three other factors 

- compaction depth 
- organic matter 
- soil fauna.  

Torres et al. (1990) noted in Yang (1996) that the measurement of soil physical 
properties showed bulk density and soil cone resistance increased and soil porosity 
and water intake rate decreased as soils became more compacted.  These four main 
characteristics are linked. 
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4.1 Bulk density 

Bulk density is the dry weight of soil per volume.  The standard measure is grams per 
cubic centimetre (g/cm³).  Bulk densities range depending on soil type and the level of 
compaction.  Yang (1980) described natural bulk densities usually greater than 
1.45g/cm³ and can reach 1.6 g/cm³ in Taiwanese soils.  Braunack and Peatey (1999) 
noted soil bulk density increased as soil water content increased at the time of impact 
(Yang 1974). 
 
Eastwood et al. (1997) reported that in Guyana with hand harvesting and the use of a 
Bell 120 loader, when soil bulk density exceeded 1.45 g/cm³ in the 0-30 cm, there was 
a distinct yield decline. 
 
Braunack and Peatey (1999) also found repeated traffic over the row brings bulk 
densities towards an equilibrium with little change occurring with subsequent traffic.  
The largest change occurs with the first trafficking.  This was quantified by Braunack 
and McGarry (2001) measuring 80% of the final compaction in the wheel tracks 
occurring in the first pass. 
 
A relationship for the resistance to root penetration was given by Torres and 
Rodriguez (1995) that at any given bulk density the mechanical resistance for root 
penetration is inversely related to moisture content. 
 
Results by McGarry (1998) showed that conventional plough-out in Bundaberg and 
Tully was not effective in reducing bulk densities in the inter-rows.  Inter-rows are 
better left hard to cater for wet weather harvest.  This was also the least cost option. 
 
Pinto and Bellinaso (2000) of Brazil refer to a threshold value of 1.30 g/cm³ for bulk 
density in comparing 2 types of haul-out driven both on and off the cane row. 
 
Van Antwerpen (2001) noted organic matter with the lowest bulk density is more 
efficient at lowering soil bulk density.  Farmyard manure was reported to give better 
results than filter press.  There was a 13.5% and 5.0% reduction in bulk density 
respectively. 

 
4.2 Soil cone resistance 

Soil cone resistance is a measure of the pressure required to push a rod through the 
soil.  For any particular soil, values will vary as soil moisture changes. This is 
measured in mega Pascals (MPa). 
 
Braunack and Peatey (1999) noted that root growth was suggested to be greatly 
restricted at cone resistance values greater than 2 MPa (Greacen, 1969).  Values 
greater than 3 MPa are considered to effectively stop cane root penetration (Braunack, 
pers. com. 2002). 
 
Typical results from a yellow podsolic in Bundaberg McGarry et al. (1997) showed 
soil cone resistance in the entire profile of the inter-row to be over 2 MPa and the 
cane row reaching 2 MPa resistance at 380mm depth. 
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4.3 Saturated hydraulic conductivity  

Saturated hydraulic conductivity is the rate water moves through a saturated core of 
soil.  It is usually measured in millimetres per minute or hour (mm/min) (mm/hr) and 
requires connectivity of pore spaces for effective water movement. 
 
McGarry et al. (1997) researching in Bundaberg on a yellow podsolic showed four 
soil physical characteristics in the row that indicated suitable conditions for cane 
growth.  The interspace was completely different.  At 200mm depth there was 85% 
more soil pores less than 3mm and 58% more pores at less than 1mm in the cane row 
than in the inter-row. 
 
Braunack and Peatey (1999) noted that saturated hydraulic conductivity decreases 
after traffic as soil cone resistance increased.  Although saturated hydraulic 
conductivity was significantly decreased at the 15-20 cm depth, pore connectivity was 
maintained at one site.  This was a function of traffic impacting when soil water 
content was below the plastic limit. 
 
 4.4 Pore space  
Pore space is a measure of  air spaces in the soil.  These pores must be connected 
through the soil to allow air and water movement.  As a load is applied to a soil air is 
compressed and expelled causing an increase in bulk density and associated changes. 
Braunack and Peatey (1999) noted from Torres and Villegas (1992) that air-filled 
porosity falling below 10% indicates aeration may be a limiting factor in crop growth. 
 
Heisler and Kaiser (1995) stated a reduction in soil porosity is mainly a loss in pores 
greater than 50µm that are inhabited by soil mesofauna.  Typical are the Collembola 
whose population were measured in different crops with varying trafficking regimes 
in Germany.  A drop in population was attributed to a loss of habitat, caused by 
machinery traffic, and where resulting pore sizes were too small causing damage to 
the waxy coating of the Collembola.  The modified environment was also linked to a 
reduction in available food.  
 

4.5 Compaction depth 
Compaction depth is a measure of the depth in centimetres (cm) or millimetres (mm) 
from the soil surface to a significant change in or pre-described value for bulk density 
or soil cone resistance reading.  
 
Braunack and Crees (1998) found in a haul-out trial a traffic pan at 320 mm formed 
under dual road tyres and no evidence of a pan was found under super-singles.  
Traffic pans affect root growth by reducing depth and consequently volume of soil 
available for plant exploitation 
 
It must be remembered that compaction is not always related to depth as Braunack 
and Hurney (2000) found traffic over the row caused direct damage to the stool and 
nodal buds.  Buds closer to the soil surface are likely to suffer more damage. 
Braunack (1998c) found there was less soil compaction in wider row spacing 
compared to the narrower rows. 
 
Braunack and Ainslie (2001) observed soil resistance in the Mackay green cane trash 
blanket trials of less than 2 MPa from 0-200 mm and greater than 2 MPa from 200 
mm.  This reflected the depth of tillage before planting this crop cycle. 
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Yang (1980) found the influence of compaction reaches 30-40 cm and a plough pan 
was noted at 30-45 cm in Taiwanese soils.  It was also noted that this was being 
effectively managed by deep ripping to 35 cm. 
 

4.6 Soil organic matter 
Meyer and Van Antwerpen (1996) recorded soil aggregate stability based on soil 
crumb measurements indicating that trash treatments are more stable than burnt 
treatments in all soil crumb sizes. 
 
Bell et al. (2001) found an increase in total and labile C concentrations in soils under 
green cane trash blanket and the presence of surface cover from the trash blanket itself 
greatly increases water infiltration caused by surface crusting on Bundaberg soils.   
 

4.7 Soil fauna activity 
Heisler and Kaiser (1995) stated a reduction in soil porosity is mainly a loss in pores 
greater than 50 µm, which are inhabited by soil mesofauna.  Typical are the 
Collembola whose population were measured in different crops with varying 
trafficking regimes.   
 
Braunack et al. (2001) recognised that earthworms can be considered an indicator of 
soil health.  They undertake tillage for free, create pathways for water, air and root 
access and incorporate organic materials that aid in increasing soil stability.  They 
also noted that cultivation reduces numbers of Metarizium, Adelina and the 
mycorrhizal fungus VAM.  A trash blanket and zero till are the best way of 
maintaining these beneficial organisms. 
 
 
5.0 ORGANISM EFFECTS 
 

5.1 Soil biota 
Braunack (1993) found the maintenance of good vegetation cover reduces the depth 
of ruts and will reduce soil damage. 
 
Braunack et al. (2001) noted a concern that strategic tillage may inadvertently build 
up cane diseases.  A study by Croft and Saunders (1996) found disease incidence does 
not increase by planting back into the old row as compared to planting into the inter-
row.  Observation of insect numbers revealed low population numbers. 
 
McGarry (1998) found structural stability improves with incorporation of organic 
matter by soil fauna and increases in soil fauna activity.  Reduced soil disturbance 
will promote this increase.  Conventional tillage has been shown to decrease worm 
numbers and they did not recover after one crop cycle (Rohrig et al., 1998 in 
McGarry, 1998). 
 
Chapman et al. (2001) in Mackay found a 70% increase in worm numbers measured 
in green cane trash blanket uncultivated and suggested this as the main reason for 
superior performance over burnt cane plots. 
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5.2 Roots 

Braunack and Peatey (1999) noted that the majority of sugar cane roots occur in the 
top 60 cm (Moore, 1987) and that cane root growth is suggested to be greatly 
restricted at cone resistance values greater than 2 MPa (Greacen, 1969).   
 
Braunack and Hurney (1998) indicated that traffic over the row increases soil 
compaction and the difficulty for plant roots to access moisture and nutrients. 
 

5.3 Stool damage 
Braunack and Peatey (1999) noted the cause of crop loss in ratoons may be direct 
physical damage to stools and buds (Swinford and Boevey, 1984).  Trials in Tully and 
Ingham under dry conditions show little to no response to harvesting traffic (Braunack 
et al. 1993). 
 
Braunack and Hurney (2000) reported that traffic over the row is expected to cause 
direct damage to the stool and hence nodal buds.  Buds closer to the soil surface are 
likely to suffer more damage.  Deeper buds are then forced to germinate and will be 
slower because of higher soil compaction at depth.  Wetter soils are worse as 
compaction penetrates deeper into the soil.  The effect of damage is cumulative (Yang 
1977) and not always immediately seen.  Trends of lower yields become evident in 
older ratoons. 
 

5.4 Trash 
Braunack and Ainslie (2001) in Mackay reported that soil bulk density, saturated 
hydraulic conductivity, aggregate stability and soil cone resistance were all measured 
on three soil management treatments to find which gave the most suitable conditions 
for plant growth in the row.  Treatments were cultivated burnt cane (CC-BC), 
cultivated green cane trash blanket (CC-GCTB) and zero tillage green cane trash 
blanket (ZT-GCTB).  Bulk densities in the cane row were lowest under ZT-GCTB.   
 
Wood 1991 found greater bulk densities in GCTB but his measurements were taken in 
the inter-row. 
 
Braunack and Ainslie (2001) also reported saturated hydraulic conductivity increased 
under ZT-GCTB probably due to increased aggregate stability and micropore 
continuity.  Results show less impact on soil indicators in the row under ZT-GCTB 
than CC-BC and CC-GCTB. 
 
Chapman et al. (2001) showed that the best yield response was under GCTB with no 
cultivation.  Experimental and farmer experience found no advantage in raking trash 
from the stool.  It was noted that heavy wet soils can be a problem where drainage is 
poor.  Water conservation is another benefit with the trial yielding an extra 16t/ha 
cane equivalent to 2 ML of irrigation. 
 
Bell et al. (2001) reported an increase in total and labile C concentrations in soils 
under green cane trash blanket management.  The presence of surface cover from the 
trash blanket itself increased water infiltration 3-fold by reducing surface crusting on 
Bundaberg soils.  Advantages can be negated by low hydraulic conductivity of 
subsurface layers caused by compaction during harvest. 
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5.5 Varieties 
Braunack (1994) reported on a Tully trial where there appeared to be varietal 
difference in the response to trafficking the rows of Q117 and Q138. 
 
Jackson (1996) had 26 genotypes measured after a dry harvest and conditions that 
simulate wet harvesting.  This was achieved by spray irrigation of 50-60 mm and 
driving a tractor and haul-out on top of all stools.  A waterlogging treatment also 
commenced.  Large differences were recorded in early stalk numbers and final yields 
were depressed by 30% due to the wet harvest and waterlogged treatments.  At 
harvest there was large variation due to genotype, however, very little genotype x 
treatment interaction in yield.  The relative genotype performance was consistent 
under both optimum and wet harvesting. 
 
Editorial (2001) noted that variety selection is important.  Varieties with suitable 
characteristics such as moderate tonnage, high sucrose, tillering and ratooning 
capabilities are preferred for chopper harvesting. 
 
 
6.0 MACHINERY CHARACTERISTICS 
 
Editorial (2001) also noted that the future of sugar cane harvesting and other aspects 
of cane production undoubtedly lie in increased mechanisation.  It is increasing 
difficult to find labour for hand harvesting therefore the percentage of machine 
harvesting will increase. 
 
Braunack (1995) noted a concern of the increasing size of harvesters and  
haul-outs, and therefore increasing weight.  A definite trend was also identified by 
Ridge (2002). 
 
Van Antwerpen (2001) proposed that the increased mechanisation in the sugar 
industry is largely responsible for the reduced number of ratoons. 

 
6.1 Weight (axle load) 

Conway and Porter (1996) reported on soil deformation plus stress measurements 
taken during cane harvesting.  A soil stress transducer was used to measure soil 
pressure when harvester and haul-outs pass over the row where it was placed.  Soil 
deformation was measured by the point grid method.  The soil stress transducer 
showed pressure by a wheeled harvester to be 70 kPa normal vertical stress and 90 
kPa shear stress probably due to traction of the driven wheel.  Soil deformation was 
measured with soils compacting to 80% of their original volume.  This is an increase 
of 25% in their bulk density. 
 
Braunack and Peatey (1999) cited Hakansson and Petelkau (1994) reporting that 
reduced axle loadings will reduce soil compaction at depth. 
 
Braunack and McGarry (2001) reported that reduce axle loads are preferred.  Most 
soils can withstand loads of about 6 t/axle when dry. Lower axle loads are better. 
 
Torres and Rodriguez (1995) in Columbia found increasing axle loads can increase 
deep compaction irrespective of contact pressures.  Recommend axle loads should be 
under 10 t, and surface contact pressure must be under 100 kPa. 
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Norris et al. (2000b) stated that ground pressure can be minimised by reducing 
equipment weight or increasing the contact area (foot print) of the equipment.  High 
floatation systems typically operate in Australia with tyre pressures less than 2.5 bar, 
however maximum axle loads can still exceed 10 T/axle.  In comparison The 
Brazilian cropping system is based on 1.1m row spacings.  They are promoting low 
axle loadings of a maximum of 7 t/axle and low pressure Trelle-bourg tyres (Neves, 
pers com, 2000 in Norris et al., 2000b).  
 

6.2 Repeated passes 
Conway and Porter (1996) noted that each row has a minimum of 4 passes, that is 2 
passes by the harvester and 2 passes by an infield haul-out. 
 
Braunack and McGarry (2001) reported 80% of compaction in the wheel tracks 
occurs in first pass. 
 
Braunack (1993) showed there was very little change in soil conditions between the 
5th and 10th passes compared with that between the 1st and 5th passes.  Depth of ruts 
increased as the number of passes or turns increased.  Rut depth was approximately 
twice that after 8 passes or turns compared to 1 pass or turn.  Ruts formed on a turn 
were approximately twice the depth of those formed by travelling straight. 
 
Braunack and Peatey (1999) showed that repeated traffic over the row brings bulk 
densities towards an equilibrium with little change occurring with subsequent traffic.  
The largest change occurs with the first trafficking. 
 
Braunack and Crees (1998) measured an increase in the number of passes resulted in 
increases of the soil cone resistance with dual tyres.  Greatest change was in the 0-300 
mm depth.  Super singles also increased soil cone resistance but not to the same 
magnitude. 
 

6.3 Track width 
Braunack and Crees (1998) reported that in a Burdekin trial super single tyres (2.17 m 
track width) are further away from the row than dual tyres (2.37 m track width).  
Running gear was causing compaction and vertical sides to the row profile. 
 
Norris et al. (2000b) calculated that 63% of the area would be tracked with 1.5 m cane 
rows and 1.83 m track width.  With driver error compaction may even approach 90%.  
Matching track widths to inter-row spaces can mean a 2 row harvester tracking a 3 m 
span, ie 2 x 1.5 m rows, as being practiced in the Burdekin. 
 

6.4 Mis-match track and row width 
Braunack and Peatey (1999) promoted a mis-match of row spacing – 1.5 m row and 
1.8 m equipment.  It is suggested that to prevent soil physical degradation in the row 
that all traffic should be restricted to the inter-row.  Harvesting under drier conditions 
will reduce the effect of traffic on soil physical properties.   
 
Braunack and Crees (1998) also observed a mismatch in crop row spacing and haul-
out track width results in tyres running close to the row and producing vertical sides 
to the row profile. 
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Braunack (1998a) noted some degradation of soil condition in the row was caused by 
mismatched harvesting equipment (elevator too short) causing haul-outs to creep onto 
rows to fill can bins evenly. 
 
In Columbia, Torres et al. (1990) has also observed that none of the tracks of infield 
gear matched rows of 1.5 m causing severe direct damage of cane stool. 
 

6.5 Tyre pressure 
Braunack and Crees (1998) found that lower tyre pressures will give lower soil cone 
resistance readings and may also provide improved mobility under wet conditions.  
As a rule of thumb, ground pressures can be estimated by tyre width (W) and ground 
contact pressure (P).  P can be taken as the tyre inflation pressure. 
Example:  a tyre with ground pressure 700 kPa has half this pressure at a depth that is 
equal to the width (530 mm) of the tyre.  Therefore soil pressure from this load will be 
350 kPa at 530 mm depth.  
 
In Guyana, Eastwood et al. (1997) recorded radial tyres at 54 kPa (0.5 bar) on a Bell 
120 loader causing transient compaction that did not affect yield when driven over the 
stool. 
 
Torres et al. (1990) in Columbian research using four types of haul-out and a Cameco 
grab loader, measured surface pressures caused by haul-out equipment ranged from 
76-456 kPa.  The highest measured in a conventional wagon and lower pressures on 
high floatation tyres.  A Steiger tractor pulling 2 self-tipping wagons of 7 ton capacity 
caused the least damage to the first ratoon.  Soil compaction and stool damage can be 
minimised by avoiding harvest in extremely wet periods and adjusting row spacings. 
 
In another study Torres and Rodriguez (1995) measuring compaction under tracks 
noted the average surface pressure of 14-28 kPa.  Pressure distribution under a trash 
blanket follows an irregular pattern, reaching a peak value toward the rear of the track 
centre and creating pressure values 2-3 times greater than expected.  They also 
suggest reducing the contact pressure of tyres to less than 200 kPa, preferably less 
than 100 kPa. 
 
Pinto and Bellinaso (2000) compare conventional truck tyres (110 psi) and infield 
transporters (30 psi).  All infield transport caused soil compaction with a container 
trailer in the inter-row reducing yield by 2.1% and a truck 11.5% compared to the 
control.  Infield trailers with low pressure high flotation tyres reduced losses by 9.4%. 
 
Case Corporation (2001) states the Austoft AHX1800 harvester has an axle load of 
6.7 t and ground pressure of 100 kPa. 
 
Behraven (2001) in Iran noted that steel tracks are causing less adverse effect than 
rubber wheels in harvesting and haul-out operations. 
 

6.6 Chopper harvesters 
Editorial (2001) reported that chopper harvesters are useful as they handle upright and 
horizontal cane, green and burnt, and at high yields but are a significant investment.  
Higher levels of extraneous matter, cane loss and sugar loss due to the number of cuts  
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and further deterioration compared to manual and whole stick methods was the trend 
for the future as labour is becoming increasingly difficult to find. 
 

6.7 Stick harvesters 
Editorial (2001) reported that mechanical cutters that base cut cane will probably be 
phased out due to a shortage in manual labour availability who are needed to windrow 
and strip cane.  These machines have some limitations as they cannot generally cut 
cane exceeding 10% lean and topping mechanically is a challenge. 
 
Meyer (1999) compared bundle type harvester and chopper harvesters resulting in 
approximately 22 t/hour and 37 t/hour respectively.  Low outputs are not unexpected 
considering the range of machines, crop characteristics, field conditions and 
operators. 

 
6.8 Mechanical loading 

Editorial (2001) researched mechanical loading and found it is cost effective 
(compared to hand loading) and can reduce time to milling considerably resulting in 
improved cane quality.  The disadvantages are the possibility of including stones, soil 
and thrash with cane and uprooting stools.  It can also double ash content compared to 
manual loading. 
 
Eastwood et al. (1997) found no distinct difference between manual and a Bell 120 
machine loader. 
 
Torres et al. (1990) found the grab loader damaged the stool least of all the loading 
and haul-out equipment. 
 
 
7.0 YIELD 
 
Braunack and Hurney (1998) looking at trials in Tully found no statistical difference 
when yields were reduced with traffic over the row compared to traffic in the row.  
Braunack (2000) reported that Tully and Bundaberg reduced tillage trial results 
indicate yield is not being compromised by reducing the number of tillage operations.   
McGarry (1998) reported that the Bundaberg experiment showed stool plough-out did 
not perform significantly better in cane yields, CCS and tS/ha than other treatments, 
conventional, stool spray-out, but was only better than plough-out replant in yield. 
Braunack et al. (1999) results showed that there are potential savings that can have an 
immediate impact on current expenditure.  These come from reduced costs of 
production, reduced wear and tear on machinery and time saving in land preparation.  
 
Braunack and Hurney (2000) recorded yield losses varied from 1% to 20% when 
comparing row traffic with inter-row traffic where tyre imprints were noticeable on 
the surface.  Soil conditions that were considered suitable for harvesting resulted in 
degraded soils and yield loss, especially when trafficked over the stool. 
The general trend for yield was that traffic over the row reduced yield compared to 
traffic near the row and traffic in the inter-row.  Soil conditions in the row became 
more degraded with time reflecting in lower yields.  Braunack (2001) determined that 
given the level of yields it is thought that an extra ratoon could have been successfully 
grown at both sites thereby increasing the length of crop cycle by one year at Tully 
and two years at Ingham.   
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Braunack (1998c) has stated that moving from 1.5 m rows to 1.8 m rows (30 cm 
duals) has resulted in an increased yield of up to 25%. 
 
Chapman et al. (2001) measured an increase in cane yield of 16 T/ha in green cane 
trash blanket at Mackay.  This increase was attributed to reduced compaction and 
increased soil fauna activity enabling greater moisture penetration and retention. 
 
Eastwood et al. (1997) quoted that work at Copersucar (Anon 1997) also found a 15% 
yield response when traffic is removed from stool.  When researching the effects of 
using a mechanical loader over several years they found there was no significant 
adverse effect on ratoon yields even though the loader over wet soils increased soil 
cone resistance in the top 300 mm.  Resistance dissipated under shrinking and 
swelling by next harvest even when the loader had run over the stool. 
 
Torres et al. (1990) measured yield losses where there was an average of 21% 
difference in cane yield compared to an area of no traffic.  The Cameco tractor and 
wagons caused the greatest decline in stalk population and yield (33%). 
 
Pinto and Bellinaso (2000) measured yield in first ratoon was down 2.1% when 
tractor-drawn containers on high floatation tyres were driven in the inter-row and 
down 6.7% when trucks are driven in the inter-row.  Losses of 5.9% and 11.5% 
respectively were found when trafficking the row. 
 
Yang (1980) reported as high as 40% yield reduction measured in soils with severe 
compaction.  Yang et al. (1978) also found 13% increase in yield by working soils 
rather than performing no tillage operation after harvest. 
 
Bell (2002) reported on a compaction trial at Bundaberg in 2000 where Q124 was 
autumn planted into compacted and uncompacted treatments.  Yield in compacted 
plots were depressed 20%.  This was attributed to a relic compaction layer from the 
old inter-row not being completely erased and hydraulic conductivity being greatly 
reduced possibly causing short term waterlogging during crop establishment. 
 
Meyer and Van Antwerpen, (1996)  found that thirteen 40 ha blocks fallowing with 
green manure gave an average yield increase of 40% in plant and 25% in first and 
second ratoon compared to thirteen non-fallowed blocks.  The increase was attributed 
to prolific rooting aided by improved soil physical properties, particularly air filled 
porosity increasing from 11.9% to 16.1%.  Hydraulic conductivity and soil cone 
resistance were also significantly improved. 
 
 
8.0 MANAGEMENT 
 

8.1 Burning 
Pinto and Bellinaso (2000) mentioned legislation to phase out burning in Brazil is one 
of the main driving forces to change.  All land with less than a 12% slope will be 
harvested green by 2005 and all land with a slope greater than 12% will be harvested 
green by 2012. 
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8.2 Traffic on stool 
Braunack (1995) noted haul-outs on the top or side of the cane row in commercial 
harvesting. 
 
Braunack and Hurney (1998) described a situation were traffic over the row appeared 
to cause soil to be more massive in structure (fewer cracks and holes). 
 
Pinto and Bellinaso (2000) in Brazil noticed that although all traffic should occur in 
the inter-row, it was observed that heavy traffic occurs on the row as well. 
 
Norris et al. (2000b) commented that the Columbian industry is looking at adopting 
row spacings of 1.7 – 1.75 m to better match the wheel tracks of machines to avoid 
stool damage. 
 

8.3 Row width 
Braunack (1994) in Tully showed soil physical properties in the row are less 
favourable in 1.5 m rows than 1.8 m rows but there was no significant difference in 
yields that ranged from –26% to +18%.  Braunack and Ainslie (2001) noted that all 
sites compacted due to 1.5 m row and 1.8 m machinery.  Braunack and Crees (1998) 
discussed matching crop row spacing and machine widths.  This has been suggested 
to reduce the effect of infield traffic on the stool (Braunack, 1997).  Braunack (1998a) 
reported that the Australian sugar industry is having a gradual move towards 1.8 m 
dual rows at 0.5 m apart.  Braunack (1998c) noted that there was less soil compaction 
in the wider rows compared to the narrower rows. 
 
Norris et al. (2000b) reported the Columbian industry adopting row spacings of 1.7 – 
1.75 m to better match the wheel tracks of machines. 
 

8.4 Controlled traffic 
Norris et al. (2000b) noted Louisiana cane growers use narrow tyres on 1.83 m rows 
compacting 21% and with error 32% of the field.  This is a control traffic practice that 
deliberately sets out to compact the inter-row for wet weather trafficability.  Norris et 
al. (2000b) suggested an alternative is to use 2.1 m beds and high density planting 
techniques to compact 18% of area or 23% with the error of a guidance system. 
 
Braunack (1998a) reported controlled traffic increased wet weather trafficability.  
Braunack and Peatey (1999) also noted that controlled traffic will manage compaction 
and soil physical degradation. 
 

8.5 Strategies to reduce compaction 
Braunack and Hurney (2000) noted that the solution to the current soil compaction 
problems and their effects are 1.8 m rows and controlled traffic.  Braunack (1994) 
reported that soil compaction can be reduce by: 

- the use of high floatation tyres, 
- harvesting under drier conditions. 

Braunack (1998c) also suggested the best strategy is not only to harvest under dry 
conditions but also reduce the number of passes. 
 
Torres et al. (1990) recognised the effects of compaction mainly at 25-30 cm during a 
wet harvest that should be able to be fixed using conventional cultural practices. 
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Pinto and Bellinaso (2000) concluded that to minimise the effects of soil compaction 
the infield transport equipment should be designed to fit the sugar cane inter-row and 
must be equipped with high floatation tyres or tracks (rubber or steel). 

 
8.6 Strategic tillage 

Braunack (2000) describes strategic tillage as disturbing the row and leaving the inter-
row.   The reduced tillage trial at Tully and Bundaberg show results indicating that 
yield is not being compromised by reducing the number of tillage operations. 
 
Braunack et al. (2001) show there was no yield penalty in planting back into the same 
row.  The effect of strategic tillage on soil borne organisms was less damaging than 
conventional practices.  Braunack et al. (2001) commented there was concern that 
strategic tillage would allow a build up of cane pests and diseases. This had been 
investigated and was found not to be the case. 
 
McGarry (1998) reported that ploughing out the row only is the most efficient way to 
plant cane.  Conventional methods use twice the amount of fuel and one third more 
tractor hours. 
 

8.7 Guidance system 
Braunack (1998a) put forward the concept of the need for guidance systems in cane.  
Braunack (1998c) recognised the benefits in reducing the spread of soil compaction 
and that it depends on accurately traversing the same area each time.  Suitable 
guidance systems for planting and harvesting will assist in reducing the spread of 
traffic zones into the plant growth area. 
 
Norris et al. (2000b) noted that a guidance system has a significant role to play. 
 
 
9.0 ECONOMICS 
 
Meyer (1997) reported that the South African sugar industry has been searching for a 
viable mechanical cane harvesting aid or a fully mechanised harvesting system.  A 
review of manual, semi-mechanised, whole stalk, and chopper harvesting systems 
outlines issues to be considered when selecting a harvesting system.  Numerous 
advantages and disadvantages are presented ranging from labour availability and cost, 
field layout and machine performance to cane yield, cane losses, transport system and 
management related issues. 
 
Braunack (1999a) showed that the economic loss to the Queensland sugar industry 
has been estimated as ranging between $54 to $164 million at a yield reduction of 5 
and 15% ($145 to $431/ha).  
 
Braunack (1999a) calculated that every 1% loss of productivity to soil compaction 
was worth in the order of  $10 million to the Australian sugar industry.  A 
conservative average of 10% would therefore relate to a $100 million potential loss to 
the industry in Queensland. 
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10.0 MODELLING 
 
Braunack (1996) reported a collaborative research project with Dr Inge Hakanssen, 
Swedish Agricultural University.  The research model is being developed to estimate 
yield loss due to compaction.  Braunack (1999a) described how Hakanssen (1990) 
developed the concept of degree of compactness which is the dry bulk density of a  
 
soil as a percentage of the maximum bulk density of the same soil after a standard 
compression test. 
Braunack (1999a) developed a computer model, “COMPACT$”, that uses a soil 
compactness value to predict yield loss.  The Scandinavian compaction model has 
been modified for the Australian sugar industry.  The model uses a crop response 
curve based on the degree of soil compactness derived from current and historical 
trials.  The model enables different scenarios to the examined with respect to potential 
yield loss.  This will aid in making informed management decisions to minimise the 
effect of soil compaction and reduce potential yield losses.   
 The user manual for soil compaction model “COMPACT$” is attached as 
Appendix 1. 
 
Conway and Porter (1995) reported that the FLAC program (Fast Langrangian 
Analysis of Continua) is suited to modelling agricultural traffic processes and can 
provide valuable information on soil behaviour.  Simulations of a tyre passing over a 
cane block with soil in both a soft and firm state closely matched model results to 
field measurements.  
 
Bentley (2000) has developed a technique resulting in a “Compaction Index” (CI) that 
will give quantitative comparison of potential compaction effects. 
Parameters used to calculate the index are: 

- gross vehicle mass (Tons) 
- average ground pressure or axle loadings (Bar) 
- average tyre pressures (Bar) 
1bar = 100kPa 

The compaction index formula is: 
 
 CI = GMV x GP x TP 
 
This gives a relative index that allows for the comparison of machinery on easily 
obtainable information. 
 
Meyer (1998) developed a model in South Africa to estimate the performance and 
cost of sugar cane chopper harvesters and associated infield transports.  The purpose 
of the model is as a tool for assessing the viability of introducing a fully mechanised 
harvesting system under different agronomic and management situations.   
 
 
11.0 DISCUSSION 
 
Compaction has a major impact on reducing the potential yield of sugar cane crops. 
The greatest cause of compaction is trafficking of cane blocks by machinery under  
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wet conditions.  Highest levels of compaction occur when soil moisture is high, soils 
are of fine texture and heavy loads are applied to the stool in the cane row. 
 
The Australian sugar industry is highly mechanised and applies greatest loads to the 
soil during harvesting.  This needs to be managed to maximise yield.  Least 
compaction has been observed when harvesting manually.  A change to harvesting 
with any component of manual handling would not be practical as labour could not be 
found, efficiencies would drop and costs would make this system unviable.  The only 
other fully mechanical system available is the whole stick harvesting system, which is  
 
reported to be showing the same compaction as chopper harvesting systems.  The grab 
loader still traffics the stool and loaded haul-out equipment is similar in weight to 
those carrying billets, as sugar industries across the world try to reach optimum field 
efficiencies.  If harvesting groups decide to change to this type of harvesting there 
would be difficulties at the mill tying to cope with cane presented in whole stick and 
billet form. 
 
All industries overseas are increasing in their percentage of cane harvested with 
chopper harvesters. 
 
Maximising yield in a chopper harvester system is the challenge faced.  Accepting 
that harvesting and haul-out equipment have to traffic cane blocks, the least impact on 
cane yield will occur by minimising the area trafficked.   
 
Staying within Queensland Transport Department limits, the least compacted area will 
be achieved with a 2.1 m wheel spacing requiring high density planting, a guidance 
system and narrow tyres running in dedicated inter-rows.  The least cost system is 
1.83 m wheel spacing with wide single or dual rows using controlled traffic, 
permanent beds, a guidance system and narrow tyres.  An alternative to this would be 
to design a system on 1.83 m that aims to reduce compaction by keeping axle loads 
less than 6-7 t/axle and tyre pressures under 100 kPa. 
 
A number of other beneficial practices should be considered when planning future 
farming practices: 
 

- Trash blanketing.  This may not be suitable on wet soils or in cold areas 
early in the season.  Consider laser levelling and raking the trash off the 
stool. 

- Reduced tillage, strategic tillage and zero tillage.  Cultivate the soil as little 
as possible. 

- Reduce traffic in cane blocks to as little as possible. 
- Avoid trafficking the soil when it is wet.  Lower soil moisture will result in 

lower levels of compaction. 
- Include fallow cover crops in the rotation. 
- Plough pans from previous crop cycles must be ruptured to allow root 

penetration. 
- Varieties.  Good agronomic characteristics, suitable for your soil type and 

local conditions, resistant or tolerant to pests and diseases should be 
selected to give the greatest yield possible. 
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When planning future harvesting and haul-out practices it is highly recommended to 
utilise Dr Braunack’s model COMPACT$ to compare harvesting and haul-out options 
in relation to their compaction, yield loss and the impact that has on total farm 
income. 
  
 
12.0 FURTHER READING 
 
In 1991 Dr Braunack completed a thorough literature review on “The Effect of Soil 
Physical Properties on Growth and Yield of Sugar Cane”.   
 
Soil compaction in the South African sugar industry – a review by Van Antwerpen et 
al. (2000).  This paper summarises past research outcomes on the effects of 
compaction on cane production and soil properties, and examines management 
strategies for minimising yield loss. This review is attached as Appendix 3. 
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