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Abstract. A sugarcane farming system based on residue retention, minimum tillage, a leguminous rotation crop and
controlled traffic using global positioning system guidance is currently being adopted by the Australian sugar industry
because it improves sugar yields, reduces costs and provides additional income from crops such as soybean and peanut.
This paper discusses the soil health improvements that are being obtained with this new farming system, particularly its
beneficial effects on soil carbon levels and soil biological properties. It also summarises research showing that breaking
the sugarcane monoculture with a soybean or peanut crop reduces populations of lesion nematode (Pratylenchus zeae) and
root-knot nematode (Meloidogyne javanica), the two most important nematode pests of sugarcane. The role of minimum
tillage and inputs of organic matter in enhancing the natural biological control mechanisms that suppress these nematodes
is also discussed. The paper then considers the farming system currently used for vegetable crops such as tomato, capsicum
and rockmelon, where inadequate crop rotation, excessive tillage, low organic inputs and the fallowing and solarisation
effect of covering beds with plastic leads to a situation where soil fumigation is seen as the only option for reducing
losses from soilborne pests and pathogens. Since the sugar industry coexists with the vegetable industry in some areas
of Australia, the paper argues the case for developing minimum tillage practices for vegetable production and integrating
them into the sugarcane farming system. It concludes that a farming system of this nature would improve profitability
in both industries, produce better environmental outcomes at a landscape level and provide more sustainable solutions to
nematode and soilborne disease problems.

Additional keywords: crop residues, mulch, organic amendments, soil food web, soil physical properties,
suppressive soils.

Introduction

The area within 100 km of the north-eastern coast of Australia,
with its warm tropical or subtropical climate, relatively high
rainfall and plentiful supply of irrigation water, is one of
Australia’s prime agricultural regions. Sugarcane is by far
the most important crop, with ∼440 000 ha being grown in a
strip ∼1700 km long stretching from just north of Cairns in
Queensland (Qld) to Grafton in northern New South Wales.
The vegetable industry is also important in this region because
Australia’s main winter production areas for tomato, capsicum,
cucurbits and several other vegetable crops are located there.
Although the two industries have largely developed separately,
there are locations near Bundaberg and Childers and in the
Burdekin River irrigation area where vegetables are either grown
on the same farm as sugarcane or on land that is leased
from a sugarcane grower. This paper discusses the farming
systems used in the two industries, particularly with regard to

their impact on soil carbon (C) levels and soil health. It also
argues the case for better integration of sugarcane and vegetable
production, demonstrates that this would provide opportunities
for reducing losses from nematodes and soilborne diseases in
more sustainable ways, and discusses the research that is needed
to achieve this objective.

The conventional sugarcane farming system

The farming system currently used throughout most of the
Australian sugar industry dates from the 1970s and 1980s, when
there were major changes in the way sugarcane was grown.
The most important of these changes were the introduction
of mechanical harvesting, the increased use of more powerful
machinery to aggressively cultivate the soil, and the removal of
legislative restrictions, which had previously required growers
to fallow 25% of their land (usually with a green manure crop
such as cowpea). Since that time, the conventional sugarcane
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farming system has been based on growing a plant and about
four ratoon crops on a standard row spacing of 1.5 m. Most
crops are harvested green and crop residues are then returned
to the soil surface as a trash blanket, but the traditional practice
of burnt cane harvesting is still used in some districts. At the
end of each 4–6-year cycle, as many as 10–15 tillage operations
(including deep ripping, discing and rotary hoeing) may be
necessary to break up old stools, remove compaction and prepare
the land for replanting. In many cases, replanting occurs within 8
weeks, a practice known as plough-out/replant. Thus, sugarcane
is essentially grown as a monoculture, most of the surface area of
a field is compacted by heavy machinery with track widths that
are more widely spaced (generally 1.85 m) than the crop rows,
and the soil is cultivated aggressively to prepare a seedbed that
is suitable for replanting.

Twenty years after these practices were introduced, it became
apparent that all was not well with this farming system (Garside
et al. 1997a). Sugarcane yields, which had consistently increased
for most of the twentieth century, began to level off, leading to a
productivity plateau from 1970 to 1990 that was of major concern
to the industry. A root rotting disorder known as northern poor
root syndrome undoubtedly contributed to this plateau because
poor plant crops and ratoon failures often occurred in north Qld
during the 1970s and early 1980s (Egan et al. 1984). Two root
rotting pathogens, Pythium arrhenomanes and an unidentified
oomycete with characteristic ornamented oogonia that was later
named Pachymetra chaunorhiza, were consistently associated
with this disorder (Croft and Magarey 1984; Magarey 1984),
and the large yield responses that were later obtained with
Pachymetra-resistant varieties (Magarey 1994) confirmed that
these pathogens had a major effect on sugarcane growth in
some environments. However, it was also apparent that various
physical and nutritional factors together with root pests such as
symphyla and nematodes, were also limiting growth in some
situations (Croft et al. 1984; Egan et al. 1984). Comparisons of
soil properties in old and new sugarcane land (Garside and Nable
1996; Garside et al. 1997b; Magarey et al. 1997b) confirmed
that a whole range of soil physical, chemical and biological
factors were associated with the problem. In comparison with
new land, old land was more acid, had lower levels of organic C, a
lower cation exchange capacity, more exchangeable aluminium,
lower levels of copper and zinc, more plant-parasitic nematodes
(PPNs), more root pathogens, less microbial biomass, lower
water infiltration rates, a reduced capacity to store water and
greater soil strength. Clearly, soil degradation was a complex
issue that was unlikely to be solved by tackling individual
components of the problem, as had traditionally been done in
the sugar industry.

The Sugar Yield Decline Joint Venture

In 1993, the Sugar Yield Decline Joint Venture (SYDJV)
was established by the Sugar Research and Development
Corporation to tackle this industry-wide problem, which had
become known as yield decline and was defined as ‘the
loss of productive capacity of sugarcane growing soils under
long term monoculture’. A multidisciplinary research team
was formed and it decided to concentrate its efforts in three
main areas: (i) assessing the impact of breaking the sugarcane
monoculture with a rotation crop; (ii) examining possibilities

for minimising tillage and reducing the compaction problems
caused by harvest machinery; and (iii) measuring the benefits of
retaining sugarcane trash.

Crop rotation

The first act of the SYDJV was to establish several field
experiments to examine the effect of breaking the sugarcane
monoculture with a legume crop such as soybean or peanut, a
grass or grass-legume pasture, or a bare fallow. When several of
these experiments were returned to sugarcane in 1996 and 1997,
all break treatments had a marked affect on early growth, more
than doubling the number of shoots and stalks produced in the
first 100 days after planting. They also increased sugarcane yield
by 20–30%, a result that was comparable to fumigating soil under
continuous sugarcane with methyl bromide (Table 1 and Garside
et al. 1999, 2002, 2005a; Garside and Bell 2001). These yield
responses were associated with better physical and chemical
properties of the soil (Moody et al. 1999; Bell et al. 2001;
Garside and Bell 2001), but improvements in soil biological
properties and the functionality of the sugarcane root system
were considered the most important factors (Pankhurst et al.
1999, 2000; Stirling et al. 2001; Bell et al. 2002).

Reduced tillage and controlled traffic

Field experiments, which ran from 1993 until 2000,
demonstrated the potential benefits of minimising tillage.
When the number of tillage operations was reduced, seedbed
conditions remained satisfactory and crop performance was not
compromised. There were also savings in labour and fuel, with
a reduction in the number of tractor hours leading to major
improvements in profitability (Braunack et al. 1999; Braunack
and McGarry 2006). Eliminating the random trafficking of
sugarcane fields by the machinery used to harvest the crop and
transport it from the field also improved soil properties within
the area used to grow sugarcane (Braunack and McGarry 2006).
Thus, it was concluded that controlled traffic and minimum
tillage were viable options for the sugar industry and if adopted
together, they would minimise soil degradation within the
cropping zone.

Residue retention

Historically, burnt cane harvesting was standard practice in
the Australian sugar industry. However, with the advent of
mechanical harvesting, there was a gradual move towards

Table 1. Yield responses to soil fumigation at eight sites under
sugarcane monoculture, compared with the responses obtained when
the monoculture was broken with a pasture, a series of legume crops or

a bare fallow (after Garside et al. 2005a)

Crop % response in sugarcane yield compared
with continual sugarcaneA

Fumigation Breaks

Plant 42 29
First ratoon 16 21

AData are means from eight experiments in different soils and
environments. Break responses are means for pasture, legume and bare
fallow breaks that varied in length from 9 months to 3 years.
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harvesting sugarcane green and returning the residue to the
soil surface, a practice known as green cane trash blanketing
(GCTB). GCTB was adopted by most growers because it reduced
labour and weed control costs thus improving profitability.
However, retention of nutrients in the plant residue, increases
in soil organic matter, improved soil water retention and better
insect control were also important benefits (Garside et al. 2005a).
One major advantage of GCTB was that it largely removed
tillage from ratoon cane production. In contrast, one problem
identified by the SYDJV was that the chemical and biological
benefits of retaining crop residues were largely negated by
the extensive tillage operations that occurred between crop
cycles. Levels of total C and labile C (measured as the C
oxidised by 33 mM potassium permanganate and comprising
all forms of C that are readily utilised by microorganisms)
gradually increased during a cycle of one plant crop and four
ratoons but returned to levels observed 5 years previously
once the field had been prepared for planting the next crop
(Table 2).

The new farming system

Given the responses obtained from crop rotation, the likely soil
health benefits of increasing the amount of organic matter in soil
(Weil and Magdoff 2004) and the improvements in productivity
and profitability to be obtained by reducing tillage and restricting
machinery to designated traffic zones, the challenge for the
SYDJV was to devise a method for growing sugarcane which
integrated these practices into a practical farming system. The
prototype tested for the first time in 2000 involved cultivating
fields at the end of a sugarcane cycle to remove existing
compaction and then establishing raised beds that were the same
distance apart as the track width of farm machinery (usually
∼1.85 m). Since this configuration provided separate cropping
and traffic zones, it was intended that beds would remain in
place for at least several crop cycles. A legume crop (commonly
soybean) was then grown on the bed to break the monoculture,
reduce populations of sugarcane-specific root pathogens and
provide biologically fixed nitrogen (N). Depending on location
and weather conditions, this crop was either harvested for
grain or left in situ and sugarcane was established using
a planter fitted with a double-disc soil opener that allowed
the planting material to be direct drilled with minimal soil

disturbance through legume residues that were retained on the
soil surface. During the sugarcane cycle, crops were harvested
using equipment with wheel spacings that matched the crop
row spacing and sugarcane residues were retained on the soil
surface as a trash blanket. After the last crop, ratooning sugarcane
was killed with a herbicide, a legume was planted through the
surface mulch using direct drill equipment and the whole cycle
was repeated.

Within a year or two of establishing the first field experiments,
the benefits of this new farming system were apparent (Bell
et al. 2003; Garside et al. 2004). The legume break eliminated
the need for N fertiliser in the plant crop, the introduction of
raised beds reduced the impact of waterlogging in the wet tropics,
minimum tillage substantially reduced fuel and labour costs,
controlled traffic improved the timeliness of operations in wet
conditions by providing compacted zones for traction, and there
were fewer weed problems because of the continual trash cover
(Garside et al. 2005a). Growers soon began implementing the
new system and ringing endorsements from those who initially
adopted the system (Henry et al. 2006; Loeskow et al. 2006;
Poggio et al. 2007) are encouraging others to follow. Currently,
major extension programs are underway throughout the sugar
industry to help growers make the transition to a more profitable
and sustainable farming system.

Although the development and implementation of the new
farming system generally proceeded without major problems,
there were several issues that required some attention. A previous
review of row spacing research had shown that yields would be
reduced when row spacing was widened to more than 1.65 m
(Ridge and Hurney 1994). Therefore, there were concerns about
increasing the row spacing to facilitate controlled traffic. In an
initial experiment, Garside et al. (2005b) confirmed that plant
crop yields were sometimes lower with 1.8-m single rows than
the traditional 1.5 m spacing and showed that this yield loss
could be overcome by planting two rows 0.5 m apart on 1.8-m
beds. Later, Bell et al. (2007a) found that when environmental
conditions were favourable for late season stalk development, the
crop was able to compensate for lower shoot numbers in 1.85-m
single rows and so there were no yield losses in either the
plant crop or subsequent ratoons. Currently, there are no major
impediments preventing growers from moving to controlled
traffic configurations. However, adoption rates would probably

Table 2. Effect of green cane trash blanketing (GCTB) and tillage on concentrations of total and labile
carbon in the surface 25 mm of three different soil types on sugarcane farms in the Bundaberg district,

Queensland, Australia (after Bell et al. 2001)

Soil Trash management Number of Total carbon Labile C
samples (C) (g/kg)A (g/kg)A

Red ferrosol Burnt sugarcane 8 16.74 ± 0.68 1.23 ± 0.09
GCTB 6 22.53 ± 0.61 2.07 ± 0.03
GCTB (after tillage) 4 16.95 ± 1.19 1.19 ± 0.05

Red podzolic Burnt sugarcane 7 14.20 ± 1.36 1.06 ± 0.09
GCTB 5 16.06 ± 3.33 1.64 ± 0.38

Yellow podzolic Burnt sugarcane 3 15.33 ± 0.52 1.61 ± 0.05
GCTB 6 18.92 ± 1.63 2.05 ± 0.16
GCTB (after tillage) 3 13.10 ± 1.15 1.56 ± 0.12

AValues are means ± s.e.
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increase if varieties specifically suited to wider row spacing were
available, and so a research program is now underway to identify
such varieties (Garside et al. 2006).

When controlled traffic was first promoted as an essential
part of the new farming system, it was frequently implemented
without global positioning system (GPS) guidance. At the time
it was thought that the profile of the permanent bed would help
restrict the wheels of harvest machinery to traffic lanes, but
experience has since shown that this does not always occur.
Substantial areas of the bed were still compacted due to driver
error and it is now considered essential to install an appropriate
guidance system when moving to wider row spacings.

One of the main concerns raised by growers considering
changing to the new farming system was the equipment
costs that may have been involved in making the change.
Therefore, machinery development was an important component
of the SYDJV research program, with research concentrating
on minimising the capital investment needed to adopt the
new farming system. The end result was that most growers
who made the change found that the costs of modifying
existing machinery were comparatively low. In fact, some
achieved substantial savings by reducing the size of tractors
and disposing of redundant tillage equipment. Another issue
of concern was the cost of GPS guidance. Although this
remains a significant disincentive for some growers, adoption
of GPS is rapidly increasing because competition is driving
prices down, most sugar growing areas are now served by base
stations, neighbouring growers are sharing equipment and many
contractors now use planters and harvesters that are fitted with
guidance systems.

From the perspective of the sugar milling sector, there was
initial concern that the widespread adoption of crop rotation,
(which effectively meant that 15–20% of the cane-growing
area was planted to a rotation crop), would reduce the amount
of sugarcane delivered to each mill. However, later research
showed that this concern was unfounded. Increased sugar yields
following a rotation crop more than compensated for the losses
incurred with a 1-year break from sugarcane, and this meant

that sugar yield over the whole sugarcane cycle was not reduced
(Garside and Bell 2007).

The impact of crop rotation, minimum tillage
and residue retention on soil properties

Crop rotation

Data from the original SYDJV rotation experiments showed that
the bare fallow and pasture breaks had little effect on soil physical
properties but markedly different effects on some chemical and
biological properties (Table 3). Fallowing caused a decline in
total organic C and labile C relative to sugarcane monoculture
and this resulted in a concomitant decline in non-pathogenic
components of the soil biological community (Pankhurst et al.
2003, 2005b). It also reduced populations of the root rot fungus
Pachymetra chaunorhiza and the lesion nematode, Pratylenchus
zeae, two pathogens known to be associated with yield decline
(Pankhurst et al. 1999; Stirling et al. 2001) and possibly had
similar effects on other pathogens commonly isolated from yield
decline-affected roots (Magarey et al. 1995, 1997a), namely
Pythium spp., a range of dematiaceous fungi and various minor
fungal pathogens. Thus, the biological effects of a long bare
fallow appeared to be similar to soil fumigation, and this was
confirmed by pot experiments, which showed that there was no
additional growth response when bare fallowed soil was
fumigated with methyl bromide (Bell et al. 2000). In contrast,
the pasture break (where soil was undisturbed but there were
continual C inputs) had quite different effects on soil biological
properties (Pankhurst et al. 2003, 2005b). Both total and labile
C increased under pasture and this was associated with increases
in microbial biomass, numbers of free-living nematodes (FLNs)
and functional diversity within the biological community. There
were also significant increases in a fatty acid used as a biomarker
for mycorrhizal fungi and in the ratio of fungi to bacteria,
as determined using profiles of ester-linked fatty acid methyl
esters. Pasture also differed from a bare fallow in its effect on
root pathogens, as pathogen populations did not decline to the
same extent as in a fallow. This meant that there was a residual

Table 3. Effect of rotation breaks on sugarcane yield and soil chemical and biological properties in a field experiment at
Ingham, north Queensland, Australia (modified from Pankhurst et al. 2003)

Numbers within each row followed by the same letter are not significantly different (P = 0.05)

Sugarcane Legume Pasture Bare
monoculture crop fallow

Sugarcane yield (t/ha) 38 c 56 b 76 a 53 b
Fumigation response (%) 30 ab 23 b 38 a 2 c
Total organic carbon (C) (g/kg) 15.7 a 12.9 a 17.0 a 10.3 a
Labile C (g/kg) 1.41 a 1.04 b 1.65 a 0.79 b
Microbial biomass C (μg/g) 113 b 133 b 214 a 113 b
Culturable bacteria [log colony 7.2 a 7.3 a 7.5 a 6.7 b

forming units (cfu)/g]
Pseudomonas spp. (log cfu/g) 4.1 c 4.5 b 4.8 a 3.7 d
Culturable fungi (log cfu/g) 6.2 b 6.8 a 6.5 ab 5.6 c
Mycorrhizae (% root colonised) 18 b 16 bc 31 a 5 c
No. free-living nematodes/200 mL soilA 281 c 775 ab 1379 a 456 bc
Pachymetra spp. (spores/g) 84 a 23 b 38 b 16 b
No. Pratylenchus/200 mL soilA 147 a 1 c 32 b 0 c

AValues are back-transformed means of transformed data [log10 (no. nematodes + 1)].
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fumigation response when soils from the pasture break were
fumigated with methyl bromide (Bell et al. 2000).

When the rotation experiments were returned to sugarcane,
the large and consistent responses that were obtained following
soil fumigation and a bare fallow suggested that detrimental
soil organisms were largely responsible for yield decline. This
hypothesis was supported by later studies, which showed that
yield decline symptoms could be transferred using roots, while
exposure of the developing sett root system for 14 days to
monocultured field soil was sufficient to significantly retard
subsequent plant growth (Pankhurst et al. 2005c). Experiments
with biocides provided additional evidence for the involvement
of pathogens in yield decline. When a nematicide was used
to control PPNs, the yield response was about a third of
that usually obtained with soil fumigation (Blair and Stirling
2007), while a combination of a nematicide (aldicarb) and a
fungicide (mancozeb) was sometimes as effective as fumigation
in improving the early growth and yield of sugarcane (Garside
et al. 2002; Pankhurst et al. 2005a). However, the response
of sugarcane following the pasture break provided evidence
that biological factors other than pathogens were also involved.
Sugarcane grew as well (and sometimes better) following a
pasture than following fumigation or a bare fallow, despite the
fact that pastures did not have the same impact on populations
of Pachymetra and Pratylenchus (Pankhurst et al. 2003). The
most likely explanation for this effect is that the enhanced
biological community observed following a pasture contributes
in some way, either by improving the plant nutrition through its
role in nutrient cycling or by suppressing soilborne pathogens.
Pankhurst et al. (2005c) obtained some evidence that the latter
mechanism was operating by showing that soil from a grass-
legume pasture was suppressive to the root pathogens associated
with yield decline.

Since long-term pastures and fallows are unlikely to
be cost-effective within a sugarcane farming system, the
biological effects of breaking the sugarcane monoculture with
an alternative crop were of more interest from a practical
perspective. Results indicated that a break crop reduced
populations of some pathogens (i.e. P. zeae) but also reduced
total and labile C (Table 3) and, therefore, did not enhance the
biological properties that were improved by the pasture treatment
(Pankhurst et al. 2003, 2005b). The reduction in both forms
of C was almost certainly due to the tillage practices involved
in planting successive crops and this suggested that growing
rotation crops with minimum tillage was an option worthy of
further investigation.

Minimum tillage

The establishment of field experiments in 2000 that included
minimum tillage in both the soybean and sugarcane phase of the
cropping cycle provided opportunities to examine the effects
of tillage on the soil biology. The most obvious effect was
the response of the soil macrofauna (particularly earthworms)
to planting both a soybean crop and the following sugarcane
crop into undisturbed beds using planters with double disc
openers. Nine months after planting sugarcane, earthworm
densities were 7.7 worms/m2 in conventionally tilled plots and
40 worms/m2 in direct-drilled plots (Bell et al. 2003). This
earthworm response was mirrored by increases in the frequency

and diversity of other macrofauna and is consistent with
responses to reduced tillage and improved soil organic matter
status in other Australian cropping systems (i.e. Bell et al. 1997).
These changes in macrofauna had a positive impact on soil
macroporosity and produced large increases in water infiltration
following rainfall or irrigation. Thus, improved capture of
water during periods of low rainfall was probably the main
reason that crop yields increased in response to direct drilling
(Bell et al. 2003).

Recent studies using FLNs as a biological indicator have
also shown that tillage practices have marked effects on soil
biological properties (Stirling et al. 2007). When leguminous
crop residue is incorporated by tillage, rhabditid and other
bacterial-feeding nematodes respond quickly to the inputs of
organic matter and often reach very high population densities.
This indicates that following a tillage event there is a period
of intense biological activity, (which may last for up to 20
weeks), as bacteria and bacterial-feeding nematodes rapidly
mineralise N and other nutrients from the legume residue. In the
absence of tillage, this peak in biological activity does not occur,
presumably because much of the leguminous resource remains
on the soil surface and is decomposed by the soil biota over
a much longer time period. Such observations have important
implications for nutrient management within sugarcane–legume
cropping systems. Soybeans and other legumes produce enough
N to satisfy the needs of the following sugarcane crop but
in tropical and subtropical environments, rapid mineralisation
following tillage can mean that this N is lost by leaching before
it is accessed by the developing sugarcane plant. In the absence
of tillage, more of the mineral N remains within the root zone
during the period of plant nutrient uptake (primarily the first 6–8
months of the growing season). Thus, yields tend to improve in
environments that are prone to leaching because the sugarcane
plant has late-season access to N (Noble and Garside 2000;
Garside and Berthelsen 2004; Bell et al. 2006a).

Residue retention

Sugarcane is unusual among agricultural crops in that large
quantities of crop residues are left behind when the crop is
harvested green. Typically, 7–12 t/ha of dry matter remains in the
field after an average sugarcane crop (Robertson and Thorburn
2000), but trash blankets of more than 20 t/ha are possible
following high yielding crops (Mitchell and Larsen 2000).
From both an economic and environmental perspective, it is
imperative that these residues are returned to the soil because soil
organic matter is universally regarded as a key factor associated
with soil health and agricultural sustainability (Dick and
Gregorich 2004).

Historically, Australian sugarcane crops were burnt before
harvest, but a change to GCTB has occurred in most districts over
the last 30 years. Perhaps the most obvious benefit of GCTB is
that the retained trash provides a protective cover, which insulates
soil and roots from high temperatures, reduces soil losses due to
erosion and suppresses weed growth. Reductions in water losses
from a trash blanket are also significant, particularly in regions
where there is insufficient water for full irrigation (Chapman
et al. 2001).

From a biological perspective, the most important effect of
GCTB is to increase the amount of labile C in soil (Bell et al.



6 Australasian Plant Pathology G. R. Stirling

2001). Since this pool of sugars, enzymes and other readily
decomposable substrates is the energy source that sustains the
soil food web, it plays a key role in sustaining soil biological
activity. Thus, it is not surprising that the concentration of labile
C and the amount of microbial biomass in soil are strongly
correlated (Moody et al. 1999). In the new sugarcane farming
system, residues from both sugarcane and the leguminous
rotation crop have a positive impact on general microbial activity
but have somewhat different effects on the composition of
the microbial community. Sugarcane trash tends to increase
the ratio of fungi to bacteria (Bell et al. 2007b), whereas
leguminous residues (which have a lower C/N ratio) tend to
favour bacteria, at least during the initial stages of decomposition
(Stirling et al. 2007).

Another biological effect of retaining crop residues is the
response of earthworm populations. Bell et al. (2003) showed
that earthworm numbers responded positively to minimum
tillage, but retention of crop residues (particularly those
accumulated during a soybean fallow) had an even greater effect.
Since earthworms are regarded as a positive indicator of soil
health (due to their capacity to access crop residues on the soil
surface and their effects on macroporosity), it is vital that their
food supply is maintained by retaining residues.

In addition to the structural benefits obtained via earthworms,
Braunack and Ainslie (2001) showed that residue retention
had a positive impact on a range of other important soil
physical properties, including bulk density, saturated hydraulic
conductivity and aggregate stability. Residue retention is
particularly valuable in soils where surface crusting impedes
water infiltration. Infiltration rates improve under a trash blanket
because the concentration of labile C increases and it is the
primary determinant of aggregate stability in light textured and
non-cracking soils (Moody et al. 1999). This was confirmed
by Bell et al. (2001), who showed that doubling labile C
concentrations from 0.5 to 1 g/kg increased infiltration rates from
∼25 to 60 mm/h.

Another important effect of retaining fresh leguminous crop
residues and sugarcane trash is that they contain significant
quantities of plant nutrients (Bell et al. 1998; Garside et al.
1998; Mitchell and Larsen 2000). When these residues
decompose, the nutrients are returned to the soil and become

available for plant growth. Legume residues, for example,
usually contain the equivalent to 200–300 kg N/ha, which is
more than enough to sustain a plant crop of sugarcane.
However, this N is readily lost by leaching in a tropical
environment. Legume residues are, therefore, best left on the
soil surface rather than incorporated, as this slows the rate of
mineralisation and downward movement (Garside et al. 2004).
Fresh sugarcane trash has the opposite effect, immobilising N
in microbial biomass and, therefore, tending to reduce losses
due to leaching and denitrification. However, the N eventually
becomes part of the soil organic matter N pool. This pool
gradually mineralises over time and may contribute a significant
proportion of a sugarcane crop’s N requirements (Robertson and
Thorburn 2000).

Integrated components

The sugarcane farming system proposed by the SYDJV
integrates crop rotation, minimum tillage and residue retention
into a farming system where all components will produce
benefits. Providing compaction problems are avoided by
controlling traffic, soil health should gradually improve once
the new system is adopted, although it is expected to take
many years for the full benefits to manifest themselves. Data
from a survey carried out in 2007 comparing sugarcane soils
managed under the conventional and new farming system with
soils in close proximity that were under permanent grass pasture
(G. R. Stirling and P. W. Moody, unpubl. data) showed that
there had been a slight improvement in chemical and biological
properties at sites where the new farming system had been in
place for 4–6 years. Microbial activity, numbers of FLNs and
the concentration of water soluble C were all significantly higher
in soils under the new farming system than in those managed
conventionally (Table 4). However, the results also showed that
the chemical and biological status of pasture soils was markedly
better than soils under either sugarcane farming system. Given
that soil properties under a pasture are likely to be as good as
is achievable in a particular soil type and environment, these
observations provide a cursory lesson as to how far sugarcane
soils have been degraded over the years by the conventional
farming system.

Table 4. A comparison of various chemical and biological parameters in conventionally managed sugarcane
soils, in soils under the new sugarcane farming system for 4–6 years, and in soils under permanent grass

pasture (G. R. Stirling and P. W. Moody, unpubl. data)
Data are means from three replicate samples at 11 sites between Tully and Maryborough, Queensland, Australia
where three soil management and land use practices were available in close proximity to each other on the same

soil type. Numbers within each row followed by the same letter are not significantly different (P = 0.05)

Conventional New Pasture

Total organic carbon (C) (g/kg) 14.0 b 14.2 b 27.0 a
Labile C (g/kg) 1.14 b 1.27 b 2.37 a
Water soluble C (mg/kg) 117 c 130 b 211 a
Microbial activity (μg FDA/g.min)A 0.46 c 0.53 b 1.01 a
Cellulase activity (μg PNP/g.day)B 4.5 b 5.5 b 26.0 a
No. free-living nematodes/200 mL soilC 1287 c 1949 b 3630 a

AMeasured as the rate of degradation of fluorescein diacetate (FDA).
BMeasured as the rate of release of p-nitrophenyl (PNP) from the substrate p-nitrophenyl β-D-glucopyranoside.
CValues are back-transformed means of transformed data [log10 (no. nematodes + 1)].
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Since it is now possible to grow sugarcane in a way that
resembles an undisturbed perennial grass pasture, long-term
improvements in soil chemical and biological properties will
occur as the new farming system is implemented more widely.
It may take many years for significant improvements to occur,
but ∼18 t C/ha would eventually be sequestered if sugarcane
soils could be improved to a point where soil C levels matched
those under pasture. This C will play a vital role in improving
soil health and may also provide growers with a small annual
monetary return under C trading schemes being introduced
by governments as a response to global warming. However,
given the current demand for crop residues as an energy
source for electricity production, as a mulching material for
suburban gardens or as a bedding material in animal production
facilities, C is more likely to be exported from sugarcane fields
rather than sequestered in soil. Sugarcane trash is currently
worth between $140 and $200/ha (depending on the size of
the crop harvested), and many growers see it as a resource
that should be exploited. Therefore, it remains to be seen
whether sugarcane growers will continue to degrade their soil
or whether they will take a longer-term view and recognise
that most of the organic matter produced on a farm should be
retained, and used to restore what is possibly a grower’s most
valuable asset.

The importance of PPNs in sugarcane production

Sugarcane hosts a greater range of PPNs than most
other cultivated crops, with at least eight genera being
reasonably common in most sugarcane-growing countries of
the world (Cadet and Spaull 2005). In Australia, the most
widespread nematodes are lesion nematode (P. zeae), root-
knot nematode (predominantly Meloidogyne javanica), spiral
nematode (Helicotylenchus dihystera), stubby root nematode
(Paratrichodorus minor), stunt nematode (Tylenchorhynchus
annulatus), reniform nematode (Rotylenchulus parvus), dagger
nematode (Xiphinema elongatum) and various ring nematodes
in the genera Criconema, Criconemella and Ogma (Blair et al.
1999a, 1999b). Thus, root damage caused by nematodes always
involves several species with different feeding habits and varying
degrees of pathogenicity (Stirling and Blair 2000).

In Australia, symptoms caused by stubby root and dagger
nematodes (swelling and malformation of root tips and stunting
of roots) are sometimes seen in very sandy soils but the
nematodes of greatest economic importance are root-knot and
lesion nematode. Root-knot nematode, which is primarily a
problem in coarse-textured soils, produces the most distinctive
symptoms, as plants begin to wilt when moisture is limiting,
tillering is reduced and the height of the canopy may vary
considerably because shoot elongation is affected. Below
ground, swellings and galls are readily apparent on primary
roots and the fine root system. Since galls often form at the
root tip, the primary roots cease to elongate and root length
can be substantially reduced (Stirling and Blair 2000). Damage
caused by lesion nematode is much more subtle, as the effects
of the nematode are difficult to recognise unless a non-infested
crop is available for comparison. A lesion nematode problem is
also difficult to definitively diagnose because the root symptoms
produced by the nematode (reddish-purple lesions on new roots,
destruction of fine roots) may also be caused by other soilborne

pathogens (Stirling and Blair 2000; Blair 2005). Nevertheless,
lesion nematode is probably the most important nematode pest
of sugarcane in Australia because its distribution is not limited
by soil type and it, therefore, occurs in every sugarcane field in
Qld (Blair et al. 1999a, 1999b).

The initial SYDJV rotation experiments suggested that PPNs
were affecting sugarcane production, as there were large yield
responses to treatments (soil fumigation, bare fallowing and
crop rotation) that all reduced nematode populations (Stirling
et al. 2001). However, more definitive evidence for the role
of nematodes was obtained by applying nematicides (aldicarb
and fenamiphos) to plant and ratoon crops and measuring
their effects on the growth and yield of sugarcane. The yield
responses obtained were 15.3% in plant crops and 11.6% in
ratoons (averaged over 16 field experiments), demonstrating that
nematodes were significant pests of sugarcane and were costing
the Australian sugar industry more than $80 million annually in
lost production (Blair and Stirling 2007). The entire community
of pest nematode contributed to these crop losses, but final yield
responses correlated most consistently with the number of lesion
nematodes controlled.

Although the above results demonstrate that PPNs have the
capacity to reduce the yield of sugarcane, there are many other
pathogens that are also able to damage sugarcane roots (Magarey
1986; Magarey and Croft 1995; Magarey et al. 1995, 1997a).
These pathogens interact in the root zone and this complexity
means that it is almost impossible to attribute responses to
biocides or fallow treatments to particular organisms or groups
of organisms. This was demonstrated by Pankhurst et al. (2002),
who showed that when nematodes were controlled with the
nematicide aldicarb, the biomass of the sett root system was
equivalent to plants grown in fumigated soil. However, once
the shoot roots appeared, root health in aldicarb-treated plants
began to decline relative to those in fumigated soil, apparently
due to infection by pathogenic fungi. This result suggests that
both nematode and fungal pathogens have to be controlled to
maximise plant growth and this was later confirmed by two
experiments in the field. In a short-term experiment, Pankhurst
et al. (2005a) found that sugarcane did not respond to treatment
with aldicarb, whereas the plant growth response to aldicarb
plus a fungicide (mancozeb) was similar to that obtained with
soil fumigation. Somewhat similar results were obtained when
biocides were applied to sugarcane that was planted in soil with
different fallow histories (sugarcane monoculture, bare fallow,
legume crop or pasture). Yields following aldicarb were similar
to or lower than the untreated control in all except the bare fallow
history, whereas mancozeb alone or aldicarb plus mancozeb
produced similar yields to methyl bromide in all except the
pasture history (Garside et al. 2002; Pankhurst et al. 2005a).
Thus, the key pathogens in this experiment appeared to be fungi
and a nematicide was relatively ineffective unless fungi were
controlled.

Another issue that was addressed by the SYDJV is whether
the effects of nematodes are manifested early in crop growth
or later in the season. One of the most obvious effects of yield
decline is poor early season growth, as evidenced by the large
increases (100–200%) in shoot and stalk numbers that occur
within 50–100 days of planting sugarcane into fumigated or
fallowed soil (Garside et al. 1999). Very high populations of
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P. zeae (>5000 nematodes/g root) are found in sett and shoot
roots within 70 days of planting (Pankhurst et al. 2005a; Blair
and Stirling 2006) and a comparison of the effects of aldicarb
and methyl bromide suggest that the nematode is contributing to
poor early growth in yield decline soils (Blair and Stirling 2006).
However, the results of studies discussed previously (Pankhurst
et al. 2002, 2005a) suggest that fungal pathogens are probably
more important at the early growth stage. This suggestion is
supported by Blair and Stirling (2007), who showed that lesion
nematode did not have a major impact on crop establishment
and that the responses to nematicides were mainly manifested
as increased stalk elongation late in the season. The entire
community of pest nematodes appeared to be contributing to this
effect, but stalk length and final yield responses correlated most
consistently with the number of lesion nematodes controlled by
nematicides (Blair and Stirling 2007).

Effect of components of the new farming system
on PPNs

Crop rotation

Grass crops such as maize were never seriously considered as
rotation crops in the new sugarcane farming system because
they increase populations of P. zeae and probably act as a host
to other grass-specific pathogens. Sugar beet, a crop that could
be processed using milling facilities that are already available
to the sugar industry, was tested in initial experiments but was
not considered further because it was badly damaged by root-
knot nematode. Soybean was, therefore, the preferred rotation
crop, largely because it consistently increased sugarcane yields,
grew well in wet tropical environments, contributed more N
than other legumes and provided significant cash returns when
harvested for grain (Bell et al. 1998; Garside et al. 1998;
Garside and Bell 2001). Soybean also proved an excellent
choice for reducing populations of P. zeae. Results from the
initial rotation experiments showed that a single soybean crop
markedly reduced populations of lesion nematode and once
sugarcane was replanted, populations remained at lower levels
than the continuous sugarcane treatment for at least the first 6
months (Stirling et al. 2001). Since the basis for improved yield
following fumigation or a break is apparent as faster shoot and
stalk development very early in the life of the crop (Garside et al.
1999), this early nematode control was believed to contribute
to the yield response following soybean. This hypothesis was
supported by the results of later field and glasshouse studies, but
observations at some sites suggested that the benefits of early
nematode control were only realised when deleterious fungi were
also controlled (Pankhurst et al. 2005a).

In the years since the first rotation experiments were
completed, the role of a single soybean crop in reducing
populations of P. zeae has been confirmed in other field
experiments (Stirling et al. 2002; Bell et al. 2006b). Studies
on five farms in north Qld where soybean had been introduced
into the rotation showed that lesion nematode populations were
substantially reduced relative to continuous sugarcane (Stirling
et al. 2002), while observations on a larger sample of commercial
farms (Table 5) showed that a legume crop (predominantly
soybean) reduced lesion nematode numbers by an average of
84%. The decline in lesion nematode numbers following soybean
is paralleled by other parasitic species that are hosted mainly
by grasses (notably P. minor, T. annulatus and R. parvus),
and this means that the total number of PPNs is generally
reduced following soybean. On the other hand, numbers of FLNs
(particularly the bacterial feeding rhabditids) increase as soybean
residues decompose (Stirling et al. 2007). These nematodes
are important because they graze on microbial populations and
increase the supply of nutrients such as N and phosphorus (P) to
plants (Ingham et al. 1985). Since the ratio of FLNs to PPNs
greatly increases following soybean (Stirling et al. 2002), a
soybean fallow provides two benefits to the following sugarcane
crop, i.e. improved nutrition through enhanced nutrient cycling
and a reduction in the number of parasitic nematodes capable of
attacking the developing crop.

One lesson from the initial rotation experiments was that any
nematode control obtained from a rotation crop was relatively
short lived. Nematode populations were reduced for ∼6 months
after planting, but in most cases populations had returned to
levels found in plough-out replant situations by the time the
plant crop was harvested (Stirling et al. 2001). However, in
these experiments, the soil was always cultivated when land
that had grown a rotation crop was returned to sugarcane.
Evidence presented later in this paper suggests that reinvasion
may not have been as rapid if sugarcane had been replanted
into a soil that had been left undisturbed after the rotation
crop matured.

One concern with the introduction of soybean into the
sugarcane farming system was the possibility that root-knot
nematodes would cause problems, either by damaging the
soybean crop or being carried over at high population densities to
the following sugarcane crop. However, experience over the last
few years has shown that this has not been a major issue, probably
because most of the sugarcane in Australia is grown on medium
and heavy-textured soils that tend to limit multiplication of root-
knot nematode. In coarse textured soils where the root-knot
nematode may cause severe damage to soybean, a relatively short
fallow and the use of cultivars with some nematode resistance

Table 5. The impact of recent cropping or fallow history on nematode population densities (mean ± s.e.)
when 49 fields on commercial farms were replanted to sugarcane (after Stirling et al. 2007)

Parameter Plough-out replant Non-legume fallow Fallow legume
(n = 12) (n = 14) (n = 23)

Plant-parasitic nematodes/200 mL soil 540 ± 71 219 ± 77 303 ± 96
Pratylenchus/200 mL soil 305 ± 50 157 ± 75 48 ± 12
Free-living nematodes/200 mL soil 2758 ± 814 1836 ± 365 2745 ± 485
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(i.e. cv. Stuart) will help overcome the problem (Stirling et al.
2006b).

Although work in the SYDJV has focused mainly on soybean,
it is now apparent that other legumes provide beneficial effects
with regard to nematode control. Lablab, cowpea and velvetbean
reduce populations of P. zeae while both peanut and velvet bean
are effective against M. javanica and M. incognita (Stirling
et al. 2006a, 2006b). Peanut is proving a particularly effective
rotation crop in the southern part of the sugar industry because
of its resistance to all the species and races of Meloidogyne that
occur in tropical and subtropical regions of Australia.

Minimum tillage

When the new farming system was being designed in the late
1990s, the SYDJV team considered that in terms of nematode
control, the major benefits would come from the fallow legume
component of the farming system. However, later results have
shown that a reduction in tillage, (which became possible with
the introduction of controlled traffic) provides additional benefits
that were unexpected.

Initial experiments comparing minimum and conventional
tillage showed that when sugarcane was planted using direct
drilling, numbers of P. zeae and total populations of PPNs were
higher than following conventional tillage (Bell et al. 2003).
Similar results were later obtained by Stirling et al. (2007),
who showed that pre-plant populations of P. zeae were relatively
high following minimum tillage and that the conventional tillage
operations used by growers reduced lesion nematode populations
by ∼75%. The reasons for this effect have not been investigated,
but it is presumably due to nematodes being damaged by tillage
implements, rapid drying of nematode infested roots and soil
when it is brought to the surface during the tillage operation
and dilution effects from mixing heavily infested soil in the
planting row with less infested soil from the inter-row and deeper
soil layers. Regardless of the reasons, the tillage effect was
observed so consistently that it raised concern about whether
a move towards direct drill planting would exacerbate nematode
problems.

The first evidence that minimising tillage did not worsen
nematode problems was obtained from a field experiment
planted at Bundaberg in 2003. Treatments included various
lengths of bare fallow, grass and legume breaks and some
organic amendments (Bell et al. 2006b), but those of most
interest from a nematological perspective are listed in Table 6.
The breaks had the expected effects on populations of P. zeae,
with the nematode population density at the time of planting
sugarcane (Pi) declining as the length of the bare fallow
increased, the legume break reducing nematode populations
to very low levels relative to continuous sugarcane and the
grass pasture maintaining moderate populations of nematodes.
However, there were marked differences in the way lesion
nematode populations responded when sugarcane was replanted.
Nematode multiplication rates in the first 13 months after
planting were much higher in fallowed soil than in soil that had
been cropped, probably because biological activity had declined
markedly in the fallow (Bell et al. 2006b). Although differences
in final population densities were not always significant, the
nematode did not multiply as readily in non-tilled soils and the
final nematode population in the non-tilled legume treatment

Table 6. Effect of rotation and tillage treatments on initial population
densities (Pi) of Pratylenchus zeae, and final nematode population
densities (Pf) on sugarcane at plant crop harvest (modified from Bell

et al. 2006a)
Means within a column followed by the same letter are not significantly

different (P = 0.05)

Treatment Tillage No. P. zeae/200 mL soil
Pi Pf

30-month bare fallow + 1 a 1103 a
12-month bare fallow + 43 b 1224 a
6-month bare fallow + 81 b 729 ab
Continuous sugarcane + 285 c 777 ab
30-month grass pasture + 81 b 478 ab
30-month grass pasture – 125 b 315 b
30-month legume crop + 1 a 958 ab
30-month legume crop – 1 a 378 ab

was one third the magnitude of the 30-month bare fallow
treatment, despite the fact that Pi in both treatments was similar
at planting.

The above result suggested that lesion nematode
multiplication rates are influenced by the background soil
biology and that nematodes rapidly reinfest sugarcane after it is
replanted because the biology is disturbed by the conventional
tillage practices used during the planting operation. This
hypothesis was recently tested using soil from two sugarcane
fields by comparing nematode multiplication in 20 cm long,
10-cm diameter pipes filled with soil that had either been
collected as undisturbed cores, sterilised by autoclaving or
disturbed by periodically mixing it by hand over a period
of 55 days. Sugarcane was planted in each pipe and then
P. zeae was added to half the pipes such that the initial
inoculum density in those pipes was similar in all treatments
(∼250 nematodes/200 mL soil). In another experiment with
M. javanica, all inoculated pipes received the same number
of nematodes (∼130 second-stage juveniles/200 mL soil). The
results of the first experiment (Table 7: G. R. Stirling, unpubl.
data) showed that P. zeae multiplied best in autoclaved soil
and least in undisturbed soil. In pipes that were not inoculated,
the final nematode population was much higher in disturbed
than undisturbed soil, despite the fact that the initial nematode
density was much lower in disturbed soil because of nematode
mortality during the mixing process. In inoculated pipes,
populations of P. zeae increased ∼11 times in autoclaved soil,
whereas there were only 5-fold and 2-fold increases in disturbed
and undisturbed soil, respectively. In the second experiment,
M. javanica was only detected in inoculated soils, with final
nematode numbers significantly higher in autoclaved and
disturbed soil than in undisturbed soil (Table 7).

The above results show that the soil biology can have marked
effects on nematode multiplication rates. PPNs rapidly reinvade
soils that are subjected to extremely disruptive treatments
(i.e. soil fumigation, autoclaving or long bare fallows) and
soon reach very high population densities. Less destructive
practices (i.e. tillage) also increase nematode multiplication
rates but multiplication is generally lowest in soils that remain
undisturbed. The challenge of the future is to determine
which suppressive mechanisms are affected by tillage and
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Table 7. Final nematode population densities in two experiments where sugarcane was grown
in pipes filled with autoclaved, disturbed or undisturbed soil that was either inoculated with
Pratylenchus zeae (experiment 1) or Meloidogyne javanica (experiment 2), or not inoculated

(G. R. Stirling, unpubl. data)

Experiment 1 Experiment 2
No. Pratylenchus/200 mL soilA No. Meloidogyne/200 mL soilA

Inoculated Not inoculated Inoculated Not inoculated

Autoclaved 2817 a 0 d 285 a 0 c
Disturbed 1276 b 1663 ab 157 a 0 c
Undisturbed 514 c 464 c 20 b 0 c

ANematode numbers are back-transformed means of transformed data [log10 (no. nematodes + 1)].
Within each experiment, numbers followed by the same letter are not significantly different (P = 0.05).

understand how they are influenced by various soil management
practices.

From a practical perspective, it is too early to draw firm
conclusions on the impact of minimum tillage on nematode
pests, but current evidence suggests that nematode damage
should be less severe. Soil physical properties will improve
once tillage is removed from the farming system and since
damage thresholds are influenced by environmental factors
(McSorley and Phillips 1993), the number of nematodes required
to cause economic damage should increase. Second, the soil
food web will become more active and diverse as soil C levels
increase and this will enhance predation on PPNs. Third, the
suppressive forces that normally regulate nematode populations
in undisturbed soil are likely to be better preserved and should
therefore be more effective in minimum till situations.

Organic matter

As mentioned previously, one characteristic of sugarcane
production is that large amounts of organic matter are available
for return to the soil. Thus, when a crop yielding 125 t fresh
weight/ha is harvested, ∼20 t (dry weight)/ha of crop residues
(equivalent to ∼8 t C/ha) are left behind in the trash blanket
(Mitchell and Larsen 2000). Additionally, waste products of the
sugar milling process such as mill mud are often applied to farms
located near sugar mills. Mill mud is usually applied at ∼150 t
(moist weight)/ha, which is sufficient to supply most of the P,
magnesium, calcium and sulfur and some of the N and potassium
required by the crop (Qureshi et al. 2001). If it is assumed that
its moisture and C contents are 75 and 27%, respectively (Barry
et al. 1998; Bloesch et al. 2003), a further 10 t C/ha is, therefore,
added to the soil.

Given the quantities of organic matter available for
application to sugarcane soils and the fact that organic
amendments are known to play a role in suppressing nematode
pests (see reviews by Muller and Gooch 1982; Stirling 1991;
Akhtar and Malik 2000), the SYDJV decided to examine
the effect of organic matter on nematode populations in the
sugarcane farming system. On other crops, most of the recent
research in this area has been done with N rich amendments
(i.e. animal manure, meat and bone meal, soy meal, oil cakes
and chitin) as they produce ammonia, nitrous acid and other
compounds at nematicidal concentrations when applied at rates
as high as 100 t/ha (Rodriguez-Kabana 1986; Lazarovits et al.
1999). However, the SYDJV took a different path because

of concerns about the environmental consequences of adding
large amounts of N to soil. Rather than trying to achieve
what is little more than a fumigation affect with ammonia and
other nitrogenous compounds, we concentrated on using organic
amendments to change the soil biology and, therefore, provide
longer term control of nematodes. Interestingly, results from our
first study showed that 4 and 7 months after N rich amendments
such as mill mud were added to soil, they had no impact on
either root-knot or lesion nematode (Stirling et al. 2003). In
contrast, materials with a high C/N ratio (i.e. sugarcane trash)
were suppressive to both nematodes.

The results of the above experiment suggested that low
concentrations of nitrate N and a fungal dominant soil biology
were key requirements for sustaining these natural systems of
biological control. Since this type of chemistry and biology is
achievable with sugarcane trash and it is in plentiful supply on
sugarcane farms, follow-on work has concentrated on using it as
an amendment. The results of those studies (Stirling et al. 2005)
showed that when sugarcane was planted into soil amended
23 weeks previously with sugarcane trash (with or without
additional N), mid-season populations of P. zeae in soil and
roots were reduced by 85 and 95%, respectively, relative to non-
amended soil (Table 8). The amount of nitrate N present in the
suppressive soils depended on whether additional N had been
applied with the sugarcane trash amendment, but concentrations
were often less than 5 mg N/kg dry soil and generally less than
30 mg/kg. Since an unidentified predatory fungus was found in
the amended but not the non-amended soil and some fungi are

Table 8. Effect of sugarcane trash (SCT) with or without soybean
residue (SR) or nitrogen (N) on populations of Pratylenchus zeae,
Tylenchorhynchus annulatus and free-living nematodes on sugarcane

170 days after planting (modified from Stirling et al. 2005)
Values are back-transformed means of transformed data [log10 (no.
nematodes + 1)]. Numbers within each column followed by the same letter

are not significantly different (P = 0.05)

P. zeae/g root No. nematodes/200 mL soil
P. zeae T. annulatus Free living

Nil 3467 a 1777 a 676 a 851 c
SCT 147 b 194 b 203 b 2398 a
SCT + SR 134 b 177 b 208 b 1258 bc
SCT + N 218 b 536 b 185 b 1548 ab
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thought to scavenge for additional N in low N environments
by preying on nematodes (Barron 1992; Tzean and Liou 1993),
fungal predation on nematodes may have been responsible for
the suppressive effect.

Current work on nematode suppressive soils is aimed at
obtaining more information on the role of predatory fungi in
suppressing PPNs in environments where N is immobilised
by high C/N amendments. Key objectives are to understand
the level of C inputs required to maintain suppression and
determine whether there is an inverse relationship between
predatory activity and soil N concentration. If the latter question
is answered in the affirmative, then the practical issue is whether
natural biological control systems can be sustained in soils
where a certain amount of N is required by the sugarcane crop.
Perhaps the answer is to apply N in narrow bands so that the
N concentration in most of the root zone remains relatively low.
Another issue that will require further research is whether the soil
management practices that suppress nematode pests are useful
against other components of the root disease complex.

Mulch

The beneficial effect of reduced tillage and amendments of
sugarcane trash in enhancing biological suppression of PPNs
raises questions about how best to manage the trash blanket
which remains on the soil surface through most of the sugarcane
cycle. Since the tillage required to incorporate crop residues
into soil can have both positive and negative effects on the
suppressive mechanisms involved, is it better to leave the
residue on the soil surface or incorporate it? The results of a
recent experiment (G. R. Stirling, unpubl. data) provide some
interesting insights into this dilemma. Sections of pipe 11 cm
long and 10 cm in diameter were filled with soil that had been
fumigated with methyl iodide and then amended with sugarcane
trash or sugarcane trash plus soybean residue, or with soil
that had been fumigated but not amended with organic matter.
To allow the soil biota to re-establish, pipes were then buried
upright in the field. Half the pipes were covered with a blanket
of sugarcane trash and the remainder covered with ∼10 mm
of field soil, resulting in a factorial experiment with three
amendments and two mulch treatments. Four replicates of each
treatment were removed 18 and 27 weeks after the experiment
commenced and assayed for suppression to root-knot nematode
by planting a tomato seedling in each pipe, inoculating the
soil with eggs of M. javanica and counting the number of
eggs produced on the root system after 7 weeks. Suppression
to lesion nematode was assessed in a concurrent experiment
by adding P. zeae and measuring nematode reproduction on
maize over the same period. The results showed that there were
significant amendment and amendment × mulch effects in some
assays, but the most interesting outcome was the consistent main
effect of mulching. Multiplication of both root-knot and lesion
nematodes was consistently reduced in mulched soils (Table 9),
despite the fact that the soil biota had previously been eliminated
with methyl iodide. Interestingly, the concentration of labile C
was 13–33% higher in mulched soils than in the equivalent
amendment treatment when it was not mulched.

Several field studies also provide evidence to suggest that
populations of PPNs decline when soils are mulched with a
trash blanket and are not disturbed by tillage. For example, data

Table 9. The effect of mulching on nematode reproduction in
fumigated microcosms that were buried in the field with and without
a blanket of sugarcane trash for 18 or 27 weeks and then assayed using
Meloidogyne javanica and Pratylenchus zeae (G. R. Stirling, unpubl.

data)
Values are back-transformed means of transformed data [log10 (no.
nematodes)]. Within each row, numbers followed by the same letter are not

significantly different (P = 0.05)

Assay Time No. of nematodesA

No mulch Mulch

Root-knot nematode 18 weeks 102 329a 23 933b
27 weeks 249 460a 97 273b

Lesion nematode 18 weeks 4076a 1057b
27 weeks 24 888a 14 092b

AThe number of eggs of M. javanica per tomato root system (root-knot
nematode assay) or the number of P. zeae recovered from maize roots
(lesion nematode assay).

from a comprehensive survey (Blair et al. 1999a) showed that
populations of lesion nematode were ∼65% lower in second and
third ratoons than in plant crops. In a later study of nematode
population dynamics, Blair and Stirling (2007) noted that in
12 of 13 fields where data were collected, root-knot nematode
populations were higher in the plant crop than in the first ratoon.
Since the main difference between the soils supporting plant and
ratoon crops is that virtually no tillage occurs after planting and
a layer of sugarcane mulch covers the soil surface from the time
the plant crop is harvested, it is likely that organic mulching
and lack of tillage are responsible for these effects. Whatever
the reason, these observations provide further evidence to
suggest that PPNs are most likely to cause problems following
a disturbance event.

In conclusion, the above results suggest that organic mulches
play an important role in enhancing biological suppression of
PPNs. The mechanisms involved are still to be determined,
but mulching provides C inputs to the soil, stabilises soil
temperatures, minimises soil moisture losses and creates an
environment that is conducive to soil biological activity. Thus,
mulching probably enhances suppressiveness by increasing the
number and diversity of numerous parasitic and predatory
organisms in the soil food web.

The vegetable industry in tropical and subtropical
Australia

The vegetable industry is important in tropical and subtropical
regions of Qld, as almost all the sweet potato and much
of Australia’s winter production of tomato, cherry tomato,
capsicum, zucchini, snow pea, processed potato, rockmelon and
watermelon are produced in the Bundaberg, Childers and Bowen
regions or in the delta of the Burdekin River. In two of these
regions (Bundaberg–Childers and the Burdekin River delta), the
vegetable industry coexists with the sugar industry. Vegetables
are either grown on land that is temporarily leased from
sugarcane growers or on specialised farms that have developed
on land that could be used for sugarcane. In some districts, the
practice of leasing sugarcane land for vegetable production is
becoming increasingly common as specialist vegetable growers
try to find alternatives to their own land, which has often been
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degraded by more than 20 years of vegetable production. In
the Bundaberg-Childers region, for example, ∼5800 ha of land
are planted to vegetables each year, mostly on land that was
originally assigned to sugarcane.

Most of the vegetable crops with a high market value
(particularly tomato, capsicum and rockmelon) are grown using
a high input farming system that is sometimes referred to as
‘plasticulture’. Soil is cultivated aggressively during the land
preparation process, with rippers, disc and tyned implements
and rotary hoes being used to eliminate compacted layers from
the upper part of the soil profile. Specially designed equipment
is then used to form raised beds, apply basal fertiliser, install
trickle tubing and lay the polyethylene film that is used to cover
the beds. Soil fumigants (metham sodium or a mixture of 1,3-
dichloropropene and chloropicrin) are usually applied at this
time, although metham sodium is sometimes applied later via
the trickle irrigation system. Water is supplied directly to the
root zone of the plant via trickle tubing, while soluble fertilisers
are applied as foliar sprays or through the irrigation water (a
practice known locally as ‘fertigation’). After the first crop is
harvested, a follow-on crop (often a relatively short-term crop
such as zucchini) is usually grown before the plastic mulch and
trickle tubing is retrieved from the field and disposed of at a
recycling facility. On farms specialising in vegetable production,
this process is repeated every year, perhaps with no more than a
green manure crop between each cycle.

A survey carried out by Pung et al. (2003) provides a
snapshot of the farming system used for capsicum production
in Bundaberg. The fact that half of the 20 fields surveyed had
grown at least one solanaceous crop every year for the previous
5 years, with one field producing more than two crops per year,
provides an indication of the intensity of the production system.
This system is dependent on soil fumigation, with one of the
fields surveyed having been fumigated 11 times during that
5-year period. Practices likely to increase soil C levels and
improve soil health were almost totally neglected, with two
thirds of the fields having not grown a green manure crop in
the previous 5 years.

The farming system used for root and tuber crops such as
sweet potato and processed potato also shows a similar disregard
for soil health, as the soil is still cultivated aggressively before
and after each vegetable crop. However, there are differences
from the farming system used for higher value crops, as beds are
not covered with plastic and rotation crops are included more
frequently. Although the soil is rarely fumigated, insecticides
and nematicides are applied in situations where damage from
soil insects and root-knot nematode is expected.

Although the above soil management practices are the norm
on specialised vegetable farms, they are also used on sugarcane
land when it is leased for vegetable production. Since such land
is only available for 1 or 2 years, growers leasing the land aim to
produce as many vegetable crops as possible during this period
and rarely consider the long-term impact of their management
practices on soil health.

Soil health and soilborne diseases in the vegetable
industry

It should be clear from the preceding outline of the vegetable
farming system that soils used for intensive vegetable production

are usually in a parlous state from a soil health perspective.
There are many reasons for the unhealthy state of vegetable
growing soils, but the lack of organic inputs is probably the
most important factor. Fields are often bare fallowed for several
months each year and even when beds are formed, there may
be a further month of two of fallow (perhaps with an additional
solarisation effect from the plastic mulch) before the crop is
planted. Since vegetable crops grow for no more than 3–4
months and have a relatively small and shallow root system,
there are virtually no organic inputs unless a green manure crop
is grown. When such inputs do occur, they are largely negated
by the tillage practices used to prepare the land for the next
vegetable crop.

The survey carried out in Bundaberg by Pung et al. (2003)
confirms the poor state of vegetable growing soils in Qld.
Soil samples were collected from the 20 previously mentioned
capsicum fields and a wide range of physical, chemical and
biological parameters were measured. Adjacent undisturbed
pastures were used as standard reference sites to provide
an indication of a soil’s biological potential in the same
environment. The results (summarised in Table 10) clearly show
that Bundaberg vegetable growing soils are degraded from a
chemical and biological perspective. All measured parameters
were substantially poorer in soils under capsicum than in similar
soils under pasture. The concentration of labile C was about
half that in pasture soils and microbial activity was more than
five times less than in pasture. Whether fungal measurements
were done using culture methods, fatty acid methyl esters
derived from phospholipids or by counting fungal feeding
nematodes, the data also showed that fungi were a particularly
deficient component of the microbial community in vegetable
growing soils. The very low number of omnivorous nematodes
indicated that either the components of the soil food web
on which they feed (i.e. algae, fungi, nematodes and other
small invertebrates) were depleted or that these relatively large
nematodes had been affected by the tillage practices used in
vegetable production. Large soil dwelling organisms, including
omnivorous nematodes, are particularly sensitive to tillage
(Wardle 1995; Kladivko 2001) and often provide an indication
of the level of disturbance in a given environment (Yeates
and Bongers 1999). Their absence indicates that the biological
community is stressed and has lost the nematode and invertebrate
predators that normally form the higher trophic levels of the soil
food web.

Since the above study did not include sugarcane growing
soils, it is not possible to compare Bundaberg vegetable growing
soils with those used for sugarcane production. However, data
accumulated by the SYDJV and presented in Tables 3 and 4
suggest that the chemical and biological properties of sugarcane
soils are generally better than those used for vegetables.

These observations on the poor state of vegetable growing
soils do not mean that the current vegetable farming system is
not productive. High yields are the norm, largely because soil
health is sacrificed to achieve good plant health. The soil is little
more than a medium to support the plant and high productivity
is achieved through high inputs of water and nutrients, routine
use of soil fumigants and strict attention to controlling pests
and diseases of the foliage and fruit. Such farming systems
are believed to be essential in an industry where growers
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Table 10. Some measures of the chemical and biological status of soils under capsicum and pasture in fields at Bundaberg,
Queensland, Australia (modified from Pung et al. 2003)

Values are means ± s.e.

Analysis Parameter Units Capsicum (n = 20) Pasture (n = 4)

Fatty acid methyl esters Total bacteria μg/g soil 0.81 ± 0.08 2.12 ± 0.24
derived from phospholipids Fungi μg/g soil 0.02 ± 0.003 0.22 ± 0.05
(PL-FAMEs) Mycorrhizal fungi μg/g soil 0.036 ± 0.007 0.15 ± 0.03

Total PL-FAMEs μg/g soil 2.48 ± 0.25 8.06 ± 0.77

Culturable microorganisms Total bacteria Log colony forming 7.61 ± 0.16 7.54 ± 0.46
units (cfu)/g soil

Total fungi Log cfu/g soil 4.45 ± 0.19 5.13 ± 0.15

Nematode community Bacterivores (B) Nematodes/200 mL soil 958 ± 154 938 ± 356
Fungivores (F) Nematodes/200 mL soil 106 ± 18 1100 ± 207
Omnivores Nematodes/200 mL soil 3 ± 1 36 ± 7
B/(B + F) 0.88 ± 0.02 0.43 ± 0.12

Soil microbes Microbial activity μg FDA/g.minA 0.19 ± 0.04 1.10 ± 0.31
Microbial biomass mg/kg 26.3 ± 4.2 Not done

carbon (C)

Soil C Total C g/kg soil 11.7 ± 1.1 20.5 ± 4.7
Labile C g/kg soil 0.82 ± 0.06 1.54 ± 0.41

AFDA: fluorescein diacetate.

have legal obligations to fulfil contracts with large supermarket
chains and cannot afford the risk of crop failure (Chellemi and
Porter 2001).

One of the main risk-avoidance strategies currently used
for high value vegetable crops is soil fumigation. Many
tomato, capsicum and rockmelon growers are dependent on
soil fumigants because soilborne diseases are always a chronic
problem in farming systems with inadequate crop rotation.
However, the use of these broad spectrum biocides further
depletes a soil biology that is already stressed from practices
such as intensive tillage, eventually reducing the soil’s biological
buffering capacity to the point where pathogens rapidly
reestablish and the soil must be fumigated before every crop.
The main targets of soil fumigation vary with the crop but
include root-knot nematode, which can cause problems on most
vegetable crops, fungal pathogens such as Fusarium oxysporum,
which has various form species and races that are capable
of attacking particular crops, and a broad range of soilborne
pathogens that destroy roots and crowns or weaken root systems
(i.e. Pythium spp., Rhizoctonia solani, Sclerotium rolfsii and
Fusarium spp.).

Threats to the current vegetable farming system

Plasticulture has been practised in Australia for more than 30
years and is now entrenched as the main system of vegetable
production around the world. Its importance is demonstrated
by the willingness of the vegetable industry and governments
to spend hundreds of millions of dollars over the last 10–15
years testing alternatives to methyl bromide, an ozone depleting
fumigant that was withdrawn from the market in 2005. Despite
this investment, the vegetable industry remains vulnerable
to the loss of its remaining soil fumigants. Three widely
used products (dibromo-chloropropene, ethylene dibromide
and methyl bromide) have been withdrawn from sale since
1970 and the volatile compounds that remain will always be

closely scrutinised by regulatory authorities because of their
potential to escape to the atmosphere and move off-site, or
to contaminate groundwater. The broad spectrum of activity
of all fumigants is also an anachronism in an era where
newly developed agricultural chemicals tend to have relatively
specific targets.

There are many other pressures on the vegetable industry that
have the potential to shape its medium and long-term future. One
of the most important is production costs, which continue to
rise because skilled labour is in short supply and farm workers
must have the capacity to operate machinery and understand
the basics of agriculture. Because of its dependence on fuel,
plastics, fumigants, pesticides and other manufactured products,
the vegetable industry is also vulnerable to cost pressures that
are inevitably linked to the rising price of fossil fuels. From
an environmental perspective, a major concern is the fate of
the nutrients currently used to grow vegetable crops. Since
approximately one-third of the nutrients applied to vegetables
are not removed in the harvested product or left behind in the
plant (Olsen et al. 1993), there is concern that these nutrients
will eventually move to ecologically sensitive areas off the Qld
coast. Another threat to the industry’s current farming system is
the gradual shift in consumer preferences towards food that is
produced in a more sustainable manner.

One issue that is becoming increasingly important in
traditional vegetable-producing areas such as Bundaberg is the
availability of land for vegetable production. Land that has grown
vegetables for at least 20 years now has relatively poor physical,
chemical and biological properties and soilborne diseases cause
chronic problems in many crops. Growers in this situation
have two options: they can utilise sugarcane land or shift to
hydroponic production. The former option would provide the
vegetable industry with a plentiful supply of good agricultural
land but is likely to meet increasing resistance from the sugar
industry. Millers are concerned that the sale of sugarcane land
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to vegetable growers will diminish throughputs and affect the
economic viability of sugar mills, while sugarcane growers have
to deal with the problem of diminished soil health when leased
land is returned to sugarcane. Instances of this latter problem are
now starting to appear, as sugarcane crops with severe root-knot
nematode problems are being seen in land that has recently been
used for tomato and capsicum. The fact that peanut (which does
not host the Meloidogyne spp. found in subtropical Australia)
was planted after the vegetable crop and before the sugarcane
suggests that changes in soil health rather than carryover of
nematodes from the previous vegetable crop may be responsible
for this problem. Current research is testing the hypothesis that
root-knot nematode multiplies rapidly in such situations because
the practices used in vegetable production have destroyed the
natural suppressive forces that normally keep the nematode
under control. If this hypothesis is supported by further research,
the sugar industry will receive a cursory warning about the
dangers of rotating sugarcane with vegetables that are grown
using current production practices.

The potential to better integrate sugarcane
and vegetable production

The current separation of the sugar and vegetable industries in
areas like Bundaberg seems incongruous. Crops such as tomato
and capsicum are being grown on degraded soils while sugarcane
land is in a much better state at the end of a 5- or 6-year sugarcane
cycle, particularly when the crop is grown using the new farming
system. The soil is in good physical condition, it has relatively
high levels of labile C and an active soil biota, while suppressive
mechanisms appear to be operating against nematode pests and
perhaps other soilborne pathogens. There is also a thick layer
of mulch on the soil surface from the last sugarcane crop,
and this conserves moisture and suppresses weeds. Therefore,
it would seem logical to try to better integrate sugarcane and
vegetable production. Soybean and other grain crops can now
be established by direct drilling into undisturbed sugarcane beds
and so it is not unreasonable to suggest that vegetable crops could
be planted in much the same way. A logical starting point would
be to use minimum till techniques to establish two or three rows
of vegetables on each sugarcane bed.

Although experience over the last few years has shown that
soilborne diseases do not cause major problems on leguminous
and other crops grown in rotation with sugarcane, vegetable
growers are likely to be apprehensive about their impact in
a sugarcane–vegetable farming system. However, this concern
may be misplaced because the pathogens present in sugarcane
soils are unlikely to pose a major threat to most vegetable
crops and risk assessment procedures are available for some of
the most important vegetable pathogens (Stirling et al. 2004).
The root-rotting pathogen Pythium myriotylum and root-knot
nematode (predominantly M. javanica) will be present in many
fields, but recent work suggests that they are likely to cause
limited damage in mulched, microbially active soils (Stirling
and Eden 2008). It should also be possible to reduce populations
of root-knot nematode by growing sugarcane varieties with
some nematode resistance before a vegetable crop (Stirling
2006). With regard to pathogens that are specific to certain
vegetable crops (i.e. Fusarium oxysporum f. sp. lycopersici,
the cause of fusarium wilt of tomato), soils that have been

under sugarcane monoculture will be free of such pathogens
and they are never likely to become a problem when the rotation
only includes a vegetable crop every 5 or 6 years (Stirling and
Ashley 2003).

Advantages of an integrated sugarcane–vegetable
farming system

From the point of view of the sugar industry, the development
of compatible ways of using vegetables as a rotation crop
would have a major economic impact. The benefits of crop
rotation are now generally accepted but most of the available
rotation crops produce relatively low returns (i.e. a gross margin
of $300–500/ha for soybean marketed for grain). Peanut and
soybean sold for human consumption are more valuable, but
crops such as capsicum, tomato, snow pea and rockmelon will
yield much higher returns. In an industry that is under pressure
from low sugar prices and rising costs, the introduction of
vegetables into the rotation provides growers with the option
of introducing rotation crops with gross margins ranging from
$3000 to $10 000/ha.

From the perspective of the vegetable industry, a farming
system that is compatible with sugarcane would provide access
to large areas of good quality irrigated land. In the Bundaberg-
Childers region, for example, ∼44 000 ha of land is currently
used for sugarcane and if it is assumed that the average
cycle lasts 6 years (a plant crop, four ratoons and a fallow),
∼16% of this area is available every year for rotation crops.
In a fully integrated sugarcane–vegetable farming system,
∼7000 ha of extra land could, therefore, be used for vegetable
production each year, which is more than is currently planted
to vegetable crops. Much greater areas of land would be
available in tropical sugarcane-growing areas to the north
of Bundaberg.

Perhaps the main benefit of integrating sugarcane and
vegetable production is that it would provide vegetable growers
with the opportunity to substantially reduce their production
costs. The cost of preparing land for vegetables (i.e. preparatory
cultivation, bed formation, plastic laying and fumigation) is
currently ∼60% of total growing expenses, and these costs
would be markedly reduced if a minimum till sugarcane–
vegetable farming system was available. The costs involved in
retrieving plastic from the field and disposing of it would also
be eliminated.

Several other potential benefits could be expected from an
integrated sugarcane–vegetable farming system. At a landscape
level, the retention of the sugarcane trash blanket in the vegetable
phase would reduce runoff from plastic covered beds, thereby
reducing the amount of soil and nutrients lost from erosion.
Losses of N due to denitrification may also decline under
the trash blanket, while the microbial biomass associated with
the mulch would tend to immobilise N and may, therefore,
reduce N losses due to leaching. From the perspective of
the sugar industry, the nitrate fertilisers applied to vegetables
would tend to alkalise the soil profile and possibly reduce
the need to apply lime as an ameliorant for low pH soils,
while the availability of trickle tubing to irrigate and fertilise
both the sugarcane and vegetable crop would provide a huge
opportunity to improve nutrient management and water use
efficiency. From a marketing perspective, there are likely to be
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advantages for the vegetable industry because products could
be marketed as having been grown in a much more sustainable
production system.

Future research

Since the new sugarcane farming system is based on sound
principles and is supported by many years of research, current
studies are focused on fine tuning the system. A wide range of
sugarcane germplasm is being screened in an effort to understand
the type of plant architecture that yields best when row spacing
is widened to accommodate controlled traffic. Attempts are also
being made to better predict N availability in sugarcane growing
soils. Legume crop residues may provide as much as 300 kg N/ha
and even more is present in stable soil organic matter, so the
dynamics of these sources of N must be understood if fertiliser
N is to be applied judiciously. Since FLNs are intimately involved
in the soil N cycle (Ingham et al. 1985), one component of this
work involves monitoring nematodes in crop residues and soil in
the hope that they may prove useful indicators of mineralisation
and immobilisation processes. With regard to furthering our
knowledge of nematode suppressive soils, current research is
concentrating on understanding the forms and concentration of
soil C required to maintain suppression, and the impact of N
inputs (from fertilisers, organic amendments and legumes) on
suppressiveness. The effect of zonal and other less aggressive
tillage practices on nematode population dynamics is also being
investigated.

Integrating sugarcane and vegetable production is a much
more challenging task, requiring a major research effort over
several years. Some of the main issues that must be addressed
are finding planting configurations for vegetable crops that
fit the constraints of the controlled traffic system used for
sugarcane, developing machinery capable of laying trickle
tape onto beds mulched with sugarcane trash, redesigning
planting equipment so that vegetable seedlings can be planted
by minimum till methods and addressing any establishment
problems that may occur in mid winter when seedlings are
planted into soil that will be colder than under plastic. However,
the most important issue requiring research will almost certainly
be plant nutrition. Vegetable crops have relatively small root
systems and require high inputs of N and other nutrients (Olsen
et al. 1993), and so a critical question is whether they can
be grown successfully in a soil environment where nutrients
are continually being mineralised from organic pools and
immobilised by the trash blanket. It is possible that fertigation
via trickle tubing will effectively isolate the vegetable crop’s
root system and overcome the effects of N immobilisation,
but this will need to be confirmed. Research of this nature
will provide the foundation on which an integrated sugarcane–
vegetable farming system could be built, but the ultimate test will
be integrating all components of the system into a management
package that is productive and profitable, and is thus acceptable
to growers.
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