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ABSTRACT 

When the Sugar Yield Decline Joint Venture concluded in 2006, its main legacy was a new sugarcane 

farming system based on legume breaks, minimum tillage, controlled traffic and trash retention. Many 

economic benefits were obtained when the new system was adopted and soil physical and chemical 

properties also improved. However, the main biological improvements were temporary reductions in 

the number of nematode pests and cane-specific pathogens following the rotation crop. The aims of 

this project were to determine whether the soil biology had improved after this system had been in 

place for several crop cycles; assess the suppressiveness of the soils to nematode pests; identify the 

antagonists involved; and understand the effects of management on nematode suppression. 

Observations in 12 fields that had been farmed using the SYDJV system for 7-12 years indicated that 

most of the roots were unhealthy and that the nematode community was dominated by plant-

parasitic nematodes.  The soil just below the trash blanket was much healthier as roots were 

functional, carbon levels were high and populations of plant-parasitic nematodes were being 

suppressed by their natural enemies. Previous work had shown that nematode-trapping fungi and 

predatory nematodes were important suppressive agents in sugarcane soils but studies undertaken 

in this project showed that predatory mites such as Protogamasellus mica and bacteria in the genus 

Pasteuria could also contribute. Evidence was obtained to indicate that trash blanketing enhanced 

suppressiveness to nematode pests whereas tillage and nitrogen inputs were detrimental. However, 

the main reason sugarcane soils had lost the capacity to regulate nematode populations was that their 

carbon contents were 50-80% below the levels attainable in a given soil type and environment. 

Attempts to increase suppressiveness with organic amendments were sometimes successful but the 

benefits obtained depended on the composition of the amendment, application rate and the method 

of application. 
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EXECUTIVE SUMMARY 

Soil degradation problems (variously termed ‘declining productivity’, ‘sick soil syndrome’ and ‘yield 
decline’) have been apparent in the Australian sugar industry for more than 100 years. Research 
conducted by the Sugar Yield Decline Joint Venture (SYDJV) showed that the following factors were 
contributing: long-term monoculture; uncontrolled traffic from heavy machinery; excessive tillage; 
practices that deplete soil organic matter; and damage caused by root pests and pathogens. Results 
obtained by the SYDJV also showed that economic and soil health benefits could be obtained by 
adopting a farming system that had four key components: legume rotation crops; minimum tillage; 
crop residue retention; and controlled traffic using GPS guidance. 

Although the farming system advocated by the SYDJV provides many benefits, the scientists involved 
in the research noted that root pathogens such as plant-parasitic nematodes quickly returned to pre-
break levels and that in situations where the SYDJV farming system had been in place for only a few 
years, there were few signs of improvement in soil biochemical or biological properties. Since there 
was a need for further research in these areas, the objectives of this project were to assess root health 
on farms where the SYDJV farming system had been in place for more than one crop cycle; determine 
whether soil carbon levels had increased to the levels required to generate an active and diverse soil 
food web capable of suppressing pests such as plant-parasitic nematodes; obtain a better 
understanding of the key organisms responsible for suppressing nematode pests; and understand the 
effects of management on suppressiveness. This knowledge was then to be used to provide practical 
guidelines on what should be done to improve the biological health of sugarcane soils. 

 

Soil carbon, root health and nematode pests in best-practice farming systems 

Soil and root samples were collected from five farms in the Bundaberg/Maryborough region where 
best-practice farming systems had been in place for 7-12 years. The results showed that root health 
was excellent near the soil surface but declined rapidly with depth. Root biomass was 2.5 times higher 
in soil just under the trash blanket than at a depth of 5-10 cm and roots in the upper layer of the soil 
profile were also much healthier. The soil where the roots were healthy had much higher carbon levels 
and this had flow-on effects to the soil biology. Microbial activity and numbers of beneficial 
nematodes were much higher in the topsoil than at 5-10 cm whereas populations of plant-parasitic 
nematodes were much lower, presumably because the topsoil was biologically suppressive.  

A pot experiment in which sugarcane was grown in soils collected from different depths in the soil 
profile showed that there was an inverse relationship between soil carbon levels and the number of 
root-lesion nematodes. Data from two quite different soil types showed that increasing the soil carbon 
content by 0.5% decreased the number of root-lesion nematodes per gram of root by about 80% and 
35% in sandy loam and clay loam soils, respectively. 

Collectively, these results indicate that although the farming system developed by the SYDJV has 
improved the soil’s physical and chemical health, the soils are still in poor condition from a biological 
perspective. Pathogens dominate the soil biological community and this means that roots are 
continually being damaged or destroyed. The soil just below the trash blanket is quite different. 
Because carbon levels are high, it contains a community of beneficial organisms that compete with 
pathogens and prevent them from becoming dominant. 
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The impact of organic amendments and intercropping on the biological health of sugarcane soils 

Since carbon levels in cane-growing soils are 50-80% lower than the levels attainable in a given soil 
type and environment, growers, millers and researchers have established a range of replicated trials 
to determine whether organic amendments and intercropping could play a role in rectifying the 
situation. Eleven of these trials were sampled in an attempt to assess whether carbon levels, root 
health and soil biological health had improved. 

Amendment of surface soils with organic matter.  Composts and locally-available organic wastes 
were applied in field trials at five sites. Various amendments were used in the trials and they were 
applied at different rates and incorporated into the soil in different ways.  

 In a field trial at Harwood, NSW, mill mud/ash and compost produced from mill mud/ash, 
bagasse and wood waste were applied at rates of 13-90 dry t/ha. Both amendments improved 
sugarcane yield, with the response increasing as the application rate increased. Results 
obtained 4 years after the amendments were applied showed that soil carbon levels in the 
amended soils had increased by 8-10%, populations of root-lesion nematode had declined and 
populations of microbivorous nematodes were much higher than in non-amended soil.  

 Three growers established replicated trials on their farms to determine whether locally-
available organic wastes applied at 3-6 t dry matter/ha improved the health of their soils. Pre-
plant application of compost significantly increased microbial activity in one of the trials but 
it did not increase soil carbon levels, presumably because the application rate was relatively 
low and the quality of the compost was poor. The data also showed that plant-parasitic 
nematodes remained the dominant component of the nematode community in compost-
treated soils at all three sites.  

 In another grower-initiated trial, a range of soil health benefits were obtained when double-
disc openers were used for three successive years to slot mill mud into furrows on either side 
of the cane row. Soil carbon levels in the zone where the amendment was placed were almost 
double the levels in the untreated zone; microbial activity and numbers of free-living 
nematodes increased significantly; numbers of plant-parasitic nematodes declined by about 
67% and there was a profusion of healthy roots in the area where the amendment had been 
placed. 

These results suggest that when sugar growers are using amendments for soil-building purposes, 
composts must be well-cured and of good quality, and should be applied at the highest possible 
application rate. Regardless of the amendment being applied, equipment similar to that used to apply 
amendments in V-shaped furrows should be developed because it provides growers with the option 
of incorporating amendments into soil with minimal soil disturbance and applying them throughout 
the crop cycle. Ideally, this equipment should be constructed in such a way that the distance of the 
furrow from the cane row can be varied. 

Subsoil amendments. In 2011 a grower group in Maryborough established a field trial to test the effect 
of slotting organic matter into the subsoil at depths of 30-40 cm. Samples collected after the fourth 
ratoon crop was harvested showed that soil pH, total C, labile C, total N, microbial activity and the 
number of free-living nematodes were all significantly higher in the slot where the amendment had 
been applied. However, despite these improvements in soil chemistry and biology, root biomass and 
root health was no better in the slot treated with compost than the non-treated zone. In contrast, 
samples collected from two trials where organic materials had been applied to the subsoil only 6 and 
13 months previously showed significant improvements in root biomass and parameters such as root 
length, root surface area and the number of tips and forks. Also, numbers of root-lesion nematode 
were significantly reduced by mill mud in one of the trials. Although more work is required to confirm 
these findings, these results suggest that subsoil ameliorants initially improve root biomass and 
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function and also reduce pathogen loads. However, the root health benefits provided by the 
ameliorants probably decline with time. 

Intercropping. In an attempt to improve soil biological health, a grower at Marian established two 
trials in which sugarcane was intercropped with various plant species. 

 In one of the trials, a mixture of plant species was sown immediately after cane harvest and 
grown for 10-12 weeks. Results obtained in three successive years indicated that 
intercropping generally reduced populations of plant-parasitic nematodes and increased 
populations of free-living nematodes. The 8-species mix increased soil carbon levels by about 
15% after 3 years but the effect was not quite significant (P = 0.086). 

 Sunflower was the intercrop species in the second trial and root colonisation and DNA tests 
showed that sugarcane roots associated with sunflower roots were more heavily colonised 
by arbuscular mycorrhizal fungi than roots from an adjacent site that was not intercropped. 
Roots in the intercropped area also supported a more diverse range of these fungi. This plant-
fungus association was expected to benefit the plant because arbuscular mycorrhizal fungi 
improve soil structure, increase plant nutrient uptake, improve drought tolerance and 
enhance disease resistance.  

Collectively, these results suggest that intercropping improves the biological health of sugarcane soils. 
However, long-term field trials are required to substantiate the benefits obtained and better 
understand the effects of intercropping on soil carbon levels and various components of the soil 
biological community. The effect of intercropping on productivity and profitability must also be 
determined.  

 

Microarthropods and bacteria as nematode-suppressive agents 

Microarthropods. A survey was undertaken to identify the predominant groups of microarthropods 
in sugarcane soils. Numerous taxa known to feed on nematodes were recovered but their numbers 
were usually relatively low. Eleven of these predatory species were cultured on bacterial-feeding 
nematodes and laboratory studies with one of them (Protogamasellus mica) showed that one mite 
and its progeny reduced nematode numbers by between 26 and 50 nematodes/day. When sugarcane 
was grown in the greenhouse for 8 weeks, stunt nematode (Tylenchorhynchus annulatus) was almost 
eliminated from pots inoculated with the mite and numbers of root-lesion (Pratylenchus zeae) and 
free-living nematodes were markedly reduced. Huge reductions in nematode populations were also 
observed when mites were added to tissue-cultured sugarcane in vials containing small quantities of 
soil. These results indicate that P. mica multiplies rapidly when nematodes are available as a food 
source and that the mite has the capacity to play a role in regulating nematode populations. Future 
research should focus on understanding the crop and soil management practices required to enable 
this mite and other predatory species to thrive. 

Bacteria. The bacterial genus Pasteuria has huge potential as a nematode biocontrol agent because it 
can infect all important nematode pests; it is host specific; it prevents its parasitised host from 
reproducing; and its endospores are resistant to environmental stresses such as heat and dryness. In 
a survey of 126 sugarcane fields, the bacterium was detected at more than half the sites sampled, 
with endospores seen adhering to root-knot, root-lesion, stunt and spiral nematodes. However, 
infestation levels were usually relatively low. 

The results of an experiment with soil collected from a field in Bundaberg where root-knot nematode 
was heavily-infested with Pasteuria penetrans indicated that the parasite was having a major effect 
on the nematode’s reproductive capacity. Root-knot nematode was inoculated into Pasteuria-infested 
and Pasteuria-free soil and when nematode populations were checked 19 and 37 weeks later, 96 and 
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99% fewer root-knot nematodes were recovered from the naturally-infested field soil than from soil 
that did not contain the parasite. In an experiment set up to determine the effect of endospore 
concentration in soil on multiplication of root-knot nematode, the severity of root galling and the 
number of nematode eggs produced per plant decreased as the endospore concentration increased. 
In soil containing 50,000 endospores/g of soil, root-knot nematode populations were reduced by more 
than 80%. 

High levels of spore encumbrance on root-lesion nematode were only observed in two of the 
126 fields surveyed and interestingly, both fields were previously grass pasture and had only grown 
sugarcane for about 20 years. P. zeae was inoculated into pasture and sugarcane soils from one of the 
sites (on the Atherton Tableland) and when the nematodes were extracted 40 days later, 
approximately 50% of the added nematodes were either parasitised by Pasteuria or had endospores 
attached. These results indicate that Pasteuria was providing a significant level of nematode control 
at this site. They also suggest that the biocontrol agent had increased to relatively high levels on the 
grazed pastures and had then been carried over when these fields were planted to sugarcane. Since 
grazed pastures are never tilled, research is required to determine whether the tillage practices 
commonly used in sugarcane are limiting the capacity of Pasteuria to increase to high levels.   

 

Management effects on the suppressiveness of sugarcane soils to nematode pests   

Plant-parasitic nematodes multiply to high population densities in sugarcane soils because the practices 
used to grow the crop have weakened the natural regulatory forces that should be keeping them 
under control. Excessive tillage, compaction caused by harvest machinery and low levels of soil organic 
matter are the primary reasons this has occurred, as they all have a negative impact on natural 
enemies of nematodes. However, it is also possible that nitrogen fertilisers and the pesticides used to 
control cane grubs are contributing, as predatory nematodes are particularly sensitive to nitrogenous 
materials; nematode-trapping fungi tend to most active in N- limited habitats, and  insecticides are 
known to have detrimental side-effects in terrestrial ecosystems. Consequently, studies were 
undertaken to assess the effects of nitrogen and selected pesticides on some of the organisms that 
prey on nematodes. 

Effects of nitrogen. The nitrogen study was done at a trial site in central Queensland where high and 
low rates of N fertiliser (160 and 40 kg N/ha, respectively) had been applied to sugarcane for three 
successive years. Immediately after the second ratoon crop was harvested, nematode analyses 
indicated that numbers of root-lesion nematode and total numbers of plant-parasitic nematodes were 
significantly higher in the high than the low N treatment. There were also negative effects of N on 
beneficial omnivorous and predatory nematodes, and a trend towards lower populations of a 
nematode-trapping fungus when N inputs were high. Also, the results of a bioassay indicated that the 
soil with higher N inputs was less suppressive to plant-parasitic nematodes than soil from the low N 
treatment. Collectively, these results indicate that high inputs of N fertiliser are detrimental to some 
of the natural enemies of plant-parasitic nematodes.  

Effects of pesticides. This study aimed to determine whether two pesticides widely used in the cane 
industry are detrimental to soil microarthropods, particularly the mesostigmatid mites that rely on 
nematodes for food. An experiment with liquid formulations of imidacloprid and bifenthrin was 
established at one site while the effects of a controlled release formulation of imidacloprid were 
examined at two other sites. In all experiments, the pesticides were applied to the planting furrow in 
a band 20-cm wide that was located 2-4 cm above recently-planted setts. Microarthropods were 
extracted from soil samples collected 9 weeks after the liquid formulations were applied and about 
15 months after the experiments with a controlled-release formulation of imidacloprid were 
established. In all cases, the number and diversity of the microarthropods recovered from the samples 
was similar in the pesticide-treated and untreated plots. Also, populations of mesostigmatid mites and 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

9 

 

their nematode prey were not affected by either bifenthrin or imidacloprid. These results indicate that 
the non-target effects of imidacloprid and bifenthrin on soil microarthropods are negligible, possibly 
because the pesticides are applied in a band in the centre of the row and much of the profile (vertically 
and horizontally) remains as an untreated reservoir that can be used as a safe refuge by soil organisms.  

 

Implications for the future 

The results obtained in this project indicate that crop rotation, minimal tillage, controlled traffic and 
residue retention provide many benefits and will always be components of sustainable sugarcane 
farming systems. However, they also show that adopting the farming system developed by the Sugar 
Yield Decline Joint Venture is only the first step on the long road to improving soil and root health. 
Levels of soil organic matter remain lamentably low on farms where best-practice farming systems 
have been in place for two or three crop cycles and since organic matter plays a central role in 
improving a soil’s physical and chemical properties and is the energy source that fuels the soil food web, 
soil carbon levels must be increased. However, this will be a slow process and immediate 
improvements in soil biological health should not be expected. We have been ruining sugarcane soils 
for more than a century and the restoration process is likely to take many years. 
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1.     BACKGROUND 

A look back through history shows that the poor health of sugarcane soils is nothing new. In the late 
1890s Walter Maxwell, a respected agricultural scientist from Hawaii who later became the first 
Director of the Bureau of Sugar Experimental Stations (BSES), had a close look at the sugar industry in 
Queensland. He visited the three main sugar-producing districts and noted in his report to the 
government that yields were lamentably low, largely because the native fertility was gone and the 
producing power of the land had become noticeably reduced.  
 
It took more than 30 years for the causes of declining productivity to be investigated. Working in 
Bundaberg, Arthur Bell observed that sugarcane grew much better in virgin soil than in soil used for 
sugar production. He then set up a series of pot experiments to determine why this occurred and 
showed that when cane-growing soils were steam- sterilised, root biomass increased 19 times in one 
variety and 4 times in another variety. He concluded that biological factors were the cause of the ‘sick 
soil syndrome’.  
 
Sixty years later, ‘sick soils’ and ‘declining productivity’ were still major problems in the sugar industry 
but the term ‘yield decline’ was now being used to describe the condition. Yield decline was 
considered to be a soil degradation problem and there were a number of contributing factors: long-
term monoculture; uncontrolled traffic from heavy machinery; excessive tillage; practices that deplete 
soil organic matter; and damage caused by root pests and pathogens. 
 
The Sugar Yield Decline Joint Venture (SYDJV) was established in 1993 to develop solutions to the yield 
decline problem and when it concluded in 2006, the scientists involved advocated a farming system 
that had four key components: legume rotation crops; minimum tillage; crop residue retention and 
controlled traffic using GPS guidance. This system was first tested during the period from 2000 to 2006 
and the results of that research showed that a range of economic and soil health benefits were 
obtained (see Table 1). 
 

Table 1— Economic and soil health benefits from the sugarcane farming system developed by the 
Sugar Yield Decline Joint Venture 

Economic Soil Health 

Reduced tractor hours Less compaction 

Lower fuel costs Reduced surface crusting 

Fewer labour inputs Improved aggregate stability 

Sugar production maintained over one cycle Higher rainfall infiltration rates 

Additional income from grain Increased water holding capacity 

Lower fertiliser costs Fewer soil losses due to erosion 

Improved timeliness of operations More carbon and labile carbon near the soil surface 

Fewer pesticide inputs Higher cation-exchange capacity 

 Reduced pathogen loads early in the plant crop 

 
Although the farming system developed by the SYDJV provides many benefits, the scientists involved 
in the research indicated in their final report that the yield responses obtained when the sugarcane 
monoculture is broken with a rotation crop were largely due to the plant crop having a healthier root 
system. However, most root pathogens had returned to pre-break levels within 12 months of 
replanting sugarcane, while a survey carried out in 2007 found that there was little difference in 
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organic carbon levels and a range of biological properties when soils farmed under the new system 
were compared to the conventional system. Since it takes many years for soil biological health to 
improve when a new farming system is adopted, there was clearly a need to regularly monitor soils 
under the new farming system and determine whether parameters such as root health, soil carbon 
levels, microbial activity, biodiversity, pathogen loads and disease suppressiveness improved over 
time. 

 

2.    PROJECT OBJECTIVES 

 Understand the impact of various components of the sugarcane farming system (particularly 
tillage, trash blanketing, trafficking by farm machinery, and nitrogen inputs), on the 
suppressiveness of sugarcane soils to plant-parasitic nematodes 

 Determine the  soil carbon levels required to generate a soil food web that is active, 
biologically-diverse, and capable of suppressing populations of plant-parasitic nematodes 

 

 Identify the key organisms responsible for general suppressiveness to nematodes (e.g. 
nematode-trapping fungi, predatory nematodes and predatory microarthropods), and 
understand the factors preventing specific biocontrol agents (e.g. Pasteuria penetrans and P. 
thornei) from increasing to high levels in sugarcane soils 
 

 Provide capacity building for the sugar industry by mentoring and training two scientists in 
soil biology: Dr Shamsul Bhuiyan (SRA, Woodford) and Dr Jay Anderson (The University of 
Queensland). 

 
 

3.   OUTPUTS, OUTCOMES AND IMPLICATIONS 

Outputs 
Key results of the research undertaken in the project can be summarised as follows:   

 Root health is poor and populations of plant-parasitic nematodes are high in best-practice 
farming systems 

 The  main reason plant-parasitic nematodes dominate sugarcane soils under best-practice 
management is that soil carbon levels are much lower than attainable levels and so soils have 
lost their regulatory capacity 

 Data from pot experiments suggested that if the soil carbon content could be increased by 
0.5%, populations of root-lesion nematode would be markedly reduced 

 Amendments of compost and mill mud can be used to increase soil carbon levels and improve 
biological activity but the effect varies with application rate, the quality of the organic inputs, 
how they are applied and their location within the bed 

 When double-disc openers were used to slot mill mud into furrows on either side of the cane 
row, microbial activity increased and root health improved 

 When organic matter is slotted into the sub-soil at depths of 30-40 cm, the ameliorants initially 
improve root biomass and function but their beneficial effects appear to decline with time 

 Intercropping with a mixture of eight plant species improved the soil’s biological status in a 
cane field at Mackay. Also, the organic carbon content of the soil increased by 15% in the zone 
where the intercrop was grown 

 When sunflower was gown as an intercrop, colonisation of sugarcane roots by arbuscular 
mycorrhizal fungi increased and the roots supported a more diverse range of these beneficial 
fungi 
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 Bacteria in the genus Pasteuria are relatively common in sugarcane soils. They have enormous 
potential to play a role in regulating populations of key nematode pests, provided host 
nematodes are always present and tillage is minimised 

 A diverse range of microarthropods capable of preying on nematodes are present in sugarcane 
soils. Since some of these animals have the capacity to consume more than 25 
nematodes/day, they are one of the many parasites and predators that should be nurtured so 
that they can play a role in regulating populations of nematode pests 

 High inputs of nitrogen fertiliser are detrimental to some of the natural enemies of nematodes 
 

In conclusion, crops grown using best-practice farming systems are producing acceptable yields and 
growers who have adopted such systems have shown that they also obtain many economic and soil 
health benefits. However, the results summarised above indicate that these crops are not reaching 
their yield potential because their root systems are not functioning effectively due to the impact of 
soilborne pathogens. Thus, the key message coming from this work is that minimising tillage, 
controlling traffic, retaining crop residues as mulch and breaking the sugarcane monoculture with 
rotation crops provides some benefits but is only one small step in the long road to improving the 
health of cane-growing soils. The gap between actual yield and potential yield is not likely to be closed 
until soil carbon levels approach attainable levels and when that occurs, the mechanisms that regulate 
populations of soilborne pathogens will begin to operate effectively. 

 
Outcomes and implications 
Given that only a small percentage of sugar growers have adopted best-practice farming systems, the 
benefits from this project will not be seen immediately. Nevertheless, the results are important, 
because they indicate that if the sugar industry wants to improve soil health and remain sustainable 
in the long-term, researchers and growers must focus on identifying tactics that increase soil carbon 
levels and enhance biological diversity in best-practice farming systems. 
 
 

4.   RECOMMENDATIONS 

What is clear from the results of this project is that the farming system developed by the SYDJV has 
improved the soil’s physical and chemical health but sugarcane soils are still in poor condition from a 
biological perspective. Pathogens dominate the soil biological community and this means that roots 
are continually being damaged or destroyed. Since soil organic matter is the energy source that sustains 
the microbes and soil fauna that regulate populations of pests and pathogens, the biological health of 
sugarcane soils will never be fully restored until soil carbon levels are increased. Thus, increasing carbon 
inputs and decreasing carbon losses must be a major focus of future soil health research.   

 In best-practice systems, crops are grown is soils with carbon levels that are 50-80% lower 
than attainable levels. Since these crops are not reaching their yield potential, the key 
question is whether the yield gap can be closed by markedly increasing soil carbon levels. This 
question should be answered by establishing field trials in a range of soil types and 
environments and applying treatments that will increase the soil organic carbon content to 
the maximum level attainable at each trial site. These carbon levels would then be maintained 
for at least 10 years (i.e. at least two crop cycles) and effects on root health, soil biological 
diversity, root pathogens, disease suppressiveness, nutrient mineralisation and sugarcane 
productivity would be assessed. 

 The carbon content of the soil beneath the trash blanket is much higher than the soil further 
down the profile. Since this upper layer of soil contains a community of beneficial organisms 
that mineralise nutrients and compete with pathogens, it provides an opportunity to study 
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the type of biology that should be present in a healthy sugarcane soil. Consequently, modern 
molecular techniques should be used to assess the composition of the microbial community 
in these soils, identify the major pathogens and categorise the main disease-suppressive 
agents. A suite of biological tests and a matching set of achievable standards should then be 
developed so that when soil health is being monitored, a soil’s biological status can be 
assessed. 

 From a practical perspective, there is a need to identify tactics that are likely to increase soil 
carbon levels and biological diversity in best-practice farming systems. Tactics that warrant 
assessment include organic amendments, companion crops and various biomass-producing, 
deep-rooted or multi-species rotation crops. Since individual tactics are unlikely to have a 
major impact, multiple tactics should be used in an integrated manner and their effects on 
sugarcane productivity, root health, soilborne diseases and disease-suppressive agents 
evaluated. 

 One major problem with sugarcane soils is that carbon levels decline markedly with depth. 
Despite large amounts of organic matter being retained as a trash blanket, carbon levels a few 
centimetres below the soil surface are very low. Since earthworms and other ecosystem 
engineers move organic matter up and down the soil profile, research should be undertaken 
to determine whether the amount of soil carbon sequestered at depth would increase if these 
organisms were nurtured rather than being decimated by tillage, compaction and pesticide 
inputs.  

 

Pachymetra and root-lesion nematodes have long been considered the most important root 
pathogens of sugarcane. However, observations of roots in best practice systems suggest that other 
pathogens must also be reducing the functionality of root systems. Thus, research on root pathogens 
must be widened to cover the full array of pathogens that occur in sugarcane soils. However, it is also 
important that information on their natural enemies is obtained.    

 A range of dark-sterile fungi, oomycetes, sub-clinical pathogens and ectoparasitic nematodes 
are known to feed on sugarcane roots or cause root turnover and death, and although they 
are usually considered minor pathogens, we need to determine whether individually or 
collectively they are helping to reduce the functionality of roots in best-practice farming 
systems. Since root-lesion nematodes are present in almost every sugarcane field and are 
continually creating potential entry-points for bacteria and fungi that may not normally be 
pathogens, we also need to determine whether interactions of this nature contribute to the 
poor state of sugarcane root systems.  

 Once the above research has been completed and the target pathogens are known, the next 
step is to develop bioassay methods for assessing both the level and breadth of suppressive 
activity to those pathogens. These bioassays would then be used to identify practices that can 
be integrated into best-practice farming systems to generate a soil biological community that 
is suppressive to a range of pathogens.  

 Given that it will take several years to complete the above research, the short-term focus 
should be on biological suppression of Pachymetra root rot. Soils suppressive to this important 
disease were identified more than ten years ago and more recent surveys have shown that in 
districts where Pachymetra spore counts are high, some farms have very low counts. These 
findings must be followed up. The three main objectives of that research program would be 
to locate farms where spore counts are unexpectedly low, categorise the suppressive 
organisms and identify the practices required to generate suppressiveness. 
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Research done over the last 15 years has shown that suppressiveness to plant-parasitic nematodes 
can be enhanced by integrating minimum tillage and controlled traffic into the farming system, 
amending soil with organic materials that have a high C:N ratio, and avoiding excessive inputs of 
nitrogen. What is now needed is a commercial test that allows growers to assess the level of biological 
suppressiveness in their soils. Since nematode-trapping fungi, predatory nematodes, mesostigmatid 
mites and Pasteuria are the main suppressive agents and they appear to act collectively, the first step 
in the process of achieving that goal would be to develop molecular methods of quantifying these 
organisms in soil. The next step would be to determine the population densities required to achieve 
various levels of suppression. Once that was done, the quantitative test, together with an 
interpretation, would be included in a diagnostic service such as the PreDicta S system being 
developed for the sugar industry.  

 

Studies undertaken in this project have shown that bacteria in the genus Pasteuria are relatively 
common in sugarcane soils and these bacteria have the capacity to parasitise significant numbers of 
root-knot and root-lesion nematodes, the two most important nematode pests of sugarcane.  
However, if Pasteuria is to be included in integrated management programs for these pests, further 
research is required. In the short-term, the focus should be on developing a test that enables Pasteuria 
endospores to be more easily monitored in soil. In the longer term, the main aims should be to better 
understand the interactions between the biocontrol agent and its nematode host and to identify the 
practices that prevent those interactions from occurring. 

 Develop DNA methods of detecting and quantifying Pasteuria in roots and soil (at a genus, 
species and sub-species level) and use that knowledge to develop commercial tests for both 
P. penetrans and P. thornei 

 Study Pasteuria in sugarcane fields heavily-infested with P. penetrans and P. thornei, quantify 
levels of parasitism and assess the impact of the bacteria on populations of their host 
nematodes (Meloidogyne and Pratylenchus, respectively) 

 Assess the distribution of Pasteuria in sugarcane soils at a microsite level (i.e. its occurrence 
in roots, the rhizosphere and root channels) 

 Understand the issues that influence the release of endospores from parasitised nematodes 
and the endospore concentrations that are achieved at microsites near the release point 

 Determine whether the susceptibility of sugarcane varieties and rotation crops to root-knot 
and root-lesion nematodes influences the capacity of Pasteuria to multiply to high levels 

 Compare levels of P. penetrans and P. thornei in best-practice and conventional sugarcane 
farming systems 

 Assess the impact of tillage on the interaction between Pasteuria and its nematode hosts, and 
determine whether the tillage practices used by most cane growers are the reason levels of 
Pasteuria are relatively low in Australian sugarcane soils  

 Collect isolates of Pasteuria from Australian sugarcane soils, assess their host range, 
determine whether various isolates are host specific and understand the mechanisms which 
govern host specificity. Focus particularly on whether isolates of P. penetrans can parasitise 
the three most common Meloidogyne species found on sugarcane in Australia (i.e. M. 
javanica, M. incognita and M. arenaria), and whether isolates of P. thornei can parasitise 
Pratylenchus zeae, P. coffeae and P. brachyurus.  

 Develop an in vivo method of mass-producing Pasteuria thornei on Pratylenchus zeae 

 Determine whether commercial products containing in vitro-produced endospores provide 
cost-effective control of root-knot and root-lesion nematode in sugarcane 
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A diverse range (approximately three dozen species) of mesostigmatid mites were found in sugarcane 
soils during this project. These mites primarily feed on nematodes and detailed studies with 
Protogamasellus mica showed that this species consumed between 26 and 50 nematodes per day and 
markedly reduced populations of plant-parasitic nematodes in both the laboratory and greenhouse. 
Since very little is known about this group of predators, research should be undertaken to better 
understand their role in regulating nematode populations. 

 Study the microarthropods that live in the trash blanket and determine whether any of these 
species are capable of moving down the soil profile and  preying on plant-parasitic nematodes 

 Identify the most important nematophagous microarthropods in sugarcane soils, categorise 
their preferred microhabitats and understand the main pathways they use to migrate through 
the soil profile. Are root channels and macropores important? What is the impact of soil 
texture and physical parameters such as air-filled porosity and bulk density? What are the 
characteristics of the species that occur at deeper layers in the soil profile? Is the capacity of 
microarthropods to move through soil largely influenced by their size, or are certain species 
capable of moving through difficult terrain by changing their body shape or invoking 
mechanisms such as digging, scratching, burrowing and pushing. 

 Identify the preferred food sources of various predatory microarthropods and determine 
whether certain species prefer plant-feeding rather than free-living nematodes? Do free-living 
nematodes play a role in maintaining populations of these predators? 

 Determine the impact of management practices such as tillage, wheel traffic, nutrient inputs 
and pesticide inputs on microarthropods. Develop simple tests that can be used to indicate 
that a sugarcane soil is capable of sustaining high numbers and a diverse community of 
microarthropods. 

 

Soil degradation problems in the Australian sugar industry are generally seen as being caused by 
physical or chemical constraints that can be overcome with inputs of water or fertiliser, or by pests or 
pathogens that can be controlled with pesticides or disease-resistant varieties. This narrow view of 
soil health is ingrained in the sugar industry because most growers and their consultants know very 
little about soil organisms and the vital role they play in building and maintaining a healthy soil. Master 
Classes in soil health/soil biology (SRA project 2016/025) are a first attempt to fill this knowledge gap, 
and although they have been successful, much more is required. Thus, if the sugar industry is serious 
about overcoming its soil health problems, it must invest in educational programs that explain why an 
active and diverse soil biological community is important; show growers what can be done to improve 
the biological status of their soils; explain what growers can do to check that their soil restoration 
process is heading in the right direction; and enable consultant’s to interpret the results of various 
biological analyses. 

 

Once sugar growers have some understanding of the soil health issues facing them, they will require 
access to services such as the PreDicta B root disease testing service offered to grain growers by the 
South Australian Research and Development Institute (SARDI).  A similar service may eventually be 
offered to the sugar industry but it is very important that it does not focus only on root pathogens.  A 
holistic set of tests must be developed so that growers obtain a balanced view of their soil’s biological 
status. 
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5.   INDUSTRY COMMUNICATION AND ENGAGEMENT 

5.1.   Industry engagement during the course of the project 

A key element of any agricultural research project is that growers and their consultants are aware of 
what is being done and are informed of the results. Consequently, there was a significant amount of 
industry engagement during the course of this project. 

 Dr Stirling visited more than 100 farms when assessing root health in north Queensland and 
while he was collecting samples for the microarthropod and Pasteuria surveys. Thus, there 
were many opportunities to interact with growers, explain the objectives of the project and 
provide them with results. 

 The effects of organic amendments were assessed in field trials in eight farmer’s fields. The 
trials were sampled regularly and because they were established in different locations (Ayr, 
Mackay, Bundaberg, Maryborough and Harwood) the trials provided an opportunity to 
interact with growers in different regions. 

 Dr Stirling spoke at several industry forums during the course of the project. 
o A talk entitled ‘Integrated soil biology management: the key to healthy soils and 

sustainable sugarcane production’ was presented at a field day in Mackay organised 
by Mr Simon Mattsson, a sugar grower and Nuffield Fellow. 

o Presentations on soil health were made to a group of sugar growers in Tully, and at 
an extension workshop at Mourilyan arranged by the Wet Tropics Sugar Industry 
Partnership. 

o A presentation entitled ‘Restoring the biological health of sugarcane soils’ was made 
at an SRA soil health workshop held in Brisbane. 

o A talk entitled ‘Building disease and nematode-suppressive soils: how do we achieve 
it and how do we measure success?’ was presented at a Biological Farming 
Conference in Cairns. 

 Dr Stirling was the keynote speaker at four meetings organised by CRT, Australia’s largest 
group of rural retailers. The company employs agronomists with responsibility for sugarcane 
and Dr Stirling spoke to them about past and current soil biology research at Townsville, 
Mackay, Ayr and Bundaberg. More than 150 growers and consultants attended the meetings. 

 Two of the SRA staff responsible for extending information on soil health also spent several 
days in the laboratory with Dr Stirling learning more about soil organisms and their role in 
influencing soil physical, chemical and biological health. 

 Presentations were made at three ASSCT conferences: 2015 (2 papers); 2016 (one poster) and 
2017 (two papers). Six papers have been accepted for publication in the Proceedings of the 
2018 ASSCT conference. 

 Dr Stirling put forward the concept of running Master Classes in soil health and soil biology for the 
sugar industry and his project proposal was accepted by SRA. He then played a leading role in 
classes that were held in Ingham, Mackay, Ballina and at two sites in north Queensland during 
2017. More than 120 participants learnt about the huge array of organisms that live in soil and 
found out why they are important from a soil health perspective. They also discussed a range of 
practices that could be used to improve the chemical, physical and biological health of sugarcane 
soils. In February-March 2018, similar classes are to be held in Childers, Mourilyan and Ayr. 
 
 

5.2.   Industry communication messages 

Although it was not a component of this project, a recently-published book written by the Chief 
Investigator and three co-authors has proved useful in communicating information on soil health and 
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soil biology to the sugar industry. It provides information on soil microbes and the soil fauna, describes 
how beneficial and detrimental organisms interact within the soil food web, and discusses the 
physical, chemical and biological aspects of soil health. It also contains six chapters on the practices 
which can be used to improve the health of Australia’s agricultural soils. A copy of the book was 
supplied to all those who attended the Master Classes mentioned above, so many growers and 
extension personnel have already had the opportunity to read it. 

Stirling GR, Hayden H, Pattison T & Stirling M (2016) Soil health, soil biology, soilborne diseases and 
sustainable agriculture. A guide. CSIRO Publishing, Melbourne, 275 pp. 

 

Results obtained in this project reinforce those obtained by the Sugar Yield Decline Joint Venture and 
researchers in other cropping industries. They indicate that the only way to improve soil health and 
begin to restore the suppressive services that have been lost from sugarcane soils is to fully integrate 
five key practices into the farming system: 1) traffic control; 2) minimum tillage; 3) trash blanketing; 
4) crop rotation; and 5) a range of additional tactics to build soil carbon.  The following articles, which 
were published in sugar industry magazines at the end of the project, are yet another attempt to pass 
on that message to growers. The first explains why soil health problems are common in the sugar 
industry and discusses what can be done to overcome them. The second and third articles are about 
an invisible army of natural enemies that should be present in a sugarcane soil. These beneficial 
organisms are capable of suppressing populations of nematode pests, provided the soil is managed 
appropriately. The fourth article provides a summary of the research undertaken in the project. 

 

Stirling GR (2017) How do we improve soil health in best-practice farming systems? Australian 
Sugarcane (June/July edition), pp. 11-15. 

Stirling GR (2017) Invisible Army, Part 1. Australian Canegrower (17 July edition), pp. 16-19. 

Stirling GR (2017) Invisible Army, Part 2. Australian Canegrower (31 July edition), pp. 18-19. 

Stirling GR (2017) Regenerating a soil food web capable of improving soil health and reducing losses 
from soilborne pests and pathogens of sugarcane. The Cane Stalk, Herbert Cane Productivity 
Services Limited (December edition), pp. 10-13. 
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6.   PUBLICATIONS  
 
Fourteen peer-reviewed publications were produced during this project and they are listed below. 
These papers provide details of the research undertaken by the Chief Investigator and his 
collaborators, and copies can be found in section 7 of this report. The papers follow consecutively, 
with the first paper in sub-section 7.1 and the last in sub-section 7.14. Any reader wishing to refer to, 
comment on or discuss the results should cite the published paper rather than this report.  

 

Stirling GR (2017a) Soil carbon, root health and nematode pests in sugarcane soils. 1. Root and soil 
health and its relationship to soil carbon levels. Proceedings Australian Society of Sugarcane 
Technologists 39, 155-165. 

Stirling GR (2017b) Soil carbon, root health and nematode pests in sugarcane soils. 2. Factors 
influencing nematode-suppressive services in soils from sub-tropical Queensland. Proceedings 
Australian Society of Sugarcane Technologists 39, 166-174. 

Stirling GR, Young AJ, Aitken RL, Beattie RN, Munro A (2018) Effects of compost and mill mud/ash on 
soil carbon and the nematode community in a field trial on sugarcane at Harwood, New South 
Wales. Proceedings Australian Society of Sugarcane Technologists 40 (in press). 

Stirling GR (2018a) The impact of mill mud and compost on the biology of sugarcane soils: results from 
four field trials established by growers to assess the benefits of organic amendments. 
Proceedings Australian Society of Sugarcane Technologists 40 (in press) 

Stirling GR (2018b) Deep placement of organic amendments in a dense sodic subsoils: effects on 
sugarcane root growth, soil carbon levels and soil biological properties. Proceedings Australian 
Society of Sugarcane Technologists 40 (in press) 

Stirling GR, Mattsson S (2018) Intercropping sugarcane with sunflower and mixtures of plant species: 
effects on the soil biological community. Proceedings Australian Society of Sugarcane 
Technologists 40 (in press) 

Manwaring M, Walter D, Stirling GR (2015) Microarthropods as predators of nematode pests in 
sugarcane soils: literature review and preliminary studies. Proceedings Australian Society of 
Sugar Cane Technologists 37, 212-217. 

 
Walter DE, Stirling GR (2018) Microarthropods in Australian sugarcane soils: A survey with emphasis 

on the Mesostigmata as potential regulators of nematode populations. Acarologia (in press). 
 
Stirling GR, Stirling AM, Walter DE (2017) The mesostigmatid mite Protogamasellus mica, an effective 

predator of free-living and plant-parasitic nematodes. Journal of Nematology 49, 327-333. 

Stirling GR, Wong E, Bhuiyan S (2017) Pasteuria, a bacterial parasite of plant-parasitic nematodes: its 
occurrence in Australian sugarcane soils and its role as a biological control agent in naturally-
infested soil. Australasian Plant Pathology 46, 563-569. 

Bhuiyan S, Garlick K, Anderson J, Wickramasinghe P, Stirling GR (2017) Control of root-knot nematode 
on sugarcane in soil naturally-infested with Pasteuria penetrans or inoculated with the 
parasite. Australasian Plant Pathology 46, 563-569. 

Stirling GR, Stirling AM, Schmidt S, Robinson N (2015) Impact of nitrogen inputs to a sugarcane soil on 
plant-parasitic nematodes and their natural enemies. Proceedings Australian Society of 
Sugarcane Technologists 37, 204-211. 
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Walter DE, Stirling GR (2018) Effect of pesticides on microarthropods in sugarcane soils. Proceedings 
Australian Society of Sugarcane Technologists 40 (in press) 

Bull J, Stirling GR, Magarey R (2018) Plant-parasitic and free-living nematodes associated with 
sugarcane in north Queensland. Proceedings Australian Society of Sugarcane Technologists 40 
(in press) 
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7.   RESEARCH 

7.1.     Root and soil health and its relationship to soil carbon 

 

Abstract.  A survey of farms where sugarcane was grown using a farming system that incorporated 
legume rotation crops, minimum tillage, crop- residue retention and controlled traffic showed that all 
soils were highly stratified with depth. The soil immediately below the trash blanket had much higher 
carbon levels than the soil a few centimetres down the profile and this had flow-on effects that 
influenced root health and the soil biology. Root biomass, the number of fine roots, microbial activity 
and numbers of beneficial nematodes were all much higher in the surface soil than at 5-10 cm, 
whereas populations of plant-parasitic nematodes showed the opposite distribution with depth. A pot 
experiment in which sugarcane was grown in soils collected from different depths in the soil profile 
confirmed the observations made in the field. Plants grew much better in surface soils, with 
aboveground biomass 35-100% higher than in soils collected from depths of 2.5-10 cm. Assays in the 
laboratory suggested that suppressiveness to nematodes was greatest in the topsoil and declined with 
depth, while the results of the pot experiment showed that there was an inverse relationship between 
soil carbon levels and the number of root-lesion nematodes (Pratylenchus zeae)/g root. Data from two 
quite different soil types showed that increasing the soil carbon content by 0.5% decreased the 
number of P. zeae/g root by about 80% and 35% in sandy loam and clay loam soils, respectively. 

 

Introduction 

Sugarcane was first grown in Queensland during the 1860s and soil health problems soon became 
apparent. A report prepared for the Queensland government in 1900 noted that yields were 
lamentably low, largely because the producing power of the land had become noticeably reduced and 
the native fertility was gone (Maxwell, 1900). It took more than 30 years for the causes of the ‘sick soil 
syndrome’ to be investigated and this work found that sugarcane grew much better in virgin soil than 
in cane-growing soil (Bell, 1935). In an experiment in pots, Bell (1935) also showed that steam 
sterilisation of the soil increased root biomass 19 times in one variety and 4 times in another variety, 
a result that suggested biological factors were causing the problem. 

Sixty years later, ‘sick soils’ and ‘declining productivity’ were still major problems but the term ‘yield 
decline’ was now being used to describe the condition (Garside et al., 1996). Yield decline was 
considered to be a soil degradation problem in which long-term monoculture, uncontrolled traffic 
from heavy machinery, excessive tillage and practices that deplete soil organic matter all contributed 
(Garside et al. 2005). 

The Sugar Yield Decline Joint Venture (SYDJV) was established in 1993 to develop solutions to the 
problem and it advocated a farming system that incorporated legume rotation crops, minimum tillage, 
retention of crop residues and controlled traffic using GPS guidance. This system was first tested at 
the beginning of this century (Bell et al., 2003; Garside et al., 2004) and the results of that research 
(summarised by Garside et al. 2005, Bell et al., 2007, Stirling, 2008 and Stirling et al. 2016) clearly show 
that a range of soil health benefits were obtained: 1) a much smaller area of the field was compacted 
to the point where root growth was reduced; 2) total and labile carbon levels increased, particularly 
near the soil surface; 3) rainfall infiltration rates were higher due to more earthworms and greater 
macroporosity; 4) surface crusting was reduced and aggregate stability improved; 5) the water-holding 
capacity of the soil increased; 6) soil losses due to erosion declined; 7) the soil’s cation-exchange 
capacity increased; and 8) pathogen loads were temporarily reduced by rotation crops. 
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Although some growers adopted the SYDJV farming system at about the same time as it was 
developed, a survey in 2007 found that there was little difference in the chemical, biochemical and 
biological properties of soils that were farmed under the conventional and new system (Stirling et al., 
2010). However, as it is likely to take many years for soil health indicators such as soil C levels, 
biodiversity and pathogen loads to change, there is a need to regularly monitor soils under the new 
farming system to determine whether benefits are eventually obtained. This paper looked at the 
health of root systems on five farms where the new sugarcane farming system had been in place for 
at least 7 years. Since the healthiest roots were found in surface soils where biological activity was 
high and populations of plant-parasitic nematodes relatively low, relationships between root health, 
soil carbon and various biological parameters were then examined. An accompanying paper (Stirling, 
2017) provides evidence that high soil carbon levels and green-cane trash blanketing play a role in 
improving root health by enhancing the suppressiveness of sugarcane soils to pest nematodes. 

Materials and methods 

Field survey of nematode and root distribution with depth 

In February 2015, soil samples were collected from 12 sugarcane fields on five farms in the Bundaberg, 
Isis and Hervey Bay cane-growing regions of Queensland. The fields all had light-textured sandy loam 
soils and were growing 2nd to 5th ratoon crops of sugarcane that were largely managed using the 
farming system recommended by the SYDJV. A sampling site was randomly selected within each field 
and samples containing about 2 L of soil and all the roots in the sampling zone were collected with a 
spade from depths of 0-2.5 cm, 2.5-5 cm and 5-10 cm. All samples were collected between plants in 
the middle of a cane row. 

The samples were weighed and then roots were retrieved by passing the soil through a 6 mm sieve. 
Roots were then floated in water and rated for the presence and functionality of fine roots using the 
following scale: 1= severely diseased, with no fine roots; 2= highly diseased, with fine roots erratically 
distributed and contributing <20% of total root length; 3= intermediate levels of disease, with fine 
roots contributing 20-50% of total root length; 4= mainly healthy, with large numbers of  functional 
fine roots; 5= very healthy, with a uniform spread of functional fine roots contributing >90% of total 
root length. 

Nematodes were extracted by placing 200 g moist weight of soil on a tray and retrieved after 2 days 
by sieving twice on a 38 µm sieve (a method modified from Whitehead and Hemming, 1965). Plant-
parasitic nematodes were counted by genus and free-living nematodes by trophic group. Roots were 
placed on another set of trays for 7 days, and after nematodes were retrieved, they were dried and 
weighed. Measurements of the moist weight and moisture content of the soil, data from the 200 g 
soil samples together with the number of nematodes extracted from roots were used to calculate the 
total number of plant-parasitic nematodes in the samples. Nematode data were expressed as 
numbers/g dry weight soil or dry weight root. Numbers of bacterial-feeding nematodes (B) and fungal-
feeding nematodes (F) were used to calculate the Nematode Channel Ratio [B/(B+F)], which is an 
indicator of whether the main decomposition channel in the detritus food web is dominated by 
bacteria or fungi (Yeates 2003). 

Air-dried soil samples were forwarded to Environmental Analysis Laboratory, Lismore, NSW, and pH, 
EC (1:5 in water method), total carbon and nitrogen (Leco method) and labile carbon (the method of 
Blair et al., 1995) were measured. CO2 respiration was used to assess microbial activity and was 
measured with the Solvita® CO2-burst protocol (Franzluebbers, 2016). Beakers were filled with 40 g of 
air-dried soil, the soil was moistened with 20 mL of demineralised water, and the flush of CO2 was 
measured after 24 hours using a digital colour reader. 

A suppression assay with Radopholus was set up by adding 100 mL of field-moist soil to 250 mL beakers 
and inoculating each container with 900 R. similis. Four replicate beakers containing pasteurised sand 
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served as non-suppressive standards. After 9 days at 25°C, nematodes were extracted and counted. 
The test soil was considered biologically suppressive if the number of nematodes recovered was lower 
than the pasteurised soil.  

Multiplication of Pratylenchus in soils from different depths (laboratory and greenhouse assays) 

In August 2014, soil samples were collected from a number of Bundaberg sugarcane fields on two 
common soil types. The samples in one group were light-textured sandy loam soils from seven fields 
while the other samples were clay loams (ferrosols) from three fields. The sugarcane in the fields 
ranged in age from 3rd to 7th ratoon. About 5 L of soil was collected from each field, with samples being 
obtained from different depths in the soil profile (0-1, 1-2.5, 2.5-10 cm) and sometimes from different 
locations within the field. A total of 34 samples of sandy loam soil and 15 samples of clay loam soil 
were collected and various chemical and biological properties were assessed using methods described 
previously. Additionally, microbial activity was estimated by allowing soil enzymes to hydrolyse 
fluorescein diacetate (FDA) to water-soluble fluorescein, and measuring the end product with a 
spectrophotometer (Schnürer and Rosswall, 1982). Readings were corrected for background 
absorbance and appropriate standard curves (Chen et al., 1988) were used to calculate microbial 
activity (expressed as µg FDA hydrolysed/g dry soil/min). 

To assess the suppressive capacity of each soil sample, centrifuge tubes (50 mL volume) were filled 
with field-moist soil (50 g dry weight equivalent) and inoculated with 1 000 Radopholus similis 
obtained from cultures on sterile carrot tissue. Four replicate tubes filled with soil heated at 80°C for 
1 hour and another four replicates containing pasteurised sand served as non-suppressive standards. 
After 10 days at 25°C, nematodes were extracted and counted. 

In the laboratory assay, tissue-cultured plantlets of sugarcane variety Q208A were removed from agar 
and transplanted into 50 mL centrifuge tubes filled with field moist soil. The plants were maintained 
at 26-28°C in a growth cabinet and two days later were inoculated with 500 P. zeae obtained from 
cultures on sterile carrot tissue. After 32 days, roots and soil were spread on a standard nematode 
extraction tray and 8 days later, nematodes were recovered and counted. 

In the pot assay, 1L pots were filled with each soil and a rooted single-eye sett of sugarcane (Q208) 
was planted. Pots were then inoculated with 500 P. zeae obtained from cultures on sterile carrot 
tissue. Plants were grown in a greenhouse for 8 weeks and then shoots were removed, dried and 
weighed. Roots were carefully removed from soil, adhering soil was washed away with a strong jet of 
water, and then roots were placed on a nematode extraction tray. After 8 days, nematodes were 
recovered and counted, and roots were dried and weighed. 

Statistical analyses 

Relationships between various chemical and biological parameters were assessed using the regression 
analysis and statistical analysis features in Microsoft Excel. 

 

Results 

Field survey of nematode and root distribution with depth 

Data obtained from each site and depth showed that, on average, root biomass/kg soil was much 
greater in the upper 2.5 cm of soil (surface soil) than further down the profile (Table 1). This trend was 
apparent at 11 of the 12 sites and sometimes the variation in root biomass with depth was extreme. 
At one of the sites, for example, about 80% of the roots recovered from the upper 10 cm of the profile 
were in the surface soil. The consistently high fine root rating in the upper layer of soil also indicated 
that the root systems in this zone were always healthier than a few centimetres further down the 
profile (Table 1). An example of the impact of depth on root biomass and root health is given in Fig. 1. 
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Table 1— Chemical properties, root biomass, presence of fine roots, and various biological 
properties in soils from 12 sugarcane farms in southern Queensland at three depths in the soil 

profile. 

Parameter* 0-2.5 cm 2.5-5 cm 5-10 cm 

pH 6.1 ± 0.2 6.0 ± 0.2 6.0 ± 0.2 

Electrical conductivity (dS/m) 0.084 ± 0.016 0.060 ± .009 0.051 ± 0.006 

Total C (g/kg) 18.7 ± 1.7 11.6 ± 0.4 11.2 ± 0.9 

Total N (g/kg) 1.13 ± 0.09 0.81 ± 0.03 0.73 ± 0.04 

Labile C (g/kg) 3.7 ± 0.25 2.7 ± 0.12 2.2 ± 0.15 

Microbial activity (CO2 respiration, ppm) 86.7 ± 11.7 33.7 ± 4.1 24.8 ± 2.4 

Total free-living nematodes/g dry wt. soil 23.4 ± 2.5 11.8 ± 1.8 7.1 ± 1.3 

Nematode Channel Ratio 0.77 ± 0.03 0.83 ± 0.02 0.83 ± 0.03 

Root biomass (g/kg dry wt. soil) 1.25 ± 0.28 0.43 ± 0.10 0.49 ± 0.07 

Fine root rating 4.8 ± 0.11 3.4 ± 0.31 2.9 ± 0.23 

Pratylenchus/g dry wt. soil 2.0 ± 0.5 2.8 ± 0.7 4.2 ± 1.4 

Meloidogyne/g dry wt. soil 3.0 ± 0.6 2.6 ± 0.6 4.1 ± 1.4 

Tylenchorhynchus/g dry wt. soil 1.59 ± 1.02 3.32 ± 1.52 4.69 ± 1.41 

Paratrichodorus/g dry wt. soil 0.22 ± 0.07 0.58 ± 0.26 0.89 ± 0.18 

Helicotylenchus/g dry wt. soil 0.31 ± 0.15 0.30 ± 0.11 0.26 ± 0.10 

Pratylenchus/g dry wt. roots 2 239 ± 700 7 825 ± 1667 8 277 ± 1881 

Meloidogyne/g dry wt. roots 4 664 ± 870 10 600 ± 3471 10 240 ± 3814 

* Data for Meloidogyne, Tylenchorhynchus and Paratrichodorus/g dry wt. soil are from 8, 3, and 11 sites where the 

nematode was detected. 

Total and labile C levels were highest in the surface soil and declined with depth and similar patterns 
were observed for biological properties such as microbial activity and numbers of free-living 
nematodes (Table 1). P. zeae was the only plant parasite found at all sites but regardless of the way 
its population density was assessed, its numbers were consistently low in surface soil and increased 
with depth. Root-knot nematode (Meloidogyne sp.) had a similar distribution at the 8 sites where it 
was detected at all depths (Table 1). Two other plant-parasitic nematodes were present at reasonably 
high population densities and they also had a similar depth distribution, with numbers of stubby root 
nematode (Paratrichodorus minor) and stunt nematode (Tylenchorhynchus sp.) much higher in the 5-
10 cm zone than in the 0-2.5 cm zone. In contrast, numbers of spiral nematode (Helicotylenchus 
dihystera) were similar at all three depths (Table 1). Dagger nematode (Xiphinema elongatum), ring 
nematode (Mesocriconema sp.) and another spiral nematode (Rotylenchus brevicaudatus) were also 
present, but their numbers were too low to see any trends with depth. 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

24 

 

 

Fig. 1— Sugarcane roots from depths of 0-2.5 cm (left) and 5-10 cm (right) at one of the field sites. 
This photograph shows the marked differences in root health that typically occur in sugarcane soils 

at different depths in the soil profile. 

Regression analyses indicated that there was a significant relationship between nematode population 
densities and some chemical and biological parameters, with the relationship between the number of 
Pratylenchus/g root and labile C (P <0.001) shown in Fig. 2. One interesting relationship (P = 0.003) 
was between Pratylenchus and the Nematode Channel Ratio (Fig. 3). It showed that Pratylenchus 
populations tended to decline as fungi became a more dominant component of the soil food web. 

In the suppression assay with R. similis, the mean numbers of nematodes extracted from the upper, 
middle and bottom soil layers were 309, 361 and 388 per container, respectively. Differences between 
depths were not significant but numbers at all depths were significantly lower than the 689 nematodes 
recovered from containers of pasteurised sand. 

 

 

Fig. 2— Relationship between populations of Pratylenchus zeae and labile C in soil samples collected 
at three depths in the soil profile from 12 sugarcane sites 
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Fig. 3 — Relationship between populations of Pratylenchus zeae and the Nematode Channel Ratio in 
soil samples collected at three depths in the soil profile from 12 sugarcane sites 

 

Multiplication of Pratylenchus in soils from different depths (laboratory and greenhouse assays) 

Chemical analyses indicated that the soils used in these assays had quite different properties. The clay 
loam soils had much higher carbon and nitrogen levels than the sandy loam soils and these parameters 
declined with depth (Table 2). The nematode communities were dominated by free-living nematodes, 
with numbers much higher in the surface soil than at depth (Table 3). Root-lesion nematode was the 
dominant plant-parasitic nematode in both soil types but root-knot nematode was also present in the 
sandy loam soils. Populations of both nematodes were very low in the surface soil and increased with 
depth (Table 3). 

 

Table 2 — Chemical properties of sandy loam and clay loam soils collected from Bundaberg 
sugarcane fields at various depths in the soil profile. Data are means from various numbers of 

samples. 

Soil type 
 

No. of 
samples pH 

EC 
(dS/m) 

Total 
C (%) 

Labile 
C (%) 

Total N 
(%) C:N 

Sandy loam Surface (0-1 cm) 14 6.18 0.18 1.42 0.30 0.09 16.7 

 Upper (1-2.5 cm) 9 6.52 0.04 1.08 0.22 0.07 16.1 

 Lower (2.5-10 cm) 11 6.41 0.04 1.05 0.20 0.07 16.1 

   
      

Clay loam Surface (0-1 cm) 8 6.72 0.22 4.09 0.80 0.32 12.6 

 Upper (1-2.5 cm) 3 6.11 0.13 2.47 0.41 0.22 11.5 

 Lower (2.5-10 cm) 4 5.92 0.11 2.01 0.30 0.18 10.9 
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Table 3 — Nematode population densities in sandy loam and clay loam soils collected from various 
depths in the soil profile and used in various laboratory and greenhouse assays. 

Soil type Soil 
depth/treatment 

No. of 
samples 

Free-living 
nematodes/ 

200 mL soil 

(mean ± SE) 

P. zeae/ 200 
mL soil 

(mean ± SE) 

Meloidogyne 
/200 mL soil 

(mean ± SE) 

Sandy loam Surface (0-1 cm) 14 14 723 ± 1694 2 ± 1 0 ± 0 

 Upper (1-2.5 cm) 9 3 580 ± 603 68 ± 13 65± 19 

 Lower (2.5-10 cm) 11 1 723 ± 138 161 ± 31 184 ± 29 

Clay loam Surface (0-1 cm) 8 8 955 ± 1431 0 ± 0  

 Upper (1-2.5 cm) 3 3 953 ± 557 97 ± 35  

 Lower (2.5-10 cm) 4 3 095 ± 437 100 ± 29  

 

When the suppressiveness of these soils was assessed using R. similis, markedly different results were 
obtained with the different soil types (Table 4). In the clay loam soil, high numbers of R. similis were 
recovered from heated soil and pasteurised sand, whereas numbers were much lower in untreated 
soils from the field. Differences between the sterilised and untreated soils were much lower with the 
sandy loam soils, with the depth from which soil was obtained not having a major effect on the number 
of Radopholus recovered. Nevertheless, there was a significant but relatively poor negative 
relationship between the number of R. similis recovered and the labile C content of the sandy loam 
soils (P=0.034; R2= 0.13). 

Results of the laboratory assay with tissue-cultured plantlets (Table 5) showed that, except for soils 
from the lower part of the profile, plants grew better in the clay loam than sandy loam soils. P. zeae 
multiplied to much higher population densities in the pasteurised sand than the heated soil, but both 
sterilised media contained many more nematodes than any of the non-sterilised field soils. In both 
soil types, there were fewer P. zeae in the surface soil than in soil from lower depths. In the clay loam 
soils, the negative relationship between the number of P. zeae and labile C was significant (P=0.021; 
R2= 0.37). 

In the greenhouse assay, plants grew much better in the clay loam soils than the sandy loam soils and 
had a lower root/shoot ratio, but aboveground and root biomass were always greatest in the surface 
soil (Table 6). Regression analyses showed that the number of P. zeae/g root was negatively correlated 
with total and labile C, but in both soils, the relationship with total C was stronger than with labile C. 
Similar relationships were observed with the three biological parameters measured, but they were 
not as strong as with total C (Table 7). Examples of the relationship between soil C levels and numbers 
of P. zeae/g root are given in Figs. 4 and 5. In the sandy loam soil, the regression equation indicates 
that an increase in soil C from 1 to 1.5% reduced Pratylenchus populations in roots by about 80% (from 
21 550 to 4 160 nematodes/g dry weight of root). Soil C levels were higher in the clay loam soils, but 
a 0.5% increase in soil C levels (from 2 to 2.5%) decreased Pratylenchus populations in roots from 11 
500 to 7 380 nematodes/g dry weight of roots.  
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Table 4 — Numbers of Radopholus similis recovered 10 days after heated soil, pasteurised sand and 
sandy loam and clay loam soils collected from various depths in the soil profile were inoculated with 

the nematode. 

Soil type Soil depth/treatment No. of samples No. Radopholus 
(mean ± SE) 

Sandy loam Surface (0-1 cm) 14 325 ± 23 

 Upper (1-2.5 cm) 9 393 ± 20 

 Lower (2.5-10 cm) 11 362 ± 25 

 Heated 4 404 ± 24 

 Pasteurised sand 4 541 ± 60 

Clay loam Surface (0-1 cm) 8 87 ± 25 

 Upper (1-2.5 cm) 3 97 ± 23 

 Lower (2.5-10 cm) 4 127 ± 24 

 Heated 4 628 ± 24 

 Pasteurised sand 4 650 ± 24 

 

Table 5 — Aboveground biomass and number of Pratylenchus zeae recovered from heated soil, 
pasteurised sand, and sandy loam and clay loam soils collected from various depths in the soil 

profile, 32 days after 50 mL centrifuge tubes were planted with tissue-cultured sugarcane plantlets 
and inoculated with 500 nematodes. 

Soil type Soil 
depth/treatment 

No. of samples Fresh wt. shoots 
(g) 

No. P. zeae  

(mean ± SE) 

Sandy loam Surface (0-1 cm) 14 0.19 ± 0.02 209 ± 33 

 Upper (1-2.5 cm) 9 0.18 ± 0.02 410 ± 87 

 Lower (2.5-10 cm) 11 0.21 ± 0.03 491 ± 90 

 Heated soil 4 0.28 ± 0.05 2 778 ± 882 

 Pasteurised sand 4 0.21 ± 0.04 6 055 ± 742 

Clay loam Surface (0-1 cm) 8 0.31 ± 0.05 122 ± 33 

 Upper (1-2.5 cm) 3 0.30 ± 0.08 860 ± 192 

 Lower (2.5-10 cm) 4 0.22 ± 0.04 840 ± 391 

 Heated soil  4 0.28 ± 0.05 1 602 ± 315 

 Pasteurised sand 4 0.33 ± 0.03 7 427 ± 1018 
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Table 6 — Aboveground and root biomass after sugarcane was grown for 8 weeks in pots of sandy 
loam and clay loam soil collected from various depths in the soil profile. 

Soil type Soil 
depth/treatment 

No. of 
samples 

Dry wt. 
shoots (g) 

Dry wt. roots 
(g) 

Sandy loam Surface (0-1 cm) 14 2.22 ± 0.18 0.94 ± 0.10 

 Upper (1-2.5 cm) 9 1.43 ± 0.20 0.88 ± 0.15 

 Lower (2.5-10 cm) 11 1.15 ± 0.20 0.45 ± 0.08 

     

Clay loam Surface (0-1 cm) 8 4.12 ± 0.58 0.90 ± 0.09 

 Upper (1-2.5 cm) 3 1.99 ± 0.93 0.62 ± 0.44 

 Lower (2.5-10 cm) 4 1.39 ± 0.10 0.54 ± 0.09 

 

Table 7— Relationships between final numbers of Pratylenchus zeae /g root and various chemical 
and biological parameters in greenhouse experiments with two different soil types in which 

sugarcane was grown for 8 weeks in potted soils collected from different farms and depths and 
inoculated with 500 P. zeae. 

Parameters Sandy loam soils (n = 34) Clay loam soils (n =15) 

x y Relationship R2 Relationship R2 

µg FDA log Prat/g root  nsA y = -0.7508x + 5.09 0.302 

CO2 respiration log Prat/g root y = - 0.0122x + 4.18 0.148 y = -0.0061x + 4.31 0.280 

log TFLN log Prat/g root y = -0.5882x + 6.12 0.228 y =-1.2625x + 8.31 0.278 

Total C log Prat/g root y = -1.4328x + 5.76 0.344 y = -0.3853x + 4.83 0.814 

Labile C log Prat/g root y = -2.3984x + 4.56 0.154 y = -1.5986x + 4.54 0.648 
A Relationships were significant when P <0.05 

 

 

Fig.4 — Relationship between soil C levels and numbers of Pratylenchus zeae in sugarcane roots in 
sandy loam soils 

 

y = -1.4328x + 5.7616
R² = 0.3437

2

3

4

5

6

1.0 1.2 1.4 1.6 1.8

lo
g 

P
ra

ty
le

n
ch

u
s/

g 
ro

o
t

Total C (%)



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

29 

 

 

Fig. 5 — Relationship between soil C levels and numbers of Pratylenchus zeae in sugarcane roots in 
clay loam (ferrosol) soils 

 

Discussion 

The survey of 12 sugarcane crops that had been grown using the SYDJV farming system clearly showed 
that root health and root biomass varied markedly with depth. There were many more roots in the 
soil immediately below the trash blanket than in soil a few centimetres further down the profile and 
a profusion of fine white roots in the 0-2.5 cm zone indicated that these roots were much healthier 
than those at depth. 

The most likely reason roots were concentrated near the soil surface is that levels of soil organic 
matter were much higher in this zone and the nutrients it contains are constantly being mineralised 
by soil organisms. Free-living nematodes play an important role in the mineralisation process, as they 
prey on microbes and other soil organisms, thereby encouraging microbial turnover and nutrient 
cycling (Ingham et al., 1985; Ferris et al., 1998; Chen and Ferris, 1999). Their population density in the 
upper 2.5 cm of soil averaged 23.4 nematodes/g compared with only 7.1 nematodes/g at 5-10 cm, 
indicating that roots in the surface soil had access to much greater concentrations of mineralised 
nutrients than those at depth. 

At the surveyed sites, populations of lesion and root-knot nematodes/g soil were generally lower near 
the surface than at depth, but differences were even greater when nematode populations were 
measured per g root. On average, the surface soil harboured 73% fewer lesion nematodes and 54% 
fewer root-knot nematodes/g root than soil from 5-10 cm. However, at some sites there were even 
greater differences between depths in the numbers of nematodes associated with roots. At three of 
the sites, for example, numbers of lesion nematode were 91-96% lower in the surface soils than at 
depth. 

One possible reason that populations of root-lesion and root-knot nematode were lower in the surface 
soil is that temperature and moisture conditions were sub-optimal for the nematodes. However, the 
presence of a trash blanket and a canopy of sugarcane shoots should have prevented temperature 
extremes that may have killed nematodes, while the endoparasitic habit of both nematodes will have 
protected them from desiccation during dry periods. Thus, the most likely reason for the depth effect 
is that antagonists were regulating nematode population densities and they were more active near 
the soil surface. 

The survey data provided some evidence to suggest that natural enemies may have been playing a 
role in suppressing plant-parasitic nematodes. First, the tendency for numbers of free-living 
nematodes to increase and numbers of plant-parasitic nematodes to decline as the soil C content 
increased suggests that natural enemies may have been utilising soil organic matter as an energy 
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source or consuming the free-living nematodes associated with the decomposition process, and then 
attacking pest species. Second, the tendency for numbers of Pratylenchus/g root to decline as the 
detritus food became fungal dominant suggests that nematode-trapping fungi may have been 
contributing to regulatory processes. They will have been a component of the fungal community in 
surface soils as they are common in high-C, low-N environments (Stirling, 2014). The fact that 44-55% 
fewer nematodes were recovered from untreated compared with sterilised soil in the Radopholus 
assay also suggests that biological factors capable of suppressing nematodes were present in these 
soils. 

Results of laboratory and greenhouse assays on soils collected from different depths in the profile 
provided additional evidence that biological suppression was occurring in sugarcane soils. In the 
Radopholus assays with clay loam and sandy loam soils from Bundaberg, 84% and 34% fewer R. similis 
were recovered from these soils than from pasteurised sand. Although previous studies using a similar 
assay had shown that topsoil was more suppressive than soil from 15-17 cm (Stirling et al., 2011), the 
depth from which the soil was obtained did not have a major or consistent effect on the number of 
nematodes recovered in these assays. 

Results of Pratylenchus assays with tissue-cultured plantlets also suggested that suppressive biological 
factors were operating in these soils, as the nematode multiplied in sterilised soil but populations 
failed to increase in untreated soil. However, in contrast to the Radopholus assays, there were also 
indications that suppressive effects were greater in the surface soils (Table 5). 

Stirling et al. (2011) concluded that biologically mediated suppressiveness to nematodes in sugarcane 
soils was sustained by carbon inputs from crop residues and roots, and the results of the greenhouse 
assay support that conclusion. Numbers of P. zeae/g root declined as the soil C content increased and 
similar relationships were observed with microbial activity and numbers of free-living nematodes, 
which depend directly or indirectly on the amount of carbon available as a food source. However, as 
microbes and the nematodes which consume them rely on readily utilisable (i.e. labile) carbon 
sources, it is not clear why the relationship between Pratylenchus numbers was stronger with total C 
than labile C. One possibility is that soil microarthropods are important predators of nematodes in 
sugarcane soils and they gain habitable space as soil C levels increase due to the effects of carbon on 
soil structural properties such as porosity. 

In conclusion, these results show that when sugarcane is grown using the farming system 
recommended by the SYDJV, the soils are highly stratified. The soil under the trash blanket has high 
carbon levels and an active biological community, and also supports a concentrated layer of healthy 
roots. A few centimetres further down the profile the soil carbon content is much lower; there is less 
biological activity and fewer roots; while the fine roots responsible for water and nutrient uptake are 
usually in short supply. Populations of plant-parasitic nematodes/g root showed an inverse 
relationship to these soil and root health parameters, with their numbers generally much lower in the 
zone where roots were healthy. Evidence from laboratory and greenhouse assays suggested that 
biological factors were regulating nematode populations in these soils and were at least partly 
responsible for suppressing nematode populations and maintaining root health in the soil immediately 
under the trash blanket. Organisms capable of suppressing other root pathogens probably contributed 
by protecting roots near the soil surface from damage, but further research is required to confirm this. 
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7.2.     Nematode-suppressive services in sugarcane soils 

 

Abstract. Plant-parasitic nematodes are important pests of sugarcane in Australia. Most fields are 
infested with at least four species, with damaging pests such as root-lesion nematode (Pratylenchus 
zeae) and root-knot nematode (Meloidogyne spp.) often found in high numbers. Since previous 
studies have shown that population densities of most plant-parasitic nematodes are relatively low in 
the soil immediately under the trash blanket, studies were undertaken to determine whether 
mulching with sugarcane trash made the soil more suppressive to these nematodes. Pot experiments 
in which soil was mulched with sugarcane residues showed that populations of plant-parasitic 
nematodes/g root were almost always lower in mulched than non-mulched soil. In another 
component of the study, the same soils were sterilised by autoclaving and inoculated with plant-
parasitic nematodes. Comparisons of final population densities in sterilised and non-sterilised soils 
showed that plant-parasitic nematodes multiplied to much higher densities when the soil biological 
community was killed by heat. In light-textured soils that were not sterilised, numbers of plant-
parasitic nematodes/g root were significantly higher in soil from 0-2 cm than 15-20 cm, suggesting 
that the topsoil was a less hospitable environment for these nematodes than soil further down the 
profile. Collectively, these results indicate that biological factors suppress nematodes in sugarcane 
soils and they are most active in mulched topsoils where soil carbon levels are high. 

 

Introduction 

Root-lesion nematode (Pratylenchus zeae), root-knot nematode (mainly Meloidogyne javanica), 
stubby root nematode (Paratrichodorus minor), stunt nematode (Tylenchorhynchus annulatus), 
dagger nematode (Xiphinema elongatum), spiral nematode (Helicotylenchus dihystera), reniform 
nematode (Rotylenchulus parvus) and ring nematode (various species in the family Criconematidae) 
are widely distributed on sugarcane in Australia, and most fields are infested with at least four of these 
pests (Blair et al., 1999 a, b). This community of nematodes causes extensive damage to sugarcane 
root systems, with P. zeae and M. javanica generally considered the most important pests (Cadet and 
Spaull, 2005). In Australia, yield losses from plant-parasitic nematodes averaged 15% in plant crops 
and 12% in ratoons (Blair and Stirling, 2007). 

Research on nematode control has largely focussed on nematicides (Chandler 1978, 1980; Bull 1979, 
1981) and rotation crops (Stirling et al., 2006), but attempts are now being made to develop resistant 
varieties (Stirling et al., 2012; Bhuiyan et al., 2016). However, these traditional approaches to 
nematode control have their limitations. Rotation crops reduce nematode populations for relatively 
short periods and usually only have an impact in the plant crop; varieties with resistance to one or two 
nematode species are unlikely to perform in fields infested with multiple species; and nematicides 
only provide temporary control and are limited by cost and concerns about their environmental 
impact. 

Alternative approaches to reducing losses from nematode pests in sugarcane are required and one 
approach that has received little attention is to restore the regulatory mechanisms that should be keeping 
these pests under control. Nematodes have a huge range of natural enemies and if carbon inputs are 
high, tillage is minimised and soils are no longer compacted by farm machinery, these organisms will be 
nurtured rather than destroyed, and will then act collectively to reduce nematode populations through 
mechanisms such as parasitism, predation, competition and antibiosis (Stirling, 2014).  Previous work 
in sugarcane has shown that: 1) general suppression of nematodes is enhanced when crop residues 
are used as mulch; 2) the soil immediately under the trash blanket is highly suppressive to plant-
parasitic nematodes; and 3) this form of suppression is associated with high soil carbon levels, large 
numbers of bacterial- and fungal-feeding nematodes and the presence of a diverse range of predatory 
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fungi and nematodes (Stirling et al., 2011a, b). This study, and work described in an accompanying 
paper (Stirling, 2017), provides further evidence to show that biological factors are reducing nematode 
populations in sugarcane soils; that the suppressive factors are most active in surface soils; and that 
mulching tends to enhance suppressiveness.  

Materials and Methods 

On 30 September 2015, about 25 kg of soil was collected from three fields in Bundaberg where 
sugarcane had recently been harvested (4th, 3rd and 5th ratoons at sites B, C and H, respectively). The 
soil was collected from two depths in the profile: 0-2 cm and 15-20 cm, with these depths being 
designated as top and bottom, respectively. The soil at site B was a Red Ferrosol (Australian Soil 
Classification) whereas the other soils were lighter in texture (a Yellow Dermosol at site C and a Red 
Dermosol at site H). Soil particle size analyses undertaken by Environmental Analysis Laboratory, 
Lismore, NSW (EAL) using a laser technique showed that the soil from site B was physically different 
to the soils from sites C and H (Table 1). However, the percentages of sand, silt and clay did not vary 
with depth at any of the sites.   

From a chemical perspective, analyses by EAL of pH, EC (1:5 in water method), total C and total N (Leco 
method) indicated that the latter parameters varied markedly between soils but both total C and total 
N were always much higher in the top than bottom soil (Table 1). 

 

Table 1— Physical and chemical properties of soils collected from three sites in Bundaberg at two 
depths in the soil profile: 0-2 cm (Top) and 15-20 cm (Bottom). 

 Site B Site C Site H 

 Top Bottom Top Bottom Top Bottom 

Sand >20 µm (%) 26.5 27.6 60.2 59.4 62.7 66.4 

Silt 2-20 µm (%) 48.5 47.6 30.4 31.0 28.3 24.2 

Clay <2  µm (%) 25.0 24.7 9.5 9.7 9.0 9.3 

       

pH 6.03 6.41 5.49 5.61 5.11 5.94 

EC (dS/m) 0.23 0.08 0.22 0.05 0.32 0.04 

Total C (%) 3.22 2.24 2.07 0.96 1.52 0.60 

Total N (%) 0.23 0.17 0.10 0.05 0.08 0.02 

C:N ratio 14.1 12.8 20.0 17.7 18.7 39.1 

 

Soon after the soil was collected, the following experiment was established with each of the soils: 2 
depths (top, bottom) x 2 mulch treatments (mulch, nil) x 6 replicates. Each 1.5 L pot was filled with 
soil but because the soils differed in bulk density, the dry weight equivalents added to each pot for 
sites B, C and H were 1000, 1250 and 1200 g for the three top soils and 1150, 1550 and 1550 for the 
three bottom soils, respectively. Prior to setting up the experiments, the initial nematode population 
density was estimated by processing three replicate 200 g sub-samples of each soil using the tray 
method of Whitehead and Hemming (1965). These results, together with the amount of soil added to 
each pot, were then used to calculate the initial number of nematodes per pot.  

Single-eye setts of sugarcane (Q208) were planted in each pot and a few days later, mulch treatments 
were applied by adding 22 g of sugarcane trash to the surface of appropriate pots (the equivalent of 
adding 15.5 t dry matter/ha). Plants were then grown in a greenhouse and harvested 10 weeks later.  
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Pots were watered every day, but because mulching reduced moisture losses from the soil, mulched 
pots received about two-thirds the water supplied to the non-mulched pots.    

To allow comparisons with sterilised or partly-sterilised soil, autoclaved soils from 15-20 cm and 
pasteurised sand were included as non-suppressive standards. Pots were filled with these soils and 
after sugarcane was planted, three replicate pots were inoculated with 800 P. zeae, 50 P. minor and 
50 T. annulatus obtained from greenhouse cultures. 

At harvest, shoots and roots were dried and weighed, with the roots being placed on an extraction 
tray for 8 days to recover endoparasitic nematodes before being dried. The soil in each pot was mixed 
carefully and after it was weighed, nematodes were recovered from about 200g soil using the method 
described previously. Total numbers of nematodes per pot were determined by calculating numbers 
in soil and then adding those recovered from roots. Chemical parameters (pH, EC and total C and N) 
were measured by EAL using methods described previously; labile carbon was assessed using the 
method of Blair et al. (1995) and CO2 respiration was measured using the Solvita® CO2-burst protocol 
(Franzluebbers, 2016).  

Statistical analysis 

Data were analysed by analysis of variance using Genstat 8.2. Nematode data were transformed 
(log10no. nematodes + 1) prior to analysis. 

Results 

Nematode assessments at the commencement of the experiments showed that the soils varied 
markedly in both the number and range of plant-parasitic nematodes they contained.  Root-lesion 
nematode (P. zeae) and spiral nematode (H. dihystera) were the only nematodes present at all sites 
and depths (Table 2). Five other nematodes were sometimes detected: T. annulatus, Meloidogyne sp., 
P. minor, R. parvus and a second species of spiral nematode (Rotylenchus brevicaudatus).  

 

Table 2- Approximate numbers of plant-parasitic nematodes in 1.5 L pots containing soils collected 
from three sites in Bundaberg at two depths in the soil profile: 0-2 cm (Top) and 15-20 cm (Bottom). 

 Site B Site C Site H 

 Top Bottom Top Bottom Top Bottom 

Pratylenchus 1553 173 2922 685 527 168 

Helicotylenchus 748 227 969 2231 144 45 

Tylenchorhynchus 115  202 575 11 24 

Meloidogyne   225   24 

Paratrichodorus 29  318 46 460 144 

Rotylenchus     174 67 

Rotylenchulus 316 113   2434 1164 

 

When sugarcane was grown in autoclaved soil that had been inoculated with plant-parasitic 
nematodes, the results indicated that all the soils were capable of supporting high numbers of 
nematodes (Table 3).  Root-lesion and stunt nematodes reached very high population densities in all 
soils whereas populations of stubby root nematode were relatively low in soils from site C. All 
nematodes multiplied to high densities in the pasteurised sand.  
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Table 3- Final nematode populations in pasteurised sand and autoclaved soil from three sites after 
three replicate pots were inoculated with 800 root-lesion nematodes (Pratylenchus zeae), 50 stubby 
root nematodes (Paratrichodorus minor) and 50 stunt nematodes (Tylenchorhynchus annulatus) and 

sugarcane was grown for 10 weeks. 

 Root-lesion Stubby root Stunt 

 No./pot No./g root No./pot No./g root No./pot No./g root 

Site B 18,837 27,898 1210 1290 7072 9898 

Site C 25,759 50,365 114 237 6960 13,862 

Site H 15,061 28,056 1561 2753 8956 17,231 

Sand 15,899 12,229 5502 4009 3478 2859 

 

Pot experiment with soil from site B 

At the end of the experiment, chemical analyses showed that soil C and N levels were significantly 
higher in the topsoil than in soil from the bottom of the profile. This had flow-on effects to the soil 
biology, as numbers of free-living nematodes (FLN) and microbial activity measured as CO2 respiration 
were both higher in the top soil (Table 4).  Mulching had no effect on any of these parameters. 

When the plants were harvested there was an obvious response to mulching and to depth in the soil 
profile. Shoot biomass was much greater in soil from the top than the bottom of the profile and there 
was a similar response to mulching (Table 4). Root biomass was also greater in mulched pots, while 
neither treatment significantly affected the root:shoot ratio. 

Root-lesion and spiral nematodes were the only plant-parasitic nematodes present at this site in 
reasonable numbers. Analyses of the data at the end of the experiment showed a significant depth 
effect for both nematodes, with populations lower in the top than bottom soil (Table 4). The mulch 
effect was not significant. 

When numbers of root-lesion nematode were averaged over all treatments, the final nematode 
population density was 2027 P. zeae/g root. In contrast, results presented in Table 3 show that there 
were ten times more nematodes (27,898 P. zeae/g root) in the autoclaved soil from this site used as a 
non-suppressive standard.  
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Table 4- Main effects of soil depth and mulching on soil chemical, biochemical and biological 
properties, plant growth and final populations of root-lesion nematode (Pratylenchus zeae) and 

spiral  nematode (Helicotylenchus dihystera), when sugarcane was grown for 10 weeks in pots filled 
with soil from Bundaberg site B. 

 Top Bottom Mulch No mulch 

Total C (%) 3.69 a 2.20 b 3.07 a 2.81 a 

Labile C (%) 0.85 a 0.42 b 0.65 a 0.63 a 

Total N (%) 0.29 a 0.20 b 0.25 a 0.24 a 

Total FLN/200 g soil 1548 a 453 b 899 a 781 a 

CO2 respiration (ppm) 176 a 139 b 162 a 153 a 

     

Shoot biomass (g) 3.87 a 3.02 b 3.84 a 3.04 b 

Root biomass (g) 0.879 a 0.807a 0.982 a 0.703 b 

Root:shoot ratio 0.230 a 0.268 a 0.260 a 0.238 a 

     

Pratylenchus/200 g 
soil 

200 b 479 a 360 a 266 a 

Pratylenchus/g root 1144 b 3588 a 1914 a 2147 a 

Helicotylenchus/g root 313 b 726 a 435 a 524 a 

The mulch x depth interaction was not significant for any parameter. For each depth and mulch comparison, means 
followed by different letters (bold type) are significantly different (P<0.05). 

 

Pot experiment with soil from site C 

Chemical and biological analyses at the end of the experiment showed that the responses to depth 
were much the same as they were at site B. Soil C and N levels were significantly higher in the topsoil 
than in soil from the bottom of the profile, as were numbers of free-living nematodes and microbial 
activity.  Mulching had no effect on any parameter, except that the presence of mulch decreased CO2 
respiration (Table 5). 

When the plants were harvested there was an obvious growth response to mulching and to depth in 
the soil profile. Shoot biomass was much greater in soil from the top than the bottom of the profile 
and there was a similar response to mulching. Root biomass was greater in mulched pots but was not 
affected by depth, and this meant that the root:shoot ratio was much higher in bottom than top soil 
but was not affected by mulching (Table 5).  

Five plant-parasitic nematodes were present in the soil from this site and when they were counted at 
the end of the experiment, populations of root-lesion nematode had increased but depth had no 
effect on final nematode population densities.  Initially, root-knot nematode was only found in the 
topsoil but at the end of the experiment numbers/g root were significantly higher in the bottom soil. 
Populations of spiral and stunt nematodes showed the opposite effect, as final numbers were higher 
in the top than bottom soil.  Mulching reduced populations of three of the five nematodes (Table 5).  
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When averaged over all treatments, the final population densities of root-lesion and stunt nematodes 
were 5793 and 2185 nematodes/g root, respectively, with both being much lower than the numbers 
observed in the autoclaved soil used as a non-suppressive standard (previously recorded in Table 3).  

 

Table 5- Main effects of soil depth and mulching on soil chemical, biochemical and biological 
properties, plant growth and final populations of root-lesion (Pratylenchus zeae), root-knot 

(Meloidogyne sp.) spiral  (Helicotylenchus dihystera), stunt (Tylenchorhynchus annulatus) and stubby 
root (Paratrichodorus minor) nematodes when sugarcane was grown for 10 weeks in pots filled with 

soil from Bundaberg site C. 

 Top Bottom Mulch No mulch 

Total C (%) 2.02 a 1.00 b 1.53 a 1.48 a 

Labile C (%) 0.48 a 0.17 b 0.34 a 0.32 a 

Total N (%) 0.12 a 0.06 b 0.09 a 0.08 a 

Total FLN/200 g soil 1603 a 510 b 817 a 1015 a 

CO2 respiration (ppm) 106 a 40 b 57 b 88 a 

Shoot biomass (g) 2.98 a 1.15 b 2.34 a 1.79 b 

Root biomass (g) 0.752 a 0.637 a 0.802 a 0.537 b 

Root:shoot ratio 0.256 b 0.653 a 0.423 a 0.486 a 

Pratylenchus/200 g soil 680 a 427 a 465 a 626 a 

Pratylenchus/g root 5901 a 5688 a 4275 b 7852 a 

Meloidogyne/g root 1 b 78 a 8 a 12 a 

Helicotylenchus/g root 174 a 17 b 38 b 82 a 

Tylenchorhynchus/g 
root 

45 a 6 b 9 b 31 a 

Paratrichodorus/g root 758 a 213 a 263 a 616 a 

The mulch x depth interaction was not significant for any parameter, except that Helicotylenchus/g root was significantly 
lower in mulched than non-mulched bottom soil. For each depth and mulch comparison, means followed by different 

letters (bold type) are significantly different (P<0.05). 

 

Pot experiment with soil from site H 

Chemical and biological analyses at the end of the experiment showed that this soil responded to 
depth in much the same way as the other two soils. Soil C levels, numbers of free-living nematodes 
and microbial activity were all significantly higher in the topsoil than in soil from the bottom of the 
profile (Table 6).  Mulching had no effect on any of these parameters.  
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Table 6- Main effects of soil depth and mulching on soil chemical, biochemical and biological 
properties, plant growth and final populations of root-lesion (Pratylenchus zeae), root-knot 

(Meloidogyne sp.), spiral (Helicotylenchus dihystera), spiral (Rotylenchus brevicaudatus), stubby root 
(Paratrichodorus minor) and reniform (Rotylenchulus parvus) nematodes when sugarcane was grown 

for 10 weeks in pots filled with soil from Bundaberg site H. 

 Top Bottom Mulch No mulch 

Total C (%) 1.75 a 0.82 b 1.38 a 1.19 a 

Labile C (%) 0.36 a 0.11 b 0.24 a 0.23 a 

Total N (%) 0.10 a 0.05 a 0.09 a 0.06 a 

Total FLN/200 g soil 2629 a 444 b 1185 a 986 a 

CO2 respiration (ppm) 42 a 6 b 25 a 23 a 

     

Shoot biomass (g) 3.83 a 1.39 b 3.01 a 2.21 b 

Root biomass (g) 0.872 a 0.525 b 0.809 a 0.508 b 

Root:shoot ratio 0.235 b 0.387 a 0.335 a 0.286 a 

     

Pratylenchus/200 g 
soil 

484 a 532 a 502 a 511 a 

Pratylenchus/g root 3435 b 9098 a 4508 a 6934 a 

Meloidogyne/g root 1 b 245 a 14 a 25 a 

Helicotylenchus/g root 2290 a 208 b 467 a 1022 a 

Rotylenchus/g root 1288 b 3133 a 1496 b 2697 a 

Paratrichodorus/g root 17 b 323 a 48 a 119 a 

Rotylenchulus/g root 11,117 a 14,125 a 6295 b 24,945 a 

The mulch x depth interaction was not significant for any parameter, except that shoot biomass was significantly higher in 
mulched than non-mulched topsoil whereas there was no mulch effect in bottom soil. For each depth and mulch 

comparison, means followed by different letters (bold type) are significantly different (P<0.05). 

 

When the plants were harvested there was an obvious growth response to mulching and to depth in 
the soil profile. Shoot biomass was much greater in top soil than bottom soil and in mulched than non-
mulched soil but a depth x mulch interaction indicated that the growth response to mulching only 
occurred in the top soil.  Root biomass was affected by both depth and mulching whereas the 
root:shoot ratio was much higher in bottom than top soil and was not affected by mulching (Table 6).  

Six plant-parasitic nematodes were present at this site and populations of four of them (Pratylenchus, 
Meloidogyne, Rotylenchus and Paratrichodorus) were significantly higher in bottom soil than the 
topsoil. However, the opposite effect was observed for Helicotylenchus and there was no effect for 
Rotylenchulus. Mulching consistently reduced nematode numbers/ g root, with the effect significant 
for Rotylenchus and Rotylenchulus (Table 6).  

When averaged over all treatments, the final population densities of root-lesion nematode and stubby 
root nematode were much lower than the populations observed in the autoclaved soil used as a non-
suppressive standard and previously recorded in Table 3.  
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Discussion 

Although the soils used in these experiments were all collected from the same cane-growing region, 
their properties were markedly different. The ferrosol (site B) was more permeable, less acidic, and 
had much higher carbon levels than the two light-textured soils (sites C and H). However, regardless 
of the site, the carbon contents and levels of biological activity were consistently higher in the topsoil 
and declined with depth. In contrast, the textural properties of the soils did not vary with depth. At 
each site, the proportions of sand, silt and clay were similar at both depths, presumably because the 
soils had been homogenised by many years of cultivation. 

Regardless of the site from which the soil was obtained, sugarcane grew much better in soil collected 
from a depth of 0-2 cm than in soil from 15-20 cm. In the ferrosol, shoot biomass was 28% higher in 
the top than bottom soil, but the depth effect was much greater in the light-textured soils (a 154% 
and 176% increase at sites C and H, respectively). Depth also had below-ground effects, as root 
biomass tended to be higher in the topsoil, although the effect was only significant at site H.  

Another clear effect of depth in the soil profile was the much higher root:shoot ratio in the bottom 
than the top soil at the two sites with light-textured soils. This suggests that in soils where nutrient 
mineralisation is limited by low levels of soil organic matter, plants meet the nutrient requirements of 
their shoots by putting more resources into roots. 

Although the effects of mulching were not as obvious as those caused by depth, mulched sugarcane 
plants produced 26-36% more aboveground biomass than non-mulched plants, despite the fact that 
they received about one-third less irrigation water. Mulching also increased root biomass (40, 49 and 
59% increases in soil from sites B, C and H, respectively), suggesting that its impact on root growth 
may have been greater than on shoots.  

Since these experiments were established to look at the impact of soil depth and mulching on 
suppression of plant-parasitic nematodes, the effects of both treatments on root biomass raised 
questions about how the nematode data should be reported. Populations of plant-parasitic 
nematodes are normally presented as numbers in a certain weight or volume of soil, but in this paper 
they have largely been reported as numbers/g root. The reason for the change is that this parameter 
better reflects the likely impact of the nematode on the plant. When nematode numbers are reported 
per weight of soil, results are difficult to interpret because the weight of roots in the sample is not 
known. Thus, in a situation where few roots are present, a high count would indicate that the 
nematode is causing damage. However, if many roots were present, such a result could reflect that 
fact that the nematode had multiplied to a high population density on a readily-available food source 
but may not necessarily be causing damage. Thus, in experiments where treatments produce marked 
differences in root biomass, nematode populations per g dry root is a better metric for assessing 
treatment effects.   

Data presented in Table 3 showed that when root-lesion, stubby root and stunt nematodes were 
inoculated into autoclaved soils, many thousands of nematodes were associated with every gram of 
root. When averaged over all treatments, population densities of P. zeae were 13.7, 8.7 and 5 times 
lower in the non-sterilised soils (sites B, C and H, respectively) indicating that biological factors capable 
of suppressing the nematode were operating in all soils. Similar differences between sterilised and 
non-sterilised soils were observed with stunt and stubby root nematodes, suggesting that organisms 
in the soil were acting against all nematodes. Given that the number of nematodes inoculated into 
each pot of sterilised soil was sometimes much lower than the number initially present in the 
comparable non-sterilised soil, the effect of sterilisation may have been greater than the above results 
suggest. 

One possible criticism of the suppression component of the study is that soils from a depth of 15-20 
cm were the only soils used as non-suppressive standards. The reason autoclaved topsoils were not 
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included was that previous work (Stirling, unpublished data) had shown that plant-parasitic 
nematodes sometimes fail to multiply in soils that had been sterilised by gamma irradiation or heat. 
This problem occurs most frequently when topsoils are sterilised and is probably due ammonia 
production. Ammonia is toxic to nematodes (Eno et al., 1955) and is produced in high concentrations 
when soil containing high levels of organic matter is sterilised (Malowany and Newton, 1947; Davies 
and Owen, 1951, 1953; Eno and Popenoe, 1964).  

With regard to the effects of the depth from which the soil was collected, the results of the pot 
experiments showed that numbers of P. zeae/g root were much lower in the top than bottom soil at 
two of the three sites. Similar responses to depth were observed with root-knot nematode at sites C 
and H, and stubby root and one of the spiral nematodes at site H, suggesting that the topsoil was a 
less hospitable environment for plant-parasitic nematodes than soil further down the profile. 
However, the opposite responses of H. dihystera at sites C and H and stunt nematode at site C raise 
questions about whether this is a general phenomenon, or whether it only occurs with certain 
nematode species. H. dihystera is a nematode that tends to be found at high population densities 
whenever sugarcane is growing well (Cadet et al., 2002), and so its capacity to multiply readily on the 
healthy roots that are found in the topsoil may enable it to overcome the predators and other factors 
that tend to constrain other nematodes in this environment. 

Mulching did not have the same impact on nematodes as depth in the soil profile, but some effects 
were observed, particularly in the two light-textured soils. Populations of plant-parasitic nematodes 
were always lower in mulched than non-mulched soil and significant reductions were observed for 
three nematode species at site C and two species at site H (Tables 5 and 6). Mulching also reduced 
nematode populations in a previous field experiment (Stirling et al., 2011a) but the reasons for the 
mulch effect are not known. One possibility is that the soil food web is more diverse due to carbon 
inputs from the mulch, and so the biological community in mulched soil contains a greater array of 
nematode antagonists. It is also possible that the mulch reduces temperature and moisture 
fluctuations, thereby providing a more habitable environment for antagonists. 

In conclusion, this work shows that plant-parasitic nematodes multiply readily on sugarcane roots 
when they grow in soils that have been sterilised by autoclaving. Multiplication is markedly reduced 
when plants are grown in non-sterilised soil, particularly if that soil is collected from just beneath the 
trash blanket. The presence of a mulch layer also reduces nematode multiplication. Presumably one 
of the reasons for these effects is that soil organic matter and organic inputs from the mulch layer 
provide energy sources that enable natural enemies such as nematode-trapping fungi, predatory 
nematodes and nematophagous microarthropods to thrive (Stirling et al., 2011b; Manwaring et al., 
2015; Stirling and Walter, 2016). However, it is also likely that the impact of soil organic matter on soil 
structural properties and the effects of mulching on temperature and moisture conditions results in a 
soil environment that is better suited to these antagonists. 
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7.3.     Biological effects of organic amendments in a field trial at Harwood, NSW 

 

Abstract. A field trial at Harwood, New South Wales compared an amendment of mill mud/ash with 
compost produced from mill mud/ash, bagasse and wood waste. The trial contained 13 treatments 
(compost at 13, 26, 55 and 66 dry t/ha; mud/ash at 15, 30, 58 and 90 dry t/ha; and urea at 0, 40, 82, 
140 and 230 kg N/ha). Data collected from the two-year-old plant crop showed that both amendments 
improved sugarcane yield and that the response increased as the amendment rate increased. Analyses 
of soil organic carbon following plant crop harvest showed that both mud/ash and compost increased 
total carbon levels by 7-10%. Given the central role of carbon in improving a soil’s physical and 
chemical properties, this increase was probably one of the reasons yield responses were obtained. 
However, data obtained from analyses of the nematode community indicated that biological factors 
were also involved. Two years after the mud/ash was applied, populations of root-lesion nematode 
(Pratylenchus zeae), an economically important pest of sugarcane, were reduced by about 60%, while 
compost increased populations of microbivorous nematodes, a group of nematodes that improve 
plant nutrition through their involvement in nutrient mineralisation processes. Analyses undertaken 
after the ratoon crop was harvested two years later showed that soil carbon levels in the amended 
soils were still significantly higher than the non-amended control and that both amendments had 
reduced populations of stunt nematode (Tylenchorhynchus annulatus), one of the five plant-parasitic 
nematode found at the site.  

  

Introduction 

Sugar mill by-products such as mill mud and mill mud/ash contain useful quantities of essential plant 
nutrients and are widely used as organic fertilisers in the Australian sugar industry (Barry et al., 2001). 
However, they also provide soil health benefits because they improve soil physical properties, increase 
water infiltration rates, improve water retention, increase cation exchange capacity and reduce 
sodicity (Georges et al., 1985; Henry and Rhebergen, 1994; Kingston, 1999). Composts are also a 
potentially useful soil ameliorant because in addition to providing nutritional benefits (Calcino et al., 
2009) they are relatively homogenous and odour-free and are, therefore, easy to handle and apply in 
the field.  

Although milling wastes are largely used for nutritional purposes in the sugar industry, one of the main 
reasons for applying organic amendments in other crops is to enhance suppressiveness to soilborne 
diseases and nematode pests (Litterick et al., 2004; Noble and Coventry, 2005; Stirling, 2014). A wide 
range of organic materials have been assessed and a review of 2,423 experimental studies by 
Bonanomi et al. (2007) showed that fungal disease suppression was enhanced by amendments in 45% 
of cases. Composts and organic wastes were the most suppressive materials whereas crop residues 
produced variable results and peat only suppressed disease in 4% of experiments. 

There are numerous reports on the use of organic amendments for nematode control (see reviews by 
Muller and Gooch, 1982; Akhtar and Malik, 2000; Oka, 2010; Thoden et al., 2011; McSorley, 2011) and 
most of the work on sugarcane has shown that filter-cake amendments increase yields and suppress 
populations of plant-parasitic nematodes (Cadet and Spaull, 2005). However, benefits from a 
nematode perspective have not always been obtained. For example, experiments in South Africa 
showed that nematicides improved sugarcane growth and yield to a much greater extent than filter 
cake (Moberly and Meyer, 1978); bioassay results indicated that mill mud did not enhance 
suppressiveness to root-knot or root-lesion nematodes in a field trial at Bundaberg (Stirling et al., 
2003); and compost had no impact on beneficial or harmful nematodes when applied at a relatively 
high rate in north Queensland (Calcino et al., 2009). 
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In 2012, a field trial was established in New South Wales to assess the response of sugarcane to 
banded applications of mill mud/ash and to compost produced from mill mud/ash, bagasse and wood 
waste. When the two-year plant crop was harvested in 2014, high rates of both amendments 
increased cane yield, raising questions as to why these responses occurred. In an unpublished report 
by Aitken et al. (2014) the authors attributed the yield increases to the capacity of the amendments 
to supply N and/or improve soil physical conditions and/or improve soil microbiological activity. The 
work reported here aimed to determine whether the amendments may have improved soil health by 
increasing soil carbon (C) levels, and whether biological factors may have contributed to the yield 
response.  

Materials and Methods 

The field trial was established by the New South Wales Sugar Milling Co-operative on an alluvial flood 
plain soil type in the Harwood mill area. The trial contained 13 treatments consisting of three products 
(compost, mud/ash, and urea), each at several rates of application. Individual plots were 30 m long 
and four dual-row cane beds wide. There were three replicates of each treatment in a randomised 
complete block design.  

The compost and mud/ash were applied as bands approximately 0.5 m wide in the middle of dual-row 
cane beds (1.8m spacing) in September 2012. Mean application rates for the compost were 20, 40, 86 
and 103 wet t/ha (13, 26, 55 and 66 dry t/ha) while the mud/ash was applied at 25, 50, 96 and 148 
wet t/ha (15, 30, 58 and 90 dry t/ha). Amendments were incorporated with a rotary hoe and sugarcane 
variety Q208A planted in October 2012. Urea at rates of 0, 40, 82, 140 and 230 kg N/ha was applied to 
the appropriate treatments in December 2013 as a subsurface band in the middle of each dual row 
bed. Cane yield was determined using a commercial harvester when the second-year plant crop was 
harvested on 1 November 2014.   

Soil samples (15 cores/plot to a depth of 10 cm) were collected from each plot on 10 December 2014, 
about 7 weeks after the plant crop was harvested. Nematodes were extracted from 200 mL soil 
samples (170-190 g moist weight) using the tray method of Whitehead and Hemming (1965). Plant-
parasitic nematodes in fresh samples were counted by genus and free-living nematodes by trophic 
group. Sub-samples were also air-dried and pH, EC (1:5 in water method), total carbon (C) and nitrogen 
(N) using the Leco method, and labile carbon (the method of Blair et al., 1995), were measured by 
Environmental Analysis Laboratory, Lismore, NSW.  

The first ratoon crop grew for two more years and a few days after it was harvested (13 October 2016), 
the trial was re-sampled in the same way as above. Nematodes and soil C were assessed as described 
for the plant crop. 

Statistical analyses 

Data were analysed by analysis of variance using Genstat 8. Nematode counts were transformed [log10 
(no. nematodes + 1)] prior to analysis. To provide a clearer picture of the effects of the amendments, 
the data were also analysed as a three-treatment experiment (urea, compost and mud/ash) x 12 
replicates, with the Urea 0 treatment omitted. 

Results 

Plant crop yields 

The data obtained from the plant crop indicated that the two lowest rates of compost or mud/ash did 
not increase cane or sugar yield relative to the control (no urea) treatment. However higher rates of 
both the amendments significantly increased yield and there was a clear trend for increasing cane 
yield as the amendment rate increased (Table 1). Regression analysis indicated that there was a linear 
relationship between the rate of applied amendment and cane yield (R2 = 0.90), with both compost 
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and mud/ash being on the same response line. A similar relationship was observed between the 
amount of urea N applied and cane yield (R2 = 0.92). Effects of treatments on CCS were generally not 
significant.  

 

Table 1—Effect of various rates of compost or mud/ash (dry t/ha) or urea (kg N/ha) on the mean yield, 

CCS and sugar yield of two-year-old plant cane 

Treatment/rate CCS Cane yield (t/ha) Sugar yield (t/ha) 

Urea 0 13.8 abc 109.7 a 15.1 a 

Urea 40 14.2 ab 108.3 a 15.4 a 

Urea 82 12.5 d 133.0 bcde 16.6 ab 

Urea 140 14.1 abc 148.3 def 20.9 de 

Urea 230 14.3 ab 160.2 f 22.8 e 

       

Mud/ash 15 13.7 abc 125.5 abc 17.1 abc 

Mud/ash 30 13.7 abc 121.3 abc 16.6 ab 

Mud/ash 58 14.8 a 146.8 def 21.5 e 

Mud/ash 90 14.0 abc 153.4 ef 21.5 e 

       

Compost 13 13.2 bcd 118.4 ab 15.7 a 

Compost 26 13.1 cd 120.1 abc 15.7 a 

Compost 55 14.0 abc 133.9 bcd 18.4 bc 

Compost 66 13.8 abc 139.2 cde 19.2 cd 

 LSD = 1.12 

P  = 0.0407 

LSD = 20.46 

P = 0.0002 

LSD = 2.3 

P = 0.0001 

Means within a column followed by the same letter are not significantly different (P = 0.05) 

 

Amendment effects on soil chemistry 

Chemical analyses of soil collected two years after the amendments were applied showed that the 
higher rates of both mud/ash and compost generally increased pH and levels of C and N relative to 
soil that had only received urea (Table 2). Neither amendment affected EC or labile carbon. However, 
treatment effects were more apparent when the data were analysed as a three-treatment 
experiment, with mud/ash significantly increasing EC, C and N relative to urea, and compost increasing 
pH and EC (Table 3). 
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Table 2—Chemical properties of a cane-growing soil at Harwood NSW soon after a plant crop of 

sugarcane had been harvested and 2 years after various rates of compost or mud/ash (dry t/ha) or 

urea (kg N/ha) had been applied. 

Treatment 

/rate 

pH EC Total C (%) Total N (%) Labile C (%) 

Urea 0 5.94 ab 0.056 a 2.02 cd 0.166 cde 0.35 b 

Urea 40 5.49 ef 0.060 a 1.95 d 0.155 e 0.37 b 

Urea 82 5.41 f 0.073 a 2.20 abcd 0.168 bcde 0.41 ab 

Urea 140 5.57 def 0.062 a 2.08 bcd 0.161 de 0.49 a 

Urea 230 5.82 bc 0.056 a 2.12 bcd 0.169 abcd 0.35 b 

           

Mud/ash 15 5.52 ef 0.071 a 2.16 bcd 0.163 cde 0.50 a 

Mud/ash 30 5.60 cdef 0.082 a 2.26 abc 0.179 abc 0.49 a 

Mud/ash 58 5.71 cde 0.079 a 2.44 a 0.183 ab 0.46 a 

Mud/ash 90 5.96 ab 0.094 a 2.31 ab 0.185 a 0.41 ab 

           

Compost 13 5.44 f 0.070 a 1.97 d 0.156 e 0.48 a 

Compost 26 5.71 cde 0.084 a 2.30 ab 0.176 abcd 0.49 a 

Compost 55 5.78 bcd 0.091 a 2.46 a 0.183 ab 0.49 a 

Compost 66 6.06 a 0.072 a 2.22 abc 0.169 abcd 0.37 b 

Means within a column followed by the same letter are not significantly different (P = 0.05). 

 

Table 3— Effects of urea, mud/ash and compost (regardless of application rate) on the chemical 

properties of a cane-growing soil at Harwood, NSW soon after a plant crop of sugarcane had been 
harvested and 2 years after the treatments had been applied 

Treatment 

/rate 

pH EC Total C (%) Total N (%) Labile C (%) 

Urea 5.57 b 0.063 b 2.09 b 0.163 b 0.40 a 

Mud/ash 5.75 ab 0.084 a 2.30 a 0.179 a 0.45 a 

Compost 5.81 a 0.079 a 2.24 ab 0.172 ab 0.44 a 

Means within a column followed by the same letter are not significantly different (P = 0.05). 

 

Total C and N were the only chemical parameters measured when the first ratoon crop was harvested 
two years later. Soil treated with mud/ash or compost tended to have higher levels of N and a higher 
C:N ratio than the urea-treated plots (Table 4) but the differences between treatments were not 
significant. The C data were quite variable (e.g. the C level in one replicate of the mud/ash 30 
treatment was 2.76 %) and this variability resulted in the treatment effect also being non-significant 
(P = 0.11). Nevertheless, both amendments significantly increased soil C and N levels when the data 
were analysed as a three-treatment experiment (Table 5).  
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Table 4—Carbon and nitrogen contents of a cane-growing soil at Harwood NSW soon after a first 
ratoon crop of sugarcane had been harvested and 4 years after various rates of compost or mud/ash 

(dry t/ha) or urea (kg N/ha) had been applied. 

Treatment 
/rate 

Total C (%) Total N (%) C/N ratio 

Urea 0 2.01 0.160 12.6 

Urea 40 1.95 0.159 12.3 

Urea 82 2.10 0.170 12.4 

Urea 140 2.05 0.159 12.8 

Urea 230 2.05 0.166 12.4 

    

Mud/ash 15 2.07 0.165 12.6 

Mud/ash 30 2.49 0.182 13.8 

Mud/ash 58 2.16 0.172 12.6 

Mud/ash 90 2.30 0.179 12.8 

    

Compost 13 2.15 0.166 12.9 

Compost 26 2.15 0.173 12.4 

Compost 55 2.30 0.179 12.9 

Compost 66 2.27 0.177 12.9 

Means within a column are not significantly different (P = 0.05). 

 

Table 5—Effects of urea, mud/ash and compost (regardless of application rate) on soil carbon and 
nitrogen levels following a first ratoon crop of sugarcane harvested 4 years after the treatments had 

been applied 

 Total C (%) Total N (%) C/N ratio 

Urea 2.04 b 0.164 b 12.5 a 

Mud/ash 2.26 a 0.175 a 13.0 a 

Compost 2.22 a 0.174 a 12.8 a 

Means within a column followed by the same letter are not significantly different (P = 0.05). 

 

Amendment effects on the nematode community 

Five plant-parasitic nematodes were detected at the site: root-lesion nematode, Pratylenchus zeae; 
spiral nematode, Helicotylenchus dihystera; stunt nematode, Tylenchorhynchus sp., root-knot 
nematode, Meloidogyne sp.; and stubby root nematode, Paratrichodorus minor. However, root-knot 
and stubby root nematode were not found in all plots and their numbers were very low. Root-lesion 
nematode was the predominant plant parasite and at the end of the plant crop its population density 
was affected significantly by treatment. Populations tended to be lower following high rates of 
mud/ash or compost than after urea (Table 6), with the effects of the mud/ash treatment being 
significant when the data were analysed as a three-treatment experiment (Table 7). However, 
amending the soil with organic matter had no effect on the other plant-parasitic nematodes that were 
present in reasonable numbers (Table 7).  

Samples collected when the first ratoon crop was harvested showed that the amendments affected 
numbers of some of the plant-parasitic nematodes. The suppressive effect of mill mud/ash on root-
lesion nematode was no longer apparent and populations of spiral nematode were not affected, but 
numbers of stunt nematode were reduced by both amendments (Table 8). 
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The free-living nematode community consisted mainly of bacterial and fungal-feeding nematodes and 
after 2 years the population density of this group of nematodes was generally highest in the compost 
treatments (Table 6). This effect was confirmed when the data were analysed as a three treatment 
experiment, as numbers of microbivores were significantly higher following compost than either 
mud/ash or urea (Table 7). Populations of omnivores and predators were relatively low and were not 
affected by treatment. Similar analyses of the 4-year data showed that the soil nematode community 
did not differ between treatments and that amendment effects on microbivorous nematodes were 
no longer apparent (Table 8).  

 

Table 6—Population densities of root-lesion nematode (Pratylenchus zeae) and total numbers of 
free-living nematodes 2 and 4 years after sugarcane was planted into soil to which various rates of 

compost or mud/ash (dry t/ha) or urea (kg N/ha) had been applied. 

Treatment No. nematodes/200 g soil 

 Root-lesion Free-living 

 2 years 4 years 2 years 4 years 

Urea 0 345 abc 259 a 1238 cde 2415 a 

Urea 40 473 ab 175 a 1392 bcde 2098 a 

Urea 82 268 abcd 258 a 1261 cde 2594 a 

Urea 140 651 a 154 a 1210 de 2432 a 

Urea 230 411 ab 131 a 1185 de 3488 a 

         

Mud/ash 15 296 abc 262 a 1999 ab 2333 a 

Mud/ash 30 102 d 263 a 1380 bcde 2306 a 

Mud/ash 58 240 abcd 313 a 1742 abcde 2426 a 

Mud/ash 90 135 cd 174 a 1164 e 2766 a 

         

Compost 13 473 ab 251 a 2371 a 2587 a 

Compost 26 502 a 200 a 1853 abcd 2824 a 

Compost 55 216 bcd 176 a 1950 ab 2660 a 

Compost 66 202 bcd 250 a 2370 a 2387 a 

Means within a column followed by the same letter are not significantly different (P = 0.05). 

 

Table 7—Effects of urea, mud/ash and compost (regardless of application rate) on various 
components of the nematode community 2 years after the amendments were applied to sugarcane 

soil. 

Amendment No. nematodes/200 g soil 

 Root-lesion Spiral Stunt Microbivores Omnivores Predators 

Urea 429 a 98 a 29 a 1257 b 7 a 16 a 

Mud/ash 177 b 92 a 23 a 1536 b 7 a 9 a 

Compost 319 ab 70 a 18 a 2238 a 10 a 12 a 

Means within a column followed by the same letter are not significantly different (P = 0.05). 
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Table 8— Effects of urea, mud/ash and compost (regardless of application rate) on various 
components of the nematode community 4 years after the amendments were applied to sugarcane 

soil. 

Amendment No. nematodes/200 g soil 

 Root-lesion Spiral Stunt Microbivores Omnivores Predators 

Urea 175 a 76 a 72 a 2680 a 97 a 87 a 

Mud/ash 247 a 83 a 31 b 2786 a 86 a 53 a 

Compost 217 a 64 a 31 b 2978 a 69 a 64 a 

Means within a column followed by the same letter are not significantly different (P = 0.05). 

 

Discussion 

Amending the soil with organic matter had major effects on plant crop yields in this trial, as the highest 
rates of mud/ash and compost increased yield by 40 and 27%, respectively, relative to the no urea 
control. Mud/ash also performed well relative to urea, with the two highest rates producing yields 
that did not differ significantly from the grower’s standard rate of 230 kg N/ha. Unfortunately, the 
yield of the following crop was not measured due to logistical problems and so we do not know 
whether similar yield improvements occurred in the first ratoon.   

Soil organic matter has a profound effect on soil physical, chemical and biological properties 
and the decline in soil C levels that has occurred in sugarcane soils over the last 100-140 years is a 
major reason they are now in relatively poor condition. Many cane growers are now trying to improve 
the health of their soils by adding amendments such as mill mud and compost (Stirling, 2018) and the 
data obtained in this study demonstrate that such practices can improve the organic matter status of 
a soil. Two and 4 years after the amendments were applied at various rates, the total C content of the 
soil had increased on average by 10.0 and 10.8% for mud/ash and 7.1 and 8.8% for compost, 
respectively. Gains of this magnitude were sometimes observed at the two lowest application rates, 
suggesting that if amendments are repeatedly applied at such rates, it may be possible to achieve 
long-term improvements in the C status of a sugarcane soil. However, whether such improvements 
are obtained in all cane-growing regions is a moot point because Barry et al. (2001) found that 2-5 
applications of mill mud or mud/ash over 10-20 years at rates of 150-200 wet t/ha did not significantly 
increase soil organic carbon levels in Queensland. Perhaps the generally cooler conditions prevailing 
in the southernmost sugarcane cropping area in Australia are not as conducive to microbial 
breakdown of complex carbon structures as the warmer regions further north. 

Soil organic matter is known to improve a wide range of soil properties including aggregate stability, 
water-holding capacity, water infiltration, cation exchange capacity and nutrient mineralisation rates 
(Weil and Magdoff, 2004). As improvements in organic C values were observed when mud/ash and 
compost were applied in this experiment, it is likely that some of the yield benefits obtained from the 
amendments were due to the effects of C on soil physical and chemical properties. However, our data 
suggest that the soil biota also contributed to the yield responses. The largest yield increases in the 
plant crop were obtained with the two highest rates of mud/ash and compost and these four 
treatments had the lowest populations of root-lesion nematode, a pest that commonly reduces the 
yield of plant crops by 10-20% (Blair and Stirling, 2007). As the natural enemies of nematodes usually 
multiply and become more active when organic matter is added to soil (Stirling, 2014), presumably 
root-lesion nematode was suppressed by the parasitic and predatory activities of various antagonists. 
Populations of microbivorous nematodes also tended to be higher in the soils that received mud/ash 
and compost, and because these nematodes are involved in nutrient mineralisation processes 
(Ingham et al., 1985; Ferris et al., 1997, 1998; Chen and Ferris, 1999), it is likely that the nutrients 
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mineralised by these nematodes contributed to the yield improvements observed in the amended 
soils. 

Although the amendments applied in this experiment produced relatively small changes in the 
chemical and biological parameters measured, the results are important from both a sugar production 
and soil health perspective. They demonstrate that increasing soil C values by as little as 8-10% can 
provide yield benefits and that organic amendments can also be used to improve the composition of 
the nematode community (i.e. decrease numbers of plant-parasitic nematodes and increase the 
proportion of free-living nematodes). However, a most disappointing aspect of this study was its short-
term focus, as the field trial was largely abandoned after plant crop harvest.  Given the relatively poor 
state of many sugarcane soils in Australia and the costs involved in amending soil with organic matter, 
it is likely to take many years and multiple amendment applications before soil structural 
improvements are seen or benefits such as improved productivity, lower fertiliser costs and greater 
suppression of root pathogens become apparent. Thus, if the sugar industry is to address its soil health 
problems it must be prepared to take a long-term view and fully assess practices likely to increase 
levels of soil organic matter. In the case of organic amendments, this would involve comparing a range 
of materials applied at various times using different application rates and methods, monitoring soil 
physical, chemical and biological properties for at least three crop cycles and recording the economic, 
soil health and environmental benefits that are obtained. Metagenomic molecular biology techniques 
should be used in such studies because their advent provides an opportunity to develop a much 
clearer understanding of the biotic interactions that underpin soil health. 
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7.4.     Grower-initiated field trials with amendments of compost and mill mud   

 

Abstract. Given the central role of organic matter in improving soil physical, chemical and biological 
properties, some Australian canegrowers established replicated trials on their farms to determine 
whether locally-available organic wastes could be used to improve the biological health of their soils. 
In three of these trials, various chemical and biological parameters were assessed 4-28 months after 
composts made from household waste and other organic materials were applied at 3-6 t dry 
matter/ha. However, results were disappointing because compost had little impact on soil carbon 
levels, microbial activity or the composition of the nematode community. In contrast, applications of 
mill mud provided benefits in one of these trials. Eighteen months after mill mud was applied to a 
soybean rotation crop, free-living nematode populations were higher than in the non-amended 
control. Also, soil carbon levels increased when mill mud was applied prior to planting sugarcane, 
while successive applications of mill mud increased soil microbial activity. In a fourth trial in which 
double-disc openers were used for three successive years to slot mill mud into furrows on either side 
of the cane row, soil carbon levels in the zone where the mill mud was placed were almost double the 
levels in the untreated zone; microbial activity and numbers of free-living nematodes increased 
significantly; numbers of plant-parasitic nematodes declined by about 67% and there was a profusion 
of fine roots in the area where the amendment had been placed. Given the variability in the results 
obtained with different amendments and application strategies, long-term trials are required to 
determine the best way of integrating organic amendments into the sugarcane farming system to 
improve soil biological health. 

 

Introduction 

Soil organic matter (SOM) has a profound effect on almost all soil properties. It influences soil physical 
properties such as aggregate stability and bulk density, and this has flow-on effects to water 
infiltration and storage and a soil’s susceptibility to surface runoff and erosion; it improves cation 
exchange capacity, stores nutrients and increases nutrient availability; it buffers soil against pH 
changes; and, because SOM is the energy source that fuels the soil food web, it enhances the 
development of a soil biological community that cycles nutrients and regulates populations of pests 
and pathogens (Magdoff and Weil, 2004; Stirling et al., 2016). 

In the last 150 years, levels of SOM have declined precipitously in agricultural soils (Reeves, 1997; 
Paustian et al., 2000; Franzleubbers, 2004). Although sugarcane produces more biomass than most 
other agricultural crops, this decline has occurred in sugarcane soils and  carbon levels are now well 
below attainable levels and much lower than when soils were first brought into production (Stirling et 
al., 2010; Franco et al., 2015). Given the intimate linkages between soil health, crop productivity and 
SOM, the sugar industry can only remain sustainable in the long-term if it addresses the issue of 
declining levels of SOM. 

One of the many ways of increasing the amount of carbon sequestered in soil is to use animal manures, 
crop residues and various organic wastes as soil amendments. In the Australian sugar industry, mill 
mud is widely used as an organic fertiliser (Kingston, 1999) while the addition of compost increases 
cane and sugar yields (Calcino et al., 2009), and this has encouraged some growers to establish 
replicated trials on their farms to assess the economic and productivity gains obtained from organic 
amendments. Since inputs of organic matter will often reduce losses caused by plant-parasitic 
nematodes (Oka, 2010; Thoden et al., 2011; McSorley, 2011), these trials were sampled to determine 
whether inputs of mill mud and/or compost reduced populations of these pests or increased 
populations of the free-living nematodes that cycle nutrients or prey on other nematodes. Effects of 
amendments on microbial activity and soil carbon levels were also assessed.  
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Materials and Methods 

The four trials assessed in this study were established by growers and in all cases, the treatments were 
applied to plots that were several cane rows wide and ran the length of the field. However, the data 
presented in this paper were obtained from smaller plots (10-40 m in length) that were marked out at 
one end of the field. 

Unless specifically mentioned later, about 1 kg soil was collected with a 25 mm-diameter sampling 
tube from 12-15 randomly selected points in each plot. Cores were taken within 20 cm of a stool and 
the sampling depth was 15 cm. Samples were then mixed, 200 g moist weight of soil was placed on a 
tray and nematodes were retrieved after 2 days by sieving twice on a 38 µm sieve (Whitehead and 
Hemming, 1965). Plant-parasitic nematodes in fresh samples were counted by genus and free-living 
nematodes by trophic group. The nematode suspension from some trials was then fixed in formalin-
acetic acid (FA 4:1), a drop of fixed nematodes was placed on a microscope slide and the nematodes 
in a sample of at least 100 free-living nematodes were identified.  The Nematode Channel Ratio 
(Yeates, 2003) was calculated as NCR = B/(B+F), where B and F are the number of bacterial-feeding 
and fungal-feeding nematodes respectively, while a range of other indices were derived according to 
Ferris et al. (2001).  

The remaining soil was air-dried and soil microbial activity was assessed using the Solvita®   CO2-burst 
protocol (Haney et al., 2001; Franzluebbers, 2016). Beakers were filled with 40 g of air-dried soil, the 
soil was moistened with 20 mL of demineralised water, and the flush of CO2 measured after 24 hours 
using a digital colour reader. Since carbon is the energy source that sustains the soil biological 
community, samples were forwarded to Environmental Analysis Laboratory, Lismore, NSW and total 
carbon (Leco method) and labile carbon (the method of Blair et al., 1995) were measured.  

Compost trial in the Burdekin 

This trial was established at a site where mungbean had been planted following sugarcane. The 
mungbeans were harvested in December 2013 and then compost made from mill mud, dunder and 
bagasse was incorporated into the beds to a depth of 10 cm using a bed former. Plots varied in size 
from six to 30 cane rows and the compost was applied to three replicate plots at 20 moist t/ha. 
However, the dry weight equivalent of the compost was not determined. Three untreated plots served 
as a control. A second crop of mungbean was then grown and after it was harvested in April 2014, 
sugarcane KQ228A was planted. Soil samples were collected when the plant crop was 12 months old 
(April 2015) and during the first ratoon (January 2016). 

Compost trial in Bundaberg 

Sugarcane KQ228A was planted in September 2014 following a 12 month fallow that included both 
soybean and field pea. Three months later, when the sugarcane was about 60 cm high, compost made 
from macadamia husks, wood chips, paper waste and mill mud was applied to the planting furrow at 
a rate of 1.6 kg moist material /m2 of furrow and then covered with the soil used to form the furrow. 
Samples of the compost indicated that about 20% of the weight consisted of pieces of macadamia 
shell 5-25 mm in diameter and when the application rate was adjusted to account for the moisture 
content of the compost and the shells it contained, the application rate was about 5.9 t dry 
compost/ha. Given that the row spacing was 1.83 m and the compost was applied to a band about 60 
cm wide, this is equivalent to 18 t dry compost/treated ha. 

Plots were three rows wide and 700 m long, and the trial consisted of two treatments (compost and 
no compost) x six replicates. Soil samples for nematode analysis were collected from plant and first 
ratoon crops in April 2015 and May 2016, respectively, 4 and 17 months after the compost was 
applied. 
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Organic amendments trial at Hervey Bay 

This trial was established in a block where sugarcane had been harvested in September 2014. The 
ratooning sugarcane was sprayed with herbicide and 2 months later mill mud and composted yard 
waste were applied in a band 30 cm wide in the middle of each bed to establish three amendment 
treatments (compost, mill mud and nil) x six replicates. Since the crop was grown on permanent beds 
spaced 2 m apart, plots were 8 m wide and the length of the field long. The amendments were 
incorporated with a rotary hoe to a depth of 20 cm and beds were then deep ripped to a depth of 40 
cm. The application rate of each amendment was estimated by placing a plastic sheet on the bed, 
measuring the quantity applied per m of bed and then drying a sample to determine its dry weight. 
These measurements indicated that 35 t/ha of moist mill mud and 9.7 t/ha of moist compost were 
applied (or the equivalent of 6.7 and 4.42 t dry matter/ha, respectively). However, because the 
compost was made from yard waste and contained sticks and small pieces of wood that made up 
about 20% of its weight, the actual application rate was probably about 3.5 t dry matter/ha. The mill 
mud applied prior to planting sugarcane was spread at a rate of 80 kg/10 m of bed, which was 
equivalent to about 40 moist t/ha or 8 dry t/ha. 

A soybean rotation crop grew from December 2014 to April 2015 and sugarcane was planted in August 
2015. Prior to planting the cane, soil samples were collected for nematode analysis and then two 10 
m sub-plots were set up in each treatment and mill mud was applied to half of them, with the others 
left untreated. Thus, the experiment then consisted of three amendment treatments prior to soybean 
(compost, mill mud and nil) x two amendment treatments prior to sugarcane (mill mud and nil) x six 
replicates. The second mill mud treatment was applied by spreading 80 kg of moist mill mud in a 40 
cm-wide band in the centre of the bed, between where two rows of cane were to be planted. Soil 
samples from the 36 plots were collected from plant and first ratoon crops in May 2016 and March 
2017, 18 and 28 months after the initial amendments were applied and 9 and 19 months after the 
second mill mud application, respectively. 

Mill mud trial at Mackay 

This trial was established in a block where sugarcane KQ228A was planted following a forage sorghum 
rotation crop on beds spaced 1.8 m apart. The sugarcane was planted in August 2010 and, after the 
first ratoon crop was harvested, mill mud/ash was applied as a soil ameliorant to four replicate plots 
each six rows wide and the length of the field. Adjacent plots of similar size served as untreated 
controls. The mill mud was applied with a grower-designed machine that used two discs to place the 
amendment in V-shaped furrows 70 mm wide and 150 mm deep located either side of the cane row 
and 30 cm from the row centre. Mill mud was initially applied in November 2012 (following the first 
ratoon) and reapplied in August 2013 and 2014, soon after the second and third ratoon crops were 
harvested. The application rate on each occasion was 6 kg mill mud per m of furrow (the equivalent 
of 32 moist t/ha but an unknown quantity on a dry weight basis). 

The fourth ratoon crop was harvested in September 2015 and the fifth ratoon was sampled in October 
2015 and April 2016. A cylindrical sampling tube (104 mm internal diameter) was placed over the V-
shaped furrow where mill mud had been applied (or the same distance from the centre of the bed in 
untreated plots) and four soil cores were collected from each plot to a depth of 15 cm. Roots were 
removed from the soil and rated for fine roots using a 1-5 scale (Stirling, 2017). Root morphology was 
then assessed by scanning a sub-sample of roots using the WinRHIZO system (Regent Instruments, 
Quebec, Canada). Soil chemical and biological parameters were measured using methods described 
previously. 
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Results 

Compost trial in the Burdekin 

When the nematode data were analysed as a treatment x sampling time factorial, compost did not 
affect numbers of free-living nematodes or the four plant-parasitic nematodes present at the site 
(Table 1). Also, indices derived from nematode community analyses showed that the addition of 
compost did not change nematode diversity or the number of nematode taxa, had no effect on the 
proportion of bacterial-feeding rhabditids in the community (Enrichment Index), and did not increase 
numbers of omnivorous and predatory nematodes (Maturity Index; proportion of omnivores and 
predators). 

 

Table 1—Effect of compost applied at 20 moist t/ha to a sugarcane soil in the Burdekin on numbers 
of plant-parasitic and free-living nematodes/200 g soil and various indices derived from nematode 

community analysis 

Parameter No compost Compost 

Root-lesion (Pratylenchus zeae) 99 208 

Stunt (Tylenchorhynchus annulatus) 131 125 

Spiral (Helicotylenchus dihystera) 296 312 

Dagger (Xiphinema elongatum) 4 5 

Total free-living nematodes (TFLN) 1781 1482 

Diversity H2 1.53 1.53 

No. free-living nematode taxa 11.5 11.2 

Enrichment index 73.4 77.5 

Maturity index 1.92 1.97 

Nematode Channel Ratio 0.82 0.72 

Proportion of omnivores 0.03 0.09 

Proportion of predators 0.001 0.007 

Samples were taken 12 and 21 months after planting, but because there was no sampling time effect, data are means of 
the two sampling times. Differences between the two treatments are not significant for any parameter (P=0.05) 

 

Compost trial in Bundaberg 

Analyses of the nematode data showed that there was a sampling time effect for some nematodes 
but compost addition did not affect numbers of free-living nematodes or any of the plant-parasitic 
nematodes (Table 2). Numbers of omnivorous and predatory nematodes were very low and were not 
affected by treatment or sampling time (data not shown).   
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Table 2—Effect of applying 5.9 t dry wt. compost/ha to the planting furrow on numbers of plant-
parasitic and free-living nematodes on sugarcane in Bundaberg 

Nematode No. nematodes/200 g soil 

 No compost Compost 

Root-lesion (Pratylenchus zeae) 316 405 

Stunt (Tylenchorhynchus annulatus) 140 194 

Spiral (Helicotylenchus dihystera) 86 126 

Reniform (Rotylenchulus parvus) 479 625 

Stubby (Paratrichodorus minor) 29 51 

Dagger (Xiphinema elongatum) 2 3 

Total free-living nematodes (TFLN) 1230 1690 

Samples were taken 4 and 17 months after compost was applied and data are means of the two sampling times. 
Differences between the two treatments are not significant for any parameter (P=0.05) 

 

Organic amendments trial at Hervey Bay 

Nematode counts taken before the amendments were applied and prior to planting soybean showed 
that the population density of root-lesion nematode was 304 ± 44 nematodes/200 g soil. Soybean 
reduced populations of root-lesion nematode by 96% but applying compost or mill mud had no effect 
on populations of free-living nematodes or any of the plant-parasitic nematodes (Table 3).  

 

Table 3—Effect of incorporating compost and mill mud into a band in the middle of the bed on 
numbers of plant-parasitic and free-living nematodes following a soybean rotation crop at Hervey 

Bay 

Nematode No. nematodes/200 g soil 

 Nil Compost Mill mud 

Root-lesion (Pratylenchus zeae) 12 10 11 

Root-knot (Meloidogyne spp.) 3 3 4 

Stunt (Tylenchorhynchus annulatus) 12 13 7 

Spiral (Helicotylenchus dihystera) 55 94 65 

Stubby (Paratrichodorus minor) 18 23 27 

Dagger (Xiphinema elongatum) 5 2 1 

Total free-living nematodes (TFLN) 5283 6367 5860 

Differences between the three treatments are not significant for any parameter (P=0.05) 

 

Analyses of the data collected 9 months after sugarcane was planted indicated that the amendments 
applied prior to planting soybean and the mill mud applied before sugarcane was planted did not 
significantly affect populations of plant-parasitic nematodes (Table 4). Populations of root-knot 
nematode were highest in the Nil-Nil treatment and more than 40% lower in treatments where two 
amendments had been applied but the effect was not significant. However, there was a significant 
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main effect for free-living nematodes, as populations were higher in plots that had received mill mud 
immediately prior to planting sugarcane.   

 

Table 4—Effect of incorporating compost and mill mud into a band in the middle of the bed prior to 
planting soybean and then adding mill mud or no amendment to each treatment prior to planting 

sugarcane on numbers of plant-parasitic and free-living nematodes 9 months after planting the 
sugarcane at Hervey Bay 

Nematode Pre-cane 
amendment 

No. nematodes/200 g soil 

  Pre-soy 

Nil 

Pre-soy 

Compost 

Pre-soy 

Mill mud 

Root-lesion (Pratylenchus zeae) Nil 518 472 492 

 Mill mud 351 541 483 

Root-knot (Meloidogyne spp.) Nil 1155 1056 888 

 Mill mud 1041 657 624 

Stunt (Tylenchorhynchus annulatus) Nil 288 257 116 

 Mill mud 215 257 258 

Spiral (Helicotylenchus dihystera) Nil 89 93 98 

 Mill mud 114 69 108 

Stubby (Paratrichodorus minor) Nil 64 145 52 

 Mill mud 71 59 90 

Total free-living nematodes (TFLN) Nil 1785 1976 1909 

 Mill mud 2285 2227 2212 

There was a significant main effect for total free-living nematodes (see text). Differences between the six treatments are 
not significant for any parameter (P=0.05) 

 

When the trial was sampled 10 months later, populations of most nematodes had not changed 
markedly and in most cases, treatment effects were not observed (Table 5). However, there was a 
significant main effect for root-lesion nematode, with the nematode population in the pre-cane mill 
mud treatment significantly higher than the nil treatment (681 v 472 nematodes/200 g soil, 
respectively). For spiral nematode, the pre-cane mill mud increased the nematode population relative 
to the nil-nil control whereas two applications of mill mud had the opposite effect (Table 5). 
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Table 5-Effect of incorporating compost and mill mud into a band in the middle of the bed prior to 
planting soybean and then adding mill mud or no amendment to each treatment prior to planting 
sugarcane on numbers of plant-parasitic and free-living nematodes 19 months after planting the 

sugarcane at Hervey Bay 

Nematode Pre-cane 
amendment 

No. nematodes/200 g soil 

  Pre-soy 

Nil 

Pre-soy 

Compost 

Pre-soy 

Mill mud 

Root-lesion (Pratylenchus zeae) Nil 454 510 451 

 Mill mud 699 709 638 

Root-knot (Meloidogyne spp.) Nil 901 961 890 

 Mill mud 820 1113 706 

Stunt (Tylenchorhynchus annulatus) Nil 97 113 58 

 Mill mud 70 80 69 

Spiral (Helicotylenchus dihystera) Nil 69 bc 59 bc 48 c 

 Mill mud 117 a 113 ab 25 d 

Stubby (Paratrichodorus minor) Nil 240 229 123 

 Mill mud 136 165 85 

Total free-living nematodes (TFLN) Nil 2182 1878 2079 

 Mill mud 2083 1787 1971 

There were significant main effects for root-lesion nematode (see text). Differences between treatments are not significant 
for any parameter, except for spiral nematode where means followed by different letters differ significantly (P=0.05) 

 

Analyses of the chemical data obtained 19 months after the sugarcane was planted showed that mill 
mud applied prior to planting sugarcane significantly increased C and N levels whereas the 
amendments applied prior to planting soybean had no effect (Table 6). However, the response 
differed when CO2 respiration was measured, as compost and mill mud applied prior to planting 
soybean were the only amendments to increase microbial activity. Mill mud had the greatest impact 
on this parameter as the only treatment to significantly increase microbial activity over the non-
amended control was successive applications of mill mud (Table 6). 
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Table 6- Main effects of incorporating organic amendments into a band in the middle of the bed at 
two application times (pre-soy and pre-cane) and interactions between treatments on soil carbon 

and nitrogen levels and microbial activity (measured as CO2 respiration) 19 months after sugarcane 
was planted at Hervey Bay 

Amendment/application time C (%) N (%) CO2 respiration 

(ppm) 

Nil (pre-soy)   1.41 0.102 19.0 b 

Compost (pre-soy)  1.41 0.102 30.9 a 

Mill mud (pre-soy)   1.43 0.099 34.7 a 

     

Nil (pre-cane)  1.37 b 0.097 b 28.9 

Mill mud (pre-cane)  1.45 a 0.106 a 27.4 

     

Nil (pre-soy) Nil (pre-cane) 1.36 0.096 23.3 bc 

Nil (pre-soy) Mill mud (pre-cane) 1.46 0.108 14.6 c 

Compost (pre-soy) Nil (pre-cane) 1.36 0.098 35.6 ab 

Compost (pre-soy) Mill mud (pre-cane) 1.45 0.107 26.0 bc 

Mill mud (pre-soy) Nil (pre-cane) 1.40 0.096 27.8 bc 

Mill mud (pre-soy) Mill mud (pre-cane) 1.45 0.102 41.5 a 

In situations where there was a significant amendment/application time effect or a significant interaction between 
treatments, means followed by the same letter are not significantly different (P=0.05) 

 

Mill mud trial at Mackay 

Data from both sampling times were analysed as a treatment x time factorial but, as there was usually 
only a significant treatment effect and no time effect or treatment x time interaction, main effects are 
presented in Table 7. The soil chemical analyses showed that the addition of mill mud significantly 
increased total and labile C levels and total N, while microbial activity (measured as CO2 respiration) 
also increased when mill mud was applied.  

At the time samples were collected, it was clear that mill mud had improved root health, as it was 
visually apparent that there were many more fine roots in the zone where mill mud had been applied 
than in the equivalent position in non-treated plots. The difference between roots in untreated soil 
and soil treated with mill mud can be seen in Fig. 1 and is also apparent from the higher fine root 
rating in the mill mud treatment. The scanning data also showed that mill mud altered most root 
parameters, with root length and root surface area increasing, root diameter declining and roots 
having more tips and forks, in the amended soil (Table 7). 

Six plant-parasitic nematodes were detected at the site but two of them (root-knot nematode and 
spiral nematode) were present in very low numbers. Three of the other plant parasites were present 
at significantly lower numbers in mill mud-treated soil. In contrast, the mill mud treatment increased 
numbers of free-living nematodes (Table 7). 
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Table 7-—Effect of applying mill mud into a V-shaped furrow using a double-disc opener for three 
successive years on sugarcane root morphology, soil carbon and nitrogen, microbial activity and 

numbers of plant-parasitic and free-living nematodes 

Parameter Untreated Mill mud 

Total carbon (%) 0.86 b 1.72 a 

Labile carbon (%) 0.21 b 0.30 a 

Total nitrogen (%) 0.059 b 0.119 a 

CO2 respiration (ppm) 32.0 b 86.6 a 

Fine root rating 2.62 b 4.25 a 

Root tips/g dry wt. root 11,741 b 21,730 a 

Root forks/g dry wt. root 11,429 b 30,924 a 

Root length/g dry wt. root 1,792 b 3,700 a 

Root surface area (cm2/g dry wt. root) 278 b 396 a 

Average root diameter (mm) 0.51 a 0.35 b 

Root-lesion nematode (Pratylenchus zeae)/200 g soil 139 a 61 b 

Stunt (Tylenchorhynchus annulatus) )/200 g soil 114 a 15 b 

Stubby (Paratrichodorus minor) )/200 g soil 90 a 39 b 

Dagger (Xiphinema elongatum) )/200 g soil 16 a 5 a 

Total free-living nematodes (TFLN) )/200 g soil 1,577 b 2,172 a 

Two sets of samples were collected but because there was no sampling time effect, data are means of the two sampling 
times. For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

 

Fig. 1—Roots of sugarcane collected in October 2016 from untreated soil (left) and soil to which mill 
mud had been applied for three successive years (right) 
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Discussion 

The benefits of using mill mud as a soil amendment have been recognised by the sugar industry for 
many years. Although mill mud is known to improve soil physical properties, it is usually applied for 
nutritional purposes because it contains considerable quantities of N, P, K, Ca and Mg and is 
sometimes less expensive than commercial fertilisers (Qureshi, 2001). However, the problem with 
using mill mud as a nutrient source is that N inputs are often in excess of immediate crop requirements 
and excessive amounts of P remain in the soil when it is applied regularly or at high application rates 
(Barry et al., 2001; Qureshi et al., 2001). 

The costs associated with transporting mill mud long distances from the mill, together with concerns 
about the environmental problems associated with elevated levels of nutrients and heavy metals, 
have prompted the sugar industry to look for alternatives. The household wastes available in urban 
areas are an obvious resource that could be utilised and the recent establishment of composting 
facilities by regional councils and some growers has provided opportunities to check whether these 
materials are useful amendments. An initial field trial in north Queensland produced promising results 
because compost made from municipal and commercial wastes and biosolids increased soil pH and 
soil organic carbon, provided a range of nutritional benefits and significantly improved cane yields 
(Calcino et al., 2009). 

The growers who established the trials monitored in this paper wanted to obtain nutritional benefits 
from their amendments but were mainly aiming to improve the biological health of their soils. Having 
already incorporated minimum tillage, wider row spacings and legume rotation crops into their 
farming system in an attempt to improve soil health, they wanted to know whether organic 
amendments could be used to continue the soil improvement process. However, the results of their 
trials with compost were somewhat disappointing from a biological perspective. Pre-plant applications 
of compost significantly increased microbial activity in the Hervey Bay trial but plant-parasitic 
nematodes continued to dominate the nematode community in the compost-treated soils at all sites. 

One of the arguments for using compost to improve soil health is that the carbon in compost is 
relatively recalcitrant and is more likely to remain in soil than the more labile forms that are found in 
uncomposted material. However, when compost was compared with mill mud in the Hervey Bay trial, 
samples collected 28 months after amendments were first applied showed that neither had increased 
soil C levels. There are many possible reasons why a carbon response was not obtained but the most 
likely reason is that the compost was applied at rates of only 6.7 dry t/ha. Recent evidence from trials 
with sugarcane suggests that much higher application rates are required to obtain measureable 
improvements. For example, soil carbon levels increased significantly when compost was applied at 
55 and 66 dry t/ha in a trial at Harwood, NSW (Stirling and Young, 2018) and similar increases in soil C 
were obtained with compost in the north Queensland trial discussed previously.  Although the actual 
application rate on a dry matter basis was not given by Calcino et al. (2009), it is likely to have been 
much higher than the rate applied at Hervey Bay. A second factor contributing to the lack of a soil 
carbon response is likely to have been the poor quality of the compost. About 20% of the weight of 
the compost applied in the Hervey Bay trial consisted of sticks and pieces of wood up to 15 mm in 
diameter. Also, the maturity and stability of the compost was not measured and so it is not clear 
whether it had been cured to the point where all readily available organic materials had been 
converted into relatively recalcitrant humic compounds. 

Although it is encouraging to see sugar growers attempting to improve the health of their soils, the 
results presented here suggest that limited benefits are obtained from compost, at least in the short-
term. However, this does not mean that trials with composts should be discontinued, as there is 
evidence to indicate that amending soil with composted organic wastes is an effective means of 
increasing soil organic carbon. For example, Eghball (2002) found that composted manure 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

65 

 

sequestered more of the added carbon than uncomposted manure, while a Spanish study showed 
that five annual applications of municipal waste had a greater impact on soil organic carbon than fresh 
cow manure or fresh sewage sludge (Albiach et al., 2001). Thus, when using composts for soil-building 
purposes, growers should ensure that they are well-cured and applied at the highest economically 
feasible rate. Also, it is important to recognise that it can take many years to increase soil carbon 
levels, so growers need to take a long-term view and apply composts as frequently as possible. 

Although the compost applied in the Burdekin, Bundaberg and Hervey Bay trials had little impact on 
soil properties, mill mud produced some significant effects in the latter trial. Eighteen months after 
the initial application, free-living nematode populations were higher than in the non-amended 
control, suggesting that the nutrient mineralisation rate in the amended soil had increased (Ferris et 
al., 1998; Chen and Ferris, 1999). Mill mud applied prior to planting sugarcane also increased soil 
carbon levels while successive applications of mill mud was the only treatment to increase soil 
microbial activity. 

The trial where mill mud was slotted into a furrow for three successive years provided clear evidence 
that root health does improve and biological activity can increase when mill mud is added to the soil. 
Soil carbon levels in the slot where the mill mud was placed were almost double the levels in the 
untreated zone; CO2 respiration and numbers of free-living nematodes increased significantly and 
numbers of plant-parasitic nematodes declined by about 67%. Also, there was a profusion of fine roots 
in the area where the amendment had been placed, indicating that the root system in the treated 
zone was much more functional than in untreated plots. However, this application method had two 
major limitations. Firstly, most of the soil remained in poor condition because only about 8% of the 
bed area was amended with mill mud. Secondly, mill mud could not be applied every year due to 
concerns about high phosphorus concentrations in the amended zone.  

Although the trial at Mackay clearly showed that slotting mill mud into a furrow was beneficial from a 
root health, soil carbon and biological perspective, it also showed that double-disc openers provided 
a practical method of applying organic amendments in a minimum till situation. However, the fixed 
positioning of the double-disc openers was a limitation of the application equipment designed by the 
grower. If that feature was altered so that furrows could be placed at varying distances from the stool, 
then an organic amendment could be applied after every crop was harvested and it would be possible 
to treat the whole width of a bed during one crop cycle. If equipment of this nature becomes available, 
it should be used to assess the benefits of regularly applying composted or non-composted 
amendments to sugarcane soils.  
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7.5.     Impact of sub-soil ameliorants on root health and soil biological properties  

 

Abstract. Duplex soils with low yield potential are relatively common in the Australian sugar industry. 
Since some of these soils have dense sodic subsoils that drain poorly and limit root growth, efforts are 
being made to improve their productivity. A grower group in the Maryborough region established a 
field trial in 2011 to test the effect of adding organic matter and found that when the soil was deep-
ripped and compost was slotted into the subsoil at depths of 30-40 cm, the ameliorant increased 
sugarcane yields in two of the following five years. Samples collected after the fourth ratoon crop was 
harvested in 2016 showed that soil pH, total C, labile C, total N, microbial activity and the number of 
free-living nematodes were all significantly higher in the slot where the amendment had been applied. 
However, despite these improvements in soil chemistry and biology, root function in the slot treated 
with compost (measured as root biomass and various morphological parameters) was no better than 
the non-treated zone. In contrast, samples collected from two trials where organic materials had been 
applied to the subsoil 6 and 13 months previously showed significant improvements in root biomass 
and parameters such as root length, root surface area and the number of tips and forks. Also, numbers 
of root-lesion nematode (Pratylenchus zeae) were significantly reduced by mill mud in one of the trials. 
These results indicate that subsoil ameliorants initially improve root biomass and function and 
sometimes reduce pathogen loads. However, results from the trial where compost was applied five 
years previously suggest that the root health benefits provided by such ameliorants may decline with 
time. 

 

Introduction 

Sugarcane is often grown in Australia on sodic duplex soils with low yield potential. These soils often 
have clay subsoils at a depth of about 25-35 cm and one key constraint is that the growth-limiting bulk 
density of 1.45-1.50 is often exceeded. This means that the clay layer is relatively impermeable to 
water and, because it contains few large air-filled macropores, root growth is severely restricted by 
poor aeration.  

Research in the grains industry has shown that organic amendments can be used to combat hostile 
subsoil conditions in southern Australia. When lucerne pellets were slotted into the subsoil at depths 
of 30-40 cm, long-lasting and consistently positive crop responses were obtained (Gill et al., 2008, 
2012). This process has been termed subsoil manuring and the benefits obtained included a reduction 
in bulk density, an increase in soil macropores in the sub-surface layer, an increase in saturated 
hydraulic conductivity, better water capture and storage at depth, and increases in deep root growth 
(Gill et al., 2009, 2012). Such amelioration strategies were much more effective than traditional 
mechanical treatments such as deep ripping, or applications of gypsum or fertiliser.  

Given the results of the work in Victorian grain-growing soils, the Cronau family in Maryborough, with 
the help of MSF Sugar Limited, established a trial in 2011 to test the effect of subsoil manuring on 
sugarcane. Five treatments were included in the trial and yield data collected over the next five years 
showed that of all the treatments, deep ripping plus compost at 10 t/ha consistently produced the 
highest yield (AJ Dougall, D Cronau, L Cronau, B Cronau, unpublished data). The trial was terminated 
after the fourth ratoon in 2016 and this paper reports the effects of this treatment on root growth 
and some soil chemical and biological properties five years after the amendment was applied.  

Based on the positive responses obtained in the Cronau trial, two additional soil amelioration trials 
were established in the Maryborough region in 2015. The effects of the organic amendment 
treatments are reported here, except that observations in these trials were made 6 and 13 months 
after applying the amendments. 
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Materials and Methods 

Cronau trial 

This trial was established on a property in the Yera district, about 17 km south-west of Maryborough. 
The soil was a Grey Kurosol and its sandy clay subsoil had the following chemical properties: pH 
(water): 4.8; organic C (Walkley Black method): 0.9%; EC: 1.8 dS/m; exchangeable aluminium: 7.0 
meq/100 g; aluminium saturation: 56%; exchangeable sodium percentage (ESP): 10%; chloride: 320 
mg/kg.  

After sugarcane was harvested in 2010, a mungbean rotation crop was grown and then the trial site 
was cultivated in preparation for the next sugarcane crop. The trial was set out in a Latin square design 
(five treatments x 5 replicates) with each plot consisting of four sugarcane rows 30 m long and spaced 
1.65 m apart. The five treatments were A: Not deep ripped; B: Deep ripped only; C: Deep ripped + 
compost at 10 dry t/ha; D: Deep ripped + fertiliser; and E: Deep ripped + gypsum at 10 t/ha. The 
compost was made from wood chips, chicken manure and sugar mill filter press (23, 35 and 42% dry 
weight, respectively). The nutrients in the compost were measured by an analytical laboratory and 
the fertiliser applied in treatment D contained the same quantity of nutrients as the compost added 
to treatment C. All ameliorants were applied to the subsoil using a modified deep ripper with a 10 cm 
diameter tube attached to the back of the ripper tine. A steel box was attached to the ripper above 
the tine and the ameliorants were deposited into the tube with shovels.  

The treatments were applied in August 2011 and sugarcane variety KQ228A was planted two weeks 
later. After the fourth ratoon was harvested in September 2016, treatments C and D were sampled to 
check whether differences due to the compost were apparent five years after it had been applied. 
Each sample consisted of two cores collected from the middle of each plot at two depths: 0-10 cm and 
the depth of the compost band (approximately 25-35 cm). The samples from 0-10 cm were obtained 
by hammering a sharpened metal tube (10 cm diameter; 10 cm long;  785 mL volume) into the soil at 
two points about 50 cm apart so that about 1.6 L of soil was collected. The soil below these holes was 
then removed and when the amended zone was found, two further cores were collected by 
hammering the tube through the slot where the amendments had been placed. Non-amendment 
treatments were sampled at the same depth and the same distance from the row. 

Rifle Range trial 

This site on the outskirts of Maryborough had reasonable soil physical and chemical properties at the 
surface but the cation exchange in the sub-surface layer was dominated by high levels of magnesium 
and sodium (65% and 23% of CEC, respectively). A soybean rotation crop had been grown at the site 
during the summer of 2014-15 and on 19 August 2015 eight treatments were applied to four replicate 
plots each 12 m wide (6 beds x 2 m) and 25 m long. The site was planted to sugarcane variety Q240A 
on 1 October 2015. Six months later, at the time sub-plots were harvested for biomass measurements, 
soil and root samples were collected from the three treatments listed in Table 1.Two cores about 50 
cm apart were collected at a depth of about 35-45 cm using the method described for the previous 
trial. 

 

Table 1— Details of treatments sampled at the Rifle Range trial site 

Treatment no. Description of treatment 

2 Deep ripped 

7 Deep ripped + mill mud (20 t/ha) slotted at a depth of 35 cm 
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8 Deep ripped + mill mud (20 t/ha) and mulched cane residue (1 t/ha) 
slotted at 35 cm 

 

Bidwill Road trial 

This trial was established by MSF Sugar Limited at a site about 5 km south east of Maryborough. The 
sandy loam soil at the surface was typical of many cane-growing soils in the region but there was a 
sodic clay layer at a depth of 25-35 cm. Prior to establishing the trial, sugarcane was grown with 
minimal tillage on permanent beds 2 m apart and during the 2015-16 summer it had been followed 
by a rotation crop of soybean cv. A6785.  

Compost made from mill mud and pine sawdust was applied in August 2015 using a deep ripper with 
a tube 10 cm in diameter attached to the tine. The compost was applied at 20 t/ha (about 16 dry t/ha), 
with the top of the compost band 30-40 cm from the soil surface. Two treatments were included in 
the trial (deep ripped + compost and deep ripped with no compost) and both treatments were applied 
to five replicate plots three rows wide. Sugarcane variety Q208A was planted in September 2015 and 
the plant crop was harvested 13 months later. Three weeks after harvest, soil and root samples were 
collected from the middle row in each plot as described previously. 

Processing of samples 

The soil samples were weighed and roots retrieved by passing the soil through a 6 mm sieve. Roots 
were then floated in water, washed thoroughly and a sub-sample of 0.5-2 g fresh weight roots was 
scanned using a WinRhizo scanner (Regent Instruments, Canada). After roots were scanned, all roots 
were dried and weighed. 

Nematodes were used as a biological indicator and they were extracted by placing 200 mL soil (210-
240 g moist weight) on a tray (a method modified from Whitehead and Hemming, 1965). Two days 
later nematodes were retrieved by sieving twice using a 38 µm sieve and plant-parasites were counted 
by genus and free-living nematodes by trophic group. Although the plant-parasitic nematodes have 
been referred to by their common names in this paper, their scientific names are as follows: root-
lesion nematode (Pratylenchus zeae); spiral nematode (Helicotylenchus dihystera); stunt nematode 
(Tylenchorhynchus annulatus); stubby root nematode (Paratrichodorus minor); root-knot nematode 
(Meloidogyne spp.) and ring nematode (unidentified Criconematidae). 

Air-dried soil samples from two of the trials were forwarded to Environmental Analysis Laboratory, 
Lismore, NSW for analysis: pH, EC (1:5 in water method), total carbon (C) and total nitrogen (N) using 
the Leco method) and labile carbon using the method of Blair et al. (1995). Carbon dioxide (CO2) 
respiration was used to assess microbial activity and was measured with the Solvita® CO2-burst 
protocol (Franzluebbers, 2016). Beakers were filled with 40 g of air-dried soil, the soil was moistened 
with 20 mL of demineralised water, and the flush of CO2 was measured after 24 hours using a digital 
colour reader. 

Statistical analyses 

Data were analysed by analysis of variance using Genstat 8.2. Nematode data were transformed (log10 

no. nematodes + 1) prior to analysis. 

 

Results 

Cronau trial 
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Unpublished data provided by AJ Dougall (MSF Sugar) showed that the deep-ripped + compost 
treatment significantly out-yielded the deep-ripped + fertiliser treatment in the first and second 
ratoons. However, yields of these two treatments did not differ significantly in the plant crop or the 
third and fourth ratoons. 

Five years after the compost was applied, soil chemical properties at a depth of 25-35 cm (i.e. the 
band where the amendments had been slotted) were markedly different in the compost-treated and 
fertiliser-treated zones. Soil pH was significantly higher in compost-treated plots and total C, labile C 
and total N levels 2-3 times higher (Table 2).  These effects impacted on the soil biology, with microbial 
activity (measured as CO2 respiration) also much higher where compost had been applied. 

 

Table 2—Chemical properties of the subsoil and microbial activity (measured as CO2 respiration) in 
the band where fertiliser or compost had been slotted five years previously 

Amendment pH EC Total C (%) Total N (%) Labile C 
(%) 

CO2 respiration 
(ppm) 

Fertiliser 5.26 b 0.135 a 1.88 b 0.118 b 0.242 b 67 b 

Compost 5.87 a 0.191 a 4.40 a 0.289 a 0.627 a 171 a 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

Observations of roots collected from the subsoil suggested that there may have been a few more fine 
roots in the slot previously treated with compost than in the zone where fertiliser had been applied 
(Fig. 1). When the data collected from roots were analysed as a treatment x depth factorial, the 
treatment effect was not significant and so only the depth effect and treatment x depth interactions 
are shown in Table 3. More roots were recovered from the top of the soil profile than the 25-35 cm 
zone and although this effect was not quite significant (P = 0.056), the root length data together with 
parameters such as the number of tips and forks suggested that roots from 0-10 cm were more 
functional. Roots collected from the subsoil were longer in the compost treatment and also had more 
forks and tips than the fertiliser treatment but the differences between treatments were never 
significant (Table 3). The only significant treatment x depth effect was the smaller root diameter in the 
compost treatment. 
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Fig. 1—Roots collected at a depth of about 30 cm from replicates 1-4 (left to right, respectively) of a 
trial where the sub-soil had been treated five years previously with a slot of either compost (top) or 

fertiliser (bottom) 

Table 3—Depth and treatment x depth effects of slotting compost or fertiliser into the subsoil on 
sugarcane root biomass and various root parameters at two depths in the soil profile (top: 0-10 cm; 

bottom: 25-35 cm) five years after the amendments were applied 

Treatment Depth 
(cm) 

Dry wt. 
roots (g) 

Total root 
length 
(cm)  

Total 
surface 

area (cm2) 

Average 
diameter 

(mm) 

Total no. 
tips 

Total no. 
forks 

 Top 0.79 a 876 a 157 a 0.564 a 3907 a 4425 a 

 Bottom 0.42 a 429 b 83 a 0.628 a 1901 b  2021 b 

Depth (P value) 0.056 0.028 0.059 0.101 0.024 0.031 

        

Compost Top 0.84 a 953 a 173 a 0.565 b 4344 a 4835 a 

Fertiliser Top 0.73 a 798 a 142 a 0.563 b 3471 a 4035 a 

Compost Bottom 0.44 a 519 a 89 a 0.542 b 2353 a 2474 a  

Fertiliser Bottom 0.40 a 339 a 76 a 0.715 a  1449 a 1568 a 

Treatment x depth (P) 0.830 0.946 0.804 0.032 0.984 0.958 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

The nematode data mirrored those obtained with roots, as the only significant effects were due to 
depth. The top soil had significantly more stubby-root nematodes and fewer root-lesion nematodes 
than soil from 25-35 cm, whereas depth had no effect on any of the other plant-parasitic nematodes 
(Table 4). There were also many more free-living nematodes in the topsoil, a result that was largely 
due to the microbivorous component of the community, as numbers of omnivores and predators were 
relatively low.  

 

Table 4—Depth and treatment x depth effects of slotting fertiliser or compost into the subsoil on 
numbers of plant-parasitic and free-living nematodes at two depths in the soil profile (top: 0-10 cm; 

bottom: 25-35 cm) five years after the amendments were applied 

Treatment Depth 
(cm) 

No. nematodes/200 g soil 

  Root-
lesion 

Spiral Stunt Stubby Omnivores Predators TFLN 

 Top 29 b 259 a 63 a 174 a 8 a 12 a 1945 a 

 Bottom 177 a 399 a 80 a 52 b 4 a 2 b 740 b 

Depth (P value) 0.009 0.188 0.721 0.006 0.198 0.011 <0.001 

         

Compost Top 54 a 236 a 97 a 175 a 7 a 13 a 1853 a 

Fertiliser Top 16 a 285 a 41a 173 a 10 a 11 a 2041 a 

Compost Bottom 199 a 295 a 51 a 41 a 2 a 1 a 591 a 
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Fertiliser Bottom 157 a 542 a 125 a 66 a 7 a 4 a 928 a 

Treatment x depth (P) 0.422 0.507 0.239 0.519 0.433 0.229 0.304 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

Rifle Range trial 

When the subsoil was being sampled, there appeared to be more roots in the slot where the 
amendments had been placed than in the non-amended control. However, root dry weights varied 
markedly from plot to plot and differences between treatments were not significant (P = 0.114). 
Nevertheless, there were marked differences in root morphology between treatments and this meant 
that root length, root surface area and the number of tips and forks were much greater in amended 
soils than the control (Table 5). Similar differences were obtained when root length, surface area and 
the tip and fork data were analysed per unit weight of root, indicating that even when root biomass 
in amended soil was relatively low, the roots were much more functional than those in the non-
amended control. 

 

Table 5—Effect of slotting organic amendments into the subsoil on sugarcane root biomass and 
various root parameters 6 months after the amendments were applied 

 Dry wt. 
roots (g) 

Total root 
length (cm)  

Total 
surface 

area (cm2) 

Total no. 
tips 

Total no. 
forks 

No amendment 0.23 a 447 b 77 a 1,862 b 2,138 b 

Slotted mill mud 0.74 a 3,715 a 356 b 17,348 a 22,387 a 

Slotted mill mud/cane 
mulch 

0.49 a 2,399 a 249 b 10,471 a 14,791 a 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

Results of nematode analyses indicated that regardless of treatment, the subsoil was in poor condition 
from a biological perspective. Numbers of free-living nematodes were very low and few omnivorous 
and predatory nematodes were observed. Plant-parasitic nematodes dominated the nematode 
community but numbers of root-lesion nematodes were significantly lower in the slotted mill mud 
treatment than the other two treatments (Table 6). 

 

Table 6-—Effect of slotting organic amendments into the subsoil on numbers of plant-parasitic and 
free-living nematodes 6 months after the amendments were applied 

 Nematodes/200 g dry wt. soil 

 Root-lesion Stunt Spiral Total free-living 

No amendment 457 a 154 a 64 a 138 a 

Slotted mill mud 289 b 95 a 44 a 76 a 

Slotted mill mud/cane mulch 519 a 38 a 87 a 62 a 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

Bidwill Road trial 
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Chemical analyses taken 13 months after sugarcane was planted showed that the compost had 
markedly changed the properties of the subsoil into which it had been slotted. In addition to increasing 
pH and electrical conductivity, carbon and nitrogen levels were much higher in the slotted zone (Table 
7). In turn, this had major effects on the root system, as root biomass in the 1.6 L soil sample was 
about six times greater where compost had been applied than in the non-treated zone. Root 
morphology was also affected. Roots growing in the compost were much smaller in diameter but root 
length and surface area was much greater and there were many more tips and forks (Table 8). 

  

Table 7- Chemical properties of the subsoil in the non-treated zone and in the band where compost 
had been slotted 13 months previously 

Amendment pH EC Total C (%) Total N (%) Labile C 
(%) 

C:N ratio 

Nil 5.9 b 0.044 b 0.67 b 0.041 b 0.072 b 16.7 b 

Slotted compost 6.7 a 0.287 a 6.55 a 0.280 a 0.952 a 23.1 a 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

Although the addition of compost to the subsoil markedly changed soil chemistry, root 
biomass and root morphology, the effects on the nematode community were relatively small. There 
were more free-living nematodes in the compost slot but, due to variability in the data, the effect was 
not significant (P = 0.10). Six plant-parasitic nematodes were detected in the samples but ring 
nematode was the only nematode where numbers were significantly reduced by the compost 
treatment (Table 9). 

 

Table 8- Effect of slotting compost into the subsoil on sugarcane root biomass and various root 
parameters 13 months after the amendment was applied 

Amendment Dry wt. 
roots (g) 

Total root 
length 
(cm)  

Total 
surface 

area (cm2) 

Average 
diameter 

(mm) 

Total no. 
tips 

Total no. 
forks 

Nil 0.11 b 189 b 35 b 0.583 a 670 b 733 b 

Slotted compost 0.69 a 2908 a 283 a 0.324 b 10,609 a 8,406 a 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 

 

Table 9—Effect of slotting compost into the subsoil on free-living and plant-parasitic nematodes in a 
sugarcane soil 13 months after the amendment was applied 

Amendment No. nematodes/200 g soil 

 Free-living Root-lesion Root-knot Stubby Stunt Spiral Ring 

Nil 389 a 301 a 194 a 190 a 58 a 47 a 50 a 

Slotted 
compost 

1288 a 177 a 218 a 81 a 62 a 40 a 0 b 

For each parameter, means followed by the same letter are not significantly different (P=0.05) 
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Discussion 

Although research in the Australian grains industry has shown that amending the subsoil with organic 
matter provides a range of benefits, the major question that must be answered from a sugar industry 
perspective is whether these ameliorants increase sugarcane yields. Unpublished data obtained from 
the plant crop and four ratoon crops at the Cronau site indicated that significant yield increases were 
obtained in two of five years. Unfortunately, yield data were not collected at Bidwill Road but there 
was no obvious growth response due to compost (AJ Dougall, pers. comm.), while at the Rifle Range 
site, yields in the three treatments that were sampled did not differ significantly in the first two years 
(N Halpin, pers. comm.). Consequently, further research is required to determine whether it is 
economically worthwhile for sugar growers to ameliorate poorly structured and impermeable subsoils 
with organic amendments. 

Although yield responses from compost were obtained at the Cronau site in the first and second 
ratoons, root data collected after the fourth ratoon crop was harvested suggested that root function 
in the slot treated with compost (measured as root biomass and various morphological parameters) 
was no better than the non-treated zone. In contrast, similar measurements at the Rifle Range and 
Bidwill Road sites showed that subsoil ameliorants had increased root biomass and probably improved 
root functionality for at least 6 and 13 months, respectively. Unfortunately, root health was not 
monitored in the early years of the Cronau trial and funds were not available to continue monitoring 
roots at the other sites, and so the longevity of the  root health responses obtained with subsoil 
ameliorants could not be determined.  

Since samples taken after the fourth ratoon crop was harvested at the Cronau site indicated that the 
chemical and biological status of the compost-treated subsoil had improved markedly, another issue 
that requires further research is to determine whether these improvements provide root health or 
yield benefits in the subsequent crop cycle.  

One surprising result from these trials was the lack of treatment effects on plant-parasitic nematodes. 
Reviews of the nematological literature have consistently shown that organic amendments provide a 
useful level of nematode control (Muller and Gooch, 1982; Akhtar and Malik, 2000; Oka, 2010; Thoden 
et al., 2011; McSorley, 2011; Renčo, 2013; Stirling, 2014) but the only positive effects observed in this 
study were a reduction in root-lesion nematodes due to mill mud in the Rifle Range trial and a 
reduction in ring nematodes following compost at Bidwill Road. Nevertheless, such reductions results 
are noteworthy because they occurred in an environment where populations of plant-parasitic 
nematodes were expected to increase, as more roots were available to them as a food source. 

Organic amendments usually act against nematodes by enhancing mechanisms of biological 
suppression (Stirling, 2014), but it is not clear whether this was the reason that populations of root-
lesion nematode tended to be lower in the amended zone in the first year after subsoils were 
amended with organic matter. Amendments have a range of effects on different groups of natural 
enemies; various natural enemies will affect endoparasitic and ectoparasitic nematodes in different 
ways; and the biological effects of amendments will persist for various lengths of time (Stirling, 2014), 
so a huge amount of work is required to better understand the effects of subsoil ameliorants on the 
nematode pests of sugarcane. 
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7.6.     Intercropping to increase soil carbon levels and improve soil biological health 

 

Abstract. Some sugarcane growers in Australia have attempted to improve the health of their soils by 
adopting best-practice farming systems. However, soil biological health remains relatively poor, 
largely because levels of soil organic matter are more than 50% lower than attainable levels and the 
soil biological community is dominated by pests and pathogens. Intercropping sugarcane with various 
plant species is one option being investigated to improve the situation and results from two trials are 
reported here. Nematodes were used as a biological indicator and, in a trial in which a mixture of four 
and eight plant species was sown immediately after harvest and grown for 10-12 weeks, intercropping 
generally reduced populations of plant-parasitic nematodes and increased populations of free-living 
nematodes. The 8-species mix grown for three successive years increased soil carbon levels by about 
15% and, although this effect was not statistically significant (P = 0.086), the nematode and carbon 
results suggest that long-term benefits are likely to be obtained by incorporating intercropping into 
the sugarcane farming system. Sunflower was the intercrop species in the second trial and root 
colonisation and DNA tests for arbuscular mycorrhizal fungi showed that sugarcane roots associated 
with sunflower roots were more heavily colonised and supported a more a diverse range of these 
fungi than roots from an adjacent site that was not intercropped. Collectively, these results suggest 
that intercropping improves the biological health of sugarcane soils. However, long-term field trials 
are required to substantiate the benefits obtained; assess the impact of intercropping on sugarcane 
yield; confirm that intercropping improves soil carbon levels; and fully evaluate its effects on soil 
biodiversity. 

 

Introduction 

Soil health problems in the Australian sugar industry have been apparent for more than 100 years. 
They were first recognised by Maxwell (1900) who noted that 20-30 years after sugarcane was first 
planted in Queensland, yields were lamentably low and the producing power of the land had become 
noticeably reduced. The reasons for the decline in productivity were believed to be continuous 
cropping, indifferent cultivation practices, inadequate inputs of fertilisers and manures, burning of 
trash, and the ravages of pests and diseases. Bell (1935) was also concerned about the health of 
sugarcane soils and considered that growing cane continuously on the same land was contributing to 
the ‘sick soil’ syndrome. He argued strongly for the inclusion of rotation crops in the sugar farming 
system. Bell also found that root health was poor in old cane soils and, because cane growth and root 
biomass improved markedly when soil was steam-sterilised, he felt that it was at least partly due to 
biological factors. 

It is now clear that Maxwell and Bell were largely correct: the soil degradation problem in sugarcane 
is caused by long-term monoculture, excessive tillage, uncontrolled traffic from heavy machinery and 
practices that deplete soil organic matter. Legume rotation crops, minimum tillage, controlled traffic 
using GPS guidance and crop residue retention are now part of best-practice farming systems, and 
research summarised by Garside et al. (2005), Bell et al. (2007), Stirling (2008) and Stirling et al. (2016) 
has shown that a range of soil health benefits are obtained: 1) a much smaller area of the field is 
compacted to the point where root growth is reduced; 2) total and labile carbon (C) levels increase, 
particularly near the soil surface; 3) rainfall infiltration rates are higher due to more earthworms and 
greater macroporosity; 4) surface crusting is reduced and aggregate stability improves; 5) the water-
holding capacity of the soil increases; 6) soil losses due to erosion decline; 7) the soil’s cation-exchange 
capacity increases; and 8) pathogen loads are temporarily reduced by rotation crops.  
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Comments by growers who have adopted best-practice farming systems indicate that their soil now 
has much better tilth and its water-holding capacity has increased, while beds are less subject to 
waterlogging because drainage has improved (Stirling et al., 2016). However, despite these 
improvements, soil and root health remains relatively poor, largely because the soil organic matter 
content is more than 50% lower than levels that are attainable in a particular soil type and 
environment (Stirling et al., 2010) and the soil biological community is dominated by organisms that 
damage or destroy root systems (Stirling, 2017). One tactic that has been suggested to improve the 
situation is to grow other plant species in proximity to sugarcane, a practice known as intercropping 
or companion planting. Almost 100 different crops have been tested for their suitability as cane 
intercrops (Parsons, 2003), with peanut, maize, potato, sweet potato, cabbage, peas, mustard and 
sunflower being some of the many crops grown between rows of sugarcane in countries such as India, 
Pakistan and Mauritius (Govinden, 1990; Sathyavelu et al., 1991; Khakwani et al., 2001). 

Although intercropping is mainly adopted because it increases productivity per unit area of land and 
provides small farmers with an additional source of income, there are many reasons why it could also 
provide soil health benefits. First, some companion crops produce a taproot, others have a fibrous 
root system and others produce tuberous or swollen roots and these differences between crops mean 
that their roots penetrate to different depths in the soil profile and affect the soil’s physical properties 
in different ways. Second, intercropping improves the nutrient status of the soil because legumes 
provide biologically-fixed nitrogen (N), while nutrients from a companion crop that has died or been 
harvested are released during the decomposition process and can be used by the accompanying crop. 
Third, intercropping enhances soil biodiversity, with mixtures of plant species likely to be particularly 
beneficial because the roots of different plants exude different C compounds, host different 
pathogens and harbour different beneficial organisms. Fourth, the greater productivity of the 
intercropping system means that additional plant biomass is produced and this should improve the C 
status of the soil, increase biodiversity and enhance the multiplication of microflora antagonistic to 
root pathogens. 

Although intercropping could be expected to improve the health of sugarcane soils, the benefits have 
rarely been assessed, particularly with regard to its flow-on effects to the soil biology. One of the only 
studies in this area was carried out in South Africa and it showed that some intercrop species increased 
and others decreased the number of plant-parasitic nematodes in sugarcane roots, and that velvet 
bean increased in the number of beneficial free-living nematodes in the root zone (Berry et al., 2009). 
Given the paucity of information on the biological effects of intercropping, we used a field trial in 
which multi-species mixes were intercropped with sugarcane and a field where sunflower and 
sugarcane were grown as companion crops, to determine whether these practices influenced soil 
biological health.  

Materials and Methods 

Multi-species trial 

This trial was established by the second author on his farm at Marian. The objective was to determine 
whether soil health could be improved by intercropping sugarcane with a mixture of plant species 
likely to be suited to the central Queensland environment. The trial site was a block of sugarcane 
(cultivar Q232A) growing in rows 1.8 m apart. Plots were 6 rows wide and extended for the length of 
the field and the experiment consisted of three treatments (an 8-species mix, a 4-species mix and a 
non-intercropped control) set out in a randomised block design with four replicates.  

On 16 July 2014, soon after the third ratoon crop was harvested, the two plant mixes (Table 1) were 
planted in a 10-cm band on either side of the sugarcane row, about 50 cm from the centre of the bed. 
The intercrop then grew for about three months before it was sprayed with herbicide and crimp rolled. 
In the following two years, the intercrop mixtures were planted in early August and grew for about 10 
weeks, but because some plant species performed better than others, there were some changes to 
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the composition of the mixes (see Table 1). In 2015, the intercrop was terminated in the same way as 
the previous year whereas a coulter ripper was used in 2016. 

To determine whether the intercrop plants had increased populations of plant-parasitic nematodes 
that could potentially damage sugarcane, soil samples were collected on 23 November 2014, soon 
after the first intercrop was terminated. On the day of sampling, the intercropped area was readily 
apparent, as decomposing radish and turnip roots could be seen in plots planted with 8 plant species, 
while forage oats was still growing in the 4-species plots. Samples consisted of 12 cores (22 mm 
diameter) to a depth of 15 cm and were collected from the area where the intercrops had grown. The 
no intercrop control was sampled in the same general area as the intercropped plots (i.e. 10-20 cm 
outside the row of sugarcane plants).  

 

Table 1— Composition of the plant mixtures used for three successive years in a sugarcane 
intercropping trial at Marian, Queensland. 

 Crop CultivarA 2014 2015 2016 

8-species mix Chickpea Kyabra + - - 

 Common vetch Rasina + + + 

 Forage oats Aladdin/Aladdin/Saia + + + 

 Turnip Dynamo + + - 

 Annual ryegrass T Rex + - - 

 Soybean Leichardt/Leichardt/Stuart + + + 

 Sunflower Ausigold 62 + + + 

 Fodder radish Doublet/Doublet/Terranova + + + 

 Triticale Crackerjack - + - 

 Lupin Barlock - + + 

 Forage sorghum Fumigator - - + 

 Mustard Cappuccino - - + 

      

4-species mix Chickpea Kyabra +   

 Common vetch Rasina + + + 

 Forage oats Aladdin + + + 

 Turnip Dynamo + + - 

 Lupin Barlock  +  

 Soybean Stuart   + 

 Mustard Cappuccino - - + 
A In situations where varieties changed from year to year, the varieties grown in successive years are given 

 

In the final year of the trial (September 2016, November 2016 and March 2017), plots were sampled 
in the same way to determine whether three successive intercrops had increased microbial activity or 
altered the nematode community. Beakers were filled with 40 g of air-dried soil, the soil was 
moistened with 20 mL of demineralised water, and the flush of CO2 was measured after 24 hours using 
a digital colour reader (i.e. the Solvita® CO2-burst protocol discussed by Franzluebbers, 2016). 
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Nematodes were extracted by placing 200 g moist weight of soil on a tray and retrieved after 2 days 
by sieving twice on a 38 µm sieve (a method modified from Whitehead and Hemming, 1965). Plant-
parasitic nematodes were counted by genus and free-living nematodes by trophic group. At the final 
sampling time, air-dried soil was forwarded to Environmental Analysis Laboratory, Lismore, NSW, and 
total C was assessed using the Leco method. 

Intercropping sugarcane and sunflower: effects on mycorrhizae 

This study was carried out in a non-replicated trial on the second author’s farm at Marian, Queensland. 
The field chosen for the study had grown sugarcane for 25 years, with soybean included as a rotation 
crop after each crop cycle of 5-6 years. On 18 August 2016, sugarcane (Q240A) was planted in rows 2 
m apart and the following day sunflower (cultivar Aussie Gold) was sown 70 cm from the sugarcane. 
The sunflower intercrop was planted on both sides of 16 rows of sugarcane each 650 m long and an 
adjacent area of 16 sugarcane rows served as a non-intercropped control. 

On 10 October 2016 (nearly 8 weeks after the sunflowers were planted) the plants were about 1.6 m 
high and almost ready to flower. As previous studies have shown that sunflower roots are colonised 
by arbuscular mycorrhizal fungi and that the plant benefits from this association (Soleimanzadeh, 
2012; Heidari and Karami, 2014; Kavitha and Nelson, 2013, 2014) root samples were collected to see 
whether the presence of sunflowers influenced the mycorrhizal status of sugarcane roots. Three sets 
of samples were collected: sunflower roots; sugarcane roots growing in close association with 
sunflower roots; and sugarcane roots with no associated crop. The samples (about 15 g of roots) were 
collected at a depth of 2-10 cm from ten randomly-selected points in the intercropped and non-
intercropped areas of the field. Each sample was split into three sub-samples and percent root 
colonisation was assessed on two of those sub-samples using standard methods (Giovanetti and 
Mosse, 1980). The assessments were done independently by Dr Nikki Seymour, Department of 
Agriculture and Fisheries, Toowoomba, and Dr Maria Manjarrez, Microbiology Laboratories, Adelaide. 

The third sub-sample of roots was air-dried and forwarded to the South Australian Research and 
Development Institute (SARDI), where deoxyribonucleic acid (DNA) methods were used to check for 
five groups of mycorrhizal fungi (see Ophel-Keller et al., 2008 and Stirling et al., 2016 for details). On 
16 March 2017, about 3 months after the sunflowers had been terminated using a crimp roller, 
sugarcane root samples were again collected from intercropped and non-intercropped sites and their 
mycorrhizal status assessed using the same DNA method. Sunflower roots were not included because 
they were no longer present. 

Statistical analyses 

Where possible, data were analysed by ANOVA using Genstat 8. Nematode counts were transformed 
[log10 (no. nematodes+ 1] prior to analysis. 

Results 

Multi-species trial 

Because the trial was established and financed by a cane grower, the resources available to assess 
yield were limited. In the first year, yield data were collected from all plots when the fourth ratoon 
crop was harvested and yields were highest in the non-intercropped control and  significantly lower 
where the 4-species and 8-species mixes had been grown (99.5 v. 88.1 and 86.7 t cane/ha, 
respectively). In the second and third years, treatment yields were estimated from bin weights. Those 
results indicated that the cane in the control plots yielded 98.5 and 95.5 t/ha in the fifth and sixth 
ratoons whereas the yields from the two intercrop treatments averaged 86.9 and 88.4 t/ha in those 
ratoons, respectively. Other observations made by the grower were that there were fewer weeds in 
the intercropped area and that water ran off the control pots during irrigation whereas runoff was 
never observed in intercropped plots.  
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Carbon analyses of soil sampled in March 2017 showed that soil C levels were higher in plots that had 
grown the 8-species mix for three successive years than in the 4-species plots and the untreated 
controls (1.01, 0.87 and 0.88 % C, respectively). However, the differences between treatments were 
not significant (P = 0.086).   

Nematode data collected at the end of first intercropping period showed that the plant-parasitic 
nematodes at the trial site were typical of those normally found on sugarcane: root-lesion 
(Pratylenchus zeae), root-knot (Meloidogyne spp.), spiral (Helicotylenchus dihystera), stunt 
(Tylenchorhynchus annulatus), stubby root (Paratrichodorus minor) and dagger (Xiphinema 
elongatum). Populations of most of these nematodes tended to be lower in the two intercrop 
treatments than the control, with the 8-species mix significantly reducing total numbers of plant-
parasitic nematodes. In contrast, numbers of free-living nematodes were much higher in intercropped 
plots (Table 2). 

 

Table 2—Populations of plant-parasitic and free-living nematodes in a sugarcane field at Marian, 
Queensland, soon after the first of three multi-species intercrops had been terminated 

 Nematodes/200 g soil   

 Root-
lesion 

Root-
knot 

Spiral Stunt Stubby Dagger TPPN TFLN 

Nil 223 a 190 a 287 a 34 a 121 a 10 a 1155 a 1798 a 

4-species mix 53 a 213 a 150 a 3 a 188 a 37 a 885 ab 4064 b 

8-species mix 101 a 34 a 122 a 13 a 119 a 6 a 510 b 9571 c 

In each column, means followed by the same letter are not significantly different (P= 0.05). TPPN = total plant-parasitic 
nematodes; TFLN = total free-living nematodes. 

 

The trial was sampled again in its final year and the nematode data obtained at three sampling times 
were analysed as a treatment x sampling time factorial. Treatment effects were significant for some 
of the plant-parasitic nematodes (Table 3) and there were also some sampling time effects (data not 
shown). However, because nematode populations were relatively low, the treatment effects were 
unlikely to have affected root health or sugarcane growth. 

 

Table 3—Effects of growing multi-species mixes as an intercrop for three successive years on 
populations of plant-parasitic nematodes in a sugarcane field at Marian, Queensland 

 Nematodes/200 g soil 

 Root-lesion Root-knot Spiral Stunt Stubby Dagger 

Nil 189 a 5 a 58 a 14 a 29 a 1 b 

4-species mix 86 b 34 a 56 a 4 a 63 a 8 a 

8-species mix 116 ab 12 a 19 b 3 a 39 a 5 ab 

In each column, means followed by the same letter are not significantly different (P= 0.05). 

 

The free-living nematode data obtained when the above samples were collected showed that the 
biological status of the soil changed markedly when a multi-species intercrop was present. One and 
three months after the intercrops were planted, numbers of free-living nematodes in intercropped 
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plots were 3-6 times higher than in plots that were not intercropped. However, this difference was no 
longer apparent at 7 months (Table 4). The Nematode Channel Ratio (NCR) reflects the proportion of 
bacterivores and fungivores in the nematode community and analyses of this index showed that it 
was not significantly affected by treatment. However, there was a significant time effect, with the NCR 
being 0.76 and 0.79 at 1 and 3 months, respectively, and declining to 0.54 at 7 months. This indicates 
that fungal-feeding nematodes became a more important component of the microbivorous nematode 
community as the season progressed, and that this occurred in both intercropped and control plots. 

 

Table 4—Interaction table showing the effects of treatment (intercropping with multi-species mixes) 
and sampling time (1, 3 and 7 months after the intercrops were planted) on populations of free-

living nematodes in the final year of a field trial at Marian, Queensland 

 Free-living nematodes/200 g soil 

 1 month 3 months 7 months 

Nil 705 c 1333 bc 966 bc 

4-species mix 3836 a 4111 a 1083 bc 

8-species mix 4559 a 4045 a 1499 bc 

Means followed by the same letter are not significantly different (P= 0.05). 

 

The microbial activity data suggested that CO2 respiration was higher in intercropped than non-
intercropped plots at 3 months (43 and 39 ppm for 4-species and 8-species v. 26 ppm for nil), but 
analyses of the data indicated that treatment effects were not significant. However, there was a 
significant sampling time effect. CO2 respiration at 7 months was 84 ppm, more than double the levels 
recorded at 1 and 3 months. 

Intercropping sugarcane and sunflower: effects on mycorrhizae 

When roots were assessed for mycorrhizal colonisation 8 weeks after the sugarcane and sunflowers 
were planted, the results obtained from two independent laboratories were similar (Table 5). 
Sunflower roots had the highest levels of colonisation whereas sugarcane roots with no associated 
crop were colonised at somewhat lower levels. However, when sugarcane roots were associated with 
sunflower roots they had intermediate levels of colonisation, suggesting that the presence of 
sunflower had enhanced colonisation. 
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Table 5—Colonisation of roots by arbuscular mycorrhizal fungi (as assessed by two independent 
laboratories) 8 weeks after sugarcane was planted with and without sunflower as a companion crop. 

 % root colonisation 

 Microbiology 
Laboratories 

Dept. of Agriculture and 
Fisheries  

Sugarcane roots with no associated crop 18.2 10.8 

Sugarcane roots associated with sunflower roots 34.7 31.0 

Sunflower roots 37.4 43.6 

 

Eight weeks after the sugarcane and sunflowers were planted, four of six mycorrhizal groups were 
detected in the sunflower roots using the DNA test (Table 6). In contrast, sugarcane roots from the 
non-intercropped area supported only two mycorrhizal groups and levels of both groups were 
relatively low. The situation was similar when the non-intercropped area was sampled 5 months later 
except that AMF group A2 had replaced AMF group A as the dominant mycorrhizal group. 

Results of DNA tests on roots collected 3 months after the sunflowers were harvested suggested that 
the sunflower intercrop had increased mycorrhizal levels in sugarcane roots and also enhanced 
mycorrhizal diversity (Table 6). All six mycorrhizal groups were found in the roots, with all but one 
present at moderate to high levels. 

 

Table 6—Presence of six groups of arbuscular mycorrhizal fungi (AMF)A in roots collected in October 
2016, eight weeks after sugarcane was planted with and without sunflower as an intercrop, and in 

March 2017, three months after the sunflowers were harvested, as assessed using a DNA test 

Sampling date and type of roots assessed  Arbuscular mycorrhizal fungi (copies/g root) 

 AMF A AMF A2 AMF B AMF C2 AMF D AMF E 

October 2016       

Sugarcane roots with no associated crop 4,808 0 1,876 0 0 0 

Sugarcane roots associated with sunflower 
roots 

32,672 334,767 0 0 0 0 

Sunflower roots 17,122 818,341 4,426 0 20,133 0 

March 2017       

Sugarcane roots with no associated crop 0 44,591 2,570 0 0 0 

Sugarcane roots associated with sunflower 
roots 

88,768 240,321 6,954 475,781 98,072 45,559 

A The species in each AMF group are as follows: AMF group A: Glomus mosseae, G. constrictum, G. coronatum, G. 
geosporum, G. verruculosum, G. caledonium, G. fragilistratum. AMF group A2: Glomus intraradices, G. vesiculiferum, G. 
clarum, G. proliferum, G. coremioides, G. sinuosum, G. manihotis, G. fasciculatum. AMF group B: Glomus claroideum, G. 

etunicatum. AMF group C2: Scutellospora calospora, Gigaspora margarita, G. gigantean. AMF group D: Diversispora 
spurca, Glomus spp. AMF group E: Acaulospora laevis, Entrophospora spp. 
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Discussion 

Multi-species trial 

From a nematode perspective, the trial site was typical of sugarcane in Queensland, as it was infested 
with six plant-parasitic nematodes, most of which were present at medium to high population 
densities. Root-knot and root-lesion nematodes are the most serious pests, but the other species also 
cause crop damage in some situations (Cadet and Spaull, 2005). Samples taken when the trial was first 
established showed that nematode counts were variable on a plot by plot basis, but the relatively high 
counts of root-lesion, root-knot, stubby root and dagger nematode recorded in some plots (620, 1 
380, 336 and 156 nematodes/200 g soil, respectively) indicate that the sugarcane crop will have been 
suffering losses from these pests (Blair and Stirling, 2007). 

All plant-parasitic nematodes at the site have reasonably wide host ranges, although hosts of root-
lesion nematode (Pratylenchus zeae) are mainly limited to grasses. Nevertheless, data collected soon 
after the first intercrops were terminated showed that intercropping had not increased populations 
of any of these nematodes. In fact, there was a trend towards lower populations of plant-parasitic 
nematodes in intercropped plots. Although this effect was not significant for any of the nematode 
species, it was consistent enough to result in a significant reduction in total numbers of plant-parasitic 
nematodes. Populations of plant-parasites were much lower in the final year of the trial but the 
intercropped treatments again tended to reduce nematode populations, with the four-species mix 
significantly reducing populations of root-lesion nematode. Thus, these results differed from those of 
Berry et al. (2009) in South Africa who found that populations of root-knot and root-lesion nematode 
increased when velvet bean, peanut or sweet potato were intercropped with sugarcane.  

One clear result from this work was that free-living nematodes populations were much higher in the 
soil where the intercrops had grown. The predominant nematodes were enrichment opportunists 
with short life cycles that multiply rapidly to high densities when a food source is available (in this case 
the bacteria associated with decomposing roots of the intercrop species). Since these bacterial-
feeding nematodes mineralise considerable quantities of nitrogen when they graze on their bacterial 
prey (Ferris et al., 1998), they would have mineralised any nitrogen taken up by the intercrop and 
made it available to the adjacent sugarcane crop at a time of maximum plant demand. Thus, by 
aligning nitrogen availability with plant needs, the intercrop would have improved nitrogen use 
efficiency, thereby providing benefits to both the sugarcane crop and the environment.  

The above results also show that intercropping improved soil biological health. That conclusion is 
supported by the soil carbon data, which showed that carbon levels increased by about 15% when the 
8-species mix was grown for three successive years. Although this effect was not statistically significant 
(P=0.086), it suggests that long-term benefits would be obtained if intercropping was permanently 
incorporated into the sugarcane farming system. However, this does not mean that soil health would 
be fully restored, as all the measurements in this study were taken in the relatively narrow zone where 
the intercrops were planted. As this zone occupies less than 10% of the total area of the field and the 
vertical and lateral impact of intercrops on the soil biology is unknown, further work is required to 
determine whether the benefits eventually extend throughout the bed. Ideally, such studies would be 
done at sites where sugarcane has been grown as a monoculture for many years and would evaluate 
the long-term effects of intercropping on soil biodiversity.  

Another issue that requires further research is to examine the competitive effects of intercrops on 
sugarcane growth and yield. The data collected in this study suggested that intercropping reduced 
sugarcane yields by 8-12%, so there is a need to understand whether this yield gap can be reduced 
with better water or nutrient management. However, when such studies are undertaken, it is 
important to take a long-term view because if intercropping increases soil carbon levels, the 
improvements in soil physical, chemical and biological properties that flow from this may eventually 
result in intercropped land being more productive than land cropped only to sugarcane. 
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Intercropping sugarcane and sunflower: effects on mycorrhizae 

The most common method of determining whether arbuscular mycorrhizal fungi have established a 
symbiotic relationship with plant roots is to measure levels of infection in stained roots (Giovanetti 
and Mosse, 1980). When roots collected 8 weeks after planting were examined using this method, 
sunflower roots were much more heavily colonised than sugarcane roots. However, the most 
interesting result was the higher levels of colonisation of sugarcane roots when sugarcane was 
intercropped with sunflower rather than grown alone.  

The latter observation was supported by the results of DNA tests that, to our knowledge, have never 
previously been used on sugarcane. In the area of the field where sugarcane was grown alone, only 
two groups of mycorrhizae were detected in roots and they were present at relatively low levels. In 
contrast, there were four groups and much higher mycorrhizal levels in sunflower roots. Although only 
two mycorrhizal groups were found in sugarcane roots when they were associated with sunflower 
roots, levels of AMF group 2 were very high and this probably explains why the root colonisation test 
had shown that these roots were more heavily colonised than roots from the non-intercropped area. 

Results of DNA tests taken 7 months after planting indicated that AMF group A2 (the group which 
contains Glomus clarum) had become dominant in the area where sugarcane was grown alone. This 
mycorrhizal group was also present at relatively high levels in the area that had been intercropped 
with sunflower, but the presence of five other groups suggested that intercropping had completely 
changed the mycorrhizal status of the root system (i.e. increased mycorrhizal biomass and enhanced 
diversity). 

Given that these observations were made in a non-replicated trial at one site, our results need to be 
interpreted with caution. Nevertheless, they raise a number of questions that should be answered 
through further research. From a production perspective, one of the most important questions is 
whether sugarcane benefits from having a diverse range of mycorrhizal fungi associated with its root 
system. Since the hyphae of these fungi hold soil particles together through physical entanglement 
and produce binding agents that improve aggregate stability (Wright and Upadhyaya, 1998; Smith and 
Read, 2008), soil physical health will certainly improve when these fungi are present. Arbuscular 
mycorrhizal fungi will enhance phosphorus uptake (Smith and Smith, 2012: Willis et al., 2013) but we 
also need to know whether they provide benefits that have been seen in other plants, namely 
improved drought tolerance (Augé, 2001), enhanced resistance to nematode pests and soilborne 
diseases (Whipps, 2004; Hol and Cook, 2005) and better transport and uptake of micronutrients (Willis 
et al., 2013). Clearly, arbuscular mycorrhizal fungi offer many potential benefits but a key question for 
the future is whether these benefits are more likely to be obtained when roots are colonised by a 
diverse range of these fungi. 

Analyses of pre-plant soil samples collected from the field in which this study was conducted showed 
that levels of available P were very high (4.4, 44 and 48 mg/kg for Morgan, Mehlich 3 and Bray 2 tests, 
respectively). BSES and Colwell tests also gave relatively high readings (80 and 70 mg/kg, respectively) 
while total acid-extractable P was 337 mg/kg. Since it is generally acknowledged that the formation 
and growth of arbuscular mycorrhizal fungi is adversely affected by high levels of phosphorus and 
studies with sugarcane have shown that root colonisation by Glomus clarum declines as soil 
phosphorus concentration increases (Kelly et al., 2001; Magarey et al., 2005), we were surprised to 
find a diverse range of arbuscular mycorrhizal fungi in the roots from the area where sunflower had 
previously grown. Nevertheless, this may be a real result, as several recent studies have shown that 
phosphorus fertilisation does not affect the diversity or structure of the arbuscular mycorrhizal 
community (Beauregard et al., 2010; Jansa et al., 2014; Liu et al., 2016).  

Further research is required to confirm our observation that a sunflower intercrop improves 
mycorrhizal colonisation of sugarcane roots in a high-phosphorus environment. During that process, 
two important questions will need to be answered: 1) do the mycorrhizal groups observed in this study 
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differ from Glomus clarum in their reaction to high concentrations of phosphorus; and 2) does 
sugarcane become more drought-tolerant or more resistant to pests and diseases when its roots are 
colonised by a diverse range of arbuscular mycorrhizal fungi? 
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7.7.     Microarthropods as predators of nematode pests in sugarcane soils 

 

Abstract.  Soil microarthropods (primarily springtails and mites) are integral components of the 
decomposer subsystem, but are essentially unstudied in Australian sugarcane soils. Many of these tiny 
arthropods are beneficial, as they help regulate the rate of decomposition and nutrient cycling 
through their feeding processes and by dispersing microbial propagules. Some are also known to feed 
on nematodes, including those that are significant pests of crops. Herein we review what is known 
about nematophagous soil microarthropods and present preliminary results from a survey of mineral 
soil in Queensland cane fields. Densities ranged from 89-529 per 600 mL soil and were dominated by 
springtails and oribatid mites, indicating a fungus-dominated system. Additionally, about two dozen 
species of predatory mesostigmatic mites were identified, including many that are known to feed on 
nematodes. We conclude that sugarcane soils contain a soil microarthropod community with the 
potential to contribute to the suppression of nematode pests. 

 

Introduction 

The soil food web is the term used to describe the community of microorganisms and small animals 
that live in soil, interact directly or indirectly with plants through the rhizosphere, and perform 
functions that are vital to the long-term productivity and sustainability of agriculture. Primary among 
these functions are decomposing organic matter, maintaining soil structure, storing and cycling 
nutrients, and regulating populations of soilborne pests and pathogens.  

In natural ecosystems, regulatory forces within the soil food web generally prevent root pests from 
increasing to damaging levels. However, there is overwhelming evidence to indicate that this function 
has been lost from Australia’s sugarcane-growing soils. Soilborne pests and pathogens now dominate 
the soil biological community, with Pachymetra, Pythium, numerous plant-parasitic nematodes and a 
suite of unidentified pathogens being associated with an industry-wide problem known as yield 
decline (Pankhurst et al., 2003). Yield responses of more than 40% are obtained when soil is fumigated 
(Garside et al., 2005) and poor root health is common (Stirling et al., 2011 a, b). Nematode pests are 
one of the contributing factors, causing estimated annual losses of more than $80 million (Blair and 
Stirling, 2007).  

From the perspective of nematodes, 5-8 pest species are found in most Australian sugarcane fields, 
but lesion nematode (Pratylenchus zeae) and root-knot nematode (Meloidogyne spp.) are the most 
damaging. The former species occurs in all cane-growing soils and is often present at high population 
densities, while the latter nematode is a major yield-limiting factor in coarse-textured soils. Previous 
research has mainly focused on managing these nematodes with rotation crops, resistant varieties 
and nematicides, but recent work has shown that in some sugarcane soils, pest nematodes do not 
multiply readily in the soil immediately under the trash blanket. Biological suppressiveness to these 
pests is associated with high soil carbon levels, high numbers of bacterial- and fungal-feeding 
nematodes, and the presence of a diverse range of predatory fungi and nematodes (Stirling et al., 
2011a, b). Presumably, organic inputs from crop residues and roots fuel an active and diverse soil 
biological community capable of regulating populations of P. zeae and other plant-parasitic 
nematodes. 

Microarthropods are one group of antagonists that may have contributed to suppressiveness in the 
above study. Mites and collembolans are abundant in soil and many species are known to prey on 
nematodes (Gilmore, 1970; Walter and Ikonen, 1989; Beaulieu and Walter 2007; Heidemann et al., 
2011; Stirling, 2014). This paper briefly reviews the literature on nematophagous microarthropods, 
identifies the groups known to prey on nematodes, and considers the impact of agricultural 
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management practices on their population densities. It then presents preliminary results from a 
survey aimed at identifying the microarthropods that occur in Queensland sugarcane soils. 

Literature review 

Soil fauna are often divided into three categories, as suggested by Lavelle (1997): microorganisms such 
as bacteria, mycorrhizal and other fungi, protozoa, nematodes, rotifers and tardigrades; mesofauna 
such as pot worms (Enchytraeidae) and the smaller arthropods (collectively known as 
microarthropods and including Collembola, Acari, Protura and Diplura); and macrofauna such as 
earthworms, snails and slugs, and the larger arthropods (e.g. Arachnida, Coleoptera, Diptera, Isopoda 
and Myriapoda). 

Most soil microarthropods are springtails (Collembola) and mites (Acari) and are an integral part of 
the soil food web. These animals live in soil pore spaces and are known to feed on microbes and 
decomposing organic matter, and prey on small invertebrates (Wardle, 1995).  Due to the variety of 
feeding behaviours they exhibit, microarthropods have numerous roles within the soil food web and 
contribute to the regulation of decomposition, nutrient cycling and populations of soil fauna. 
Predation on nematodes, including agriculturally important species, has been demonstrated in a 
variety of springtails and mites, and recent work has shown that they are able to reduce nematode 
populations (Abou El-Atta et al., 2014; Heidemann et al., 014; Xu et al., 2014).  

Impact of agricultural management on microarthropods 

Although the benefits of maintaing a healthy assemblage of microarthropods in soil is becoming more 
apparent,  there are a variety of farming practices that are known to affect the number and diversity 
of these animals in agroecosystems. Tillage is perhaps the most detrimental. When soil is disturbed 
by conventional tillage (CT) practices, microarthropods may be killed outright by laceration, crushed 
during the tillage operation, or become entrapped and perish in newly formed clumps of soil (Wardle, 
1995). There are a variety of long-term impacts associated with CT practices, and they include 
decreased pore space availability and continuity, reduced soil moisture content, and reductions in 
litter density (Kladivko, 2001; Holland, 2004). The diverse physical characteristics of the mites and 
collembolans found within the soil food web mean the impacts of CT may vary with taxon. However, 
the majority of studies on the effects of CT on soil microarthropod assemblages provide evidence of 
overall decreases in mite and collembolan diversity and activity (Holland, 2004; Tabaglio et al., 2009; 
Dubie et al., 2011).  

Another aspect of modern sugarcane farming systems that is likely to affect soil microarthropod 
communities is compaction caused by tillage, harvesting and haul-out machinery. Similar to impacts 
associated with CT, soil compaction has been shown to reduce the abundance of soil microarthropods 
via changes to soil physical characteristics (Schrader and Lingnau, 1997). As bulk density increases, 
pore spaces decrease, and since most microarthropods are unable to dig their own burrows, they are 
unable to find food resources and reproduce. A study with collembolans, for example, indicated that 
their abundance was reduced by about 80% in the bulk densities typically found in wheel tracks 
(Larsen et al., 2004). 

In natural ecosystems, the presence of plant residues can alter soil chemical composition and change 
microclimate, and these factors have been shown to increase microarthropod abundance (Villarreal-
Rosas et al., 2014). The absence of such residues in agroecosystems results in low densities of this 
group of animals (Badejo et al., 1995), a result that was confirmed by a meta-analysis of 62 studies on 
the response of invertebrates to changing complexity in a variety of habitats, including agricultural 
systems (Langellotto and Denno, 2004). Mite populations increased significantly when detritus layer 
complexity increased through the addition of leaf litter and mulch. The authors suggested that the 
response was not only a result of increased resource availability but also that increasing habitat 
complexity enabled animals to gain refuge from predation.  
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A continuous supply of organic matter is integral to the vitality of the soil system as it stabilises pore 
spaces by forming aggregates and provides resources for bacteria and fungi. These organisms are a 
valuable food source for a variety of microfauna, including nematodes, which are in turn food for 
mesofauna. In a recent study conducted throughout a variety of agricultural settings in India, soil 
organic matter was found to be a key factor governing the abundance and diversity of arthropods in 
soil, primarily members of the microarthropod assemblage (Shakir and Ahmed, 2014).  

Microarthropods in sugarcane soils 

Little is known about the microarthropod fauna associated with sugarcane in Australia, as arthropod 
research has focused on the biology and control of the much larger root-feeding pests such as cane 
grubs, soldier flies, ground pearls, cicadas, funnel ants and symphylans (Allsopp et al., 1993).  

Preliminary studies 

Materials and methods 

Given the negative effects of tillage, compaction and lack of ground cover on microarthropods (see 
above review), our survey focused on sites where sugarcane was grown under minimum tillage, traffic 
was controlled to minimise compaction, and a permanent cover of crop residues was retained on the 
soil surface. These practices, together with the inclusion of a legume crop in the rotation, are key 
elements of a sugarcane farming system developed by the Sugar Yield Decline Joint Venture (Garside 
et al., 2005).  

Since this farming system has not yet been widely adopted by growers, conventionally farmed sites 
were also sampled. This meant sampling farms where wheel spacing and row spacing did not match, 
and where the soil had been tilled prior to planting. To provide the greatest chance of retrieving 
microarthropods in these situations, soil was collected from second, third, fourth or later ratoon crops, 
as it was thought a post-tillage period of at least 3 years may have given microarthropod populations 
time to recover from the negative effects of tillage. In an attempt to avoid the compacted zones that 
inevitably occur in the conventional sugarcane farming system, soil was always collected from the 
middle of the row. 

Soil samples were collected between July and September 2014 from the Mackay and Bundaberg 
districts. Each sample consisted of about 3 L of soil from a depth of 0-10 cm. Any crop residue 
remaining in the trash blanket was scraped from the soil surface and about 500 mL of soil was collected 
with a spade from six randomly-selected points in each field. 

Microarthropods were extracted from each of the soils by placing a 600 mL subsample in a Tullgren 
funnel for 5 days. Collected animals were stored in 85% ethanol and exemplars mounted on 
microscope slides. The microarthropods were identified using a variety of published keys, papers, and 
books (Krantz and Walter, 2009; Walter and Proctor, 2013).  

Results 

Preliminary results from 18 samples (16 different sites and 2 sites each with 2 samples) revealed a 
diverse microarthropod assemblage (range 89-529 individuals per sample) dominated by fungivores 
and detritivores (Table 1). For purposes of preliminary analysis, the 2795 microarthropods identified 
have been sorted into four guilds based on the probable degree of nematophagy among the 
constituent species.  

 

Table 1— Mean number of microarthropods by guild recovered from sugarcane mineral soils in an 
initial survey of 16 sites in the Bundaberg and Mackay regions, and food sources based on the 

literature. 
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Guild No. of sites No./600 
mL soil 

Possible food sources 

   Fungi Nematodes Arthropods Other 

Miscellaneous 
microarthropods 

16 29 ++  ++ + 

Fungivore/ 
detritivores 

16 116 ++++ +   

Predatory 
Mesostigmata  
Group 1 

16 6  ++ +++  

Predatory 
Mesostigmata  
Group 2 

13 4  ++++ +  

  

Miscellaneous microarthropods: 

These are primarily hexapods (insects, diplurans, proturans), myriapods (millipedes, symphylans, 
centipedes) and arachnids (small spiders, pseudoscorpions, prostigmatic and endeostigmatic mites) 
and isopods. Mostly these animals are predators of arthropods, fungivores or plant parasites 
(symphylans, some of the insects), and are not known to feed on nematodes. 

Fungivore/detritivores: 

This group is composed of springtails (Collembola) and oribatid mites (Oribatida) that feed primarily 
on the microbes that cause decomposition, but also on root-parasitic fungi. Many species also 
opportunistically feed on nematodes and may be important background biocontrol agents. They also 
spread the spores of nematode-trapping fungi. 

Predatory Mesostigmata Group 1: 

Most Mesostigmata will feed on nematodes and some are obligate nematophages. For this analysis, 
we are using a size/taxonomy division. Group 1 contains about a dozen medium-sized (adult length 
>0.35 mm) species, typically with oval bodies, entire dorsal shields and long legs in the families 
Parasitidae, Veigaiidae, Ologamasidae, Laelapidae, Eviphididae, Macrochelidae, Blattisociidae and 
Uropodidae. Species in the representative genera that have been studied are primarily general 
predators that take both arthropods and nematodes (e.g. Gaeolaelaps, Cosmolaelaps, Gamasiphis) 
and those that seem to prefer nematodes to arthropods (e.g. Evimirus, Cheiroseius) (Walter and 
Ikonen, 1989; Walter and Kaplan, 1990a; Beaulieu and Walter, 2007). Since their bodies are inflexible, 
these mites are restricted to relatively large soil pore spaces; however, their mouthparts (chelicerae) 
are elongate and can be used to probe smaller soil pore spaces contiguous with the ones they travel. 

Predatory Mesostigmata Group 2: 

Group 2 are small to minute (adult length <0.35 mm) mites with a narrow body and usually a divided 
dorsal shield. Their shape and flexibility allow them to penetrate relatively small pore spaces and some 
species have muscles that allow the posterior to be bent or wiggled to move past obstructions. 
Additionally, their chelicerae can be used to probe even smaller recesses. Most species belong to the 
Rhodacaridae (species of Rhodacarus, Rhodacarellus, Multidentorhodacarus, Protogamasellopsis) and 
Ascidae (species of Gamasellodes, Protogamasellus, Asca). They are avid nematophages and 
sometimes nematode specialists (Walter and Ikonen 1989; Walter and Kaplan 1990b). 

Discussion 
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Although we have reported only preliminary results from a much larger survey, it is clear that a diverse 
community of potentially beneficial soil microarthropods is present in Queensland sugarcane soils. 
Most of the species are oribatid mites and springtails that help regulate decomposition through 
comminution of litter, grazing on fungi, and dispersal of microbial propagules. However, many are also 
opportunistic predators of nematodes. Additionally, about two dozen species of predatory 
mesostigmatic mites were identified, including many that are known to feed on nematodes. The rarest 
of these, the very small species under 0.35 mm in length, are likely to be the most important nematode 
predators in the root-zone. We conclude that there is a soil microarthropod community in sugarcane 
soils, and that it has the potential to contribute to the suppression of nematode pests. 

Over the course of our current project we intend to expand our survey work to include more sites and 
more cane-growing regions in Queensland. Once the predominant microarthropods in sugarcane soils 
are known, we hope to: 1) identify the microarthropods most likely to prey on plant-parasitic 
nematodes; 2) confirm their capacity to consume nematodes; 3) determine whether the trash blanket 
is an important habitat for microarthropods; and 4) determine whether tillage, soil compaction, and 
the pesticides applied for canegrub control have a negative impact on nematophagous species. 
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7.8.     Occurrence of microarthropods and factors affecting their distribution 

 

Abstract. Sugarcane is attacked by a suite of nematode pests, but little is known of the mites and other 
soil microarthropods that feed on them. To address this deficit we undertook a survey of the soil 
microarthropod fauna in 60 sugarcane fields in Queensland, Australia. The results showed that 
oribatid mites and springtails dominated the upper 10 cm of sugarcane mineral soils. Laboratory 
observations demonstrated avid nematophagy in Galumnidae (Galumna sp., Pergalumna sp.), 
Scheloribatidae (Scheloribates sp.), and one unidentified Isotomidae (Collembola). Mesostigmata, a 
group of mites with many known nematophages, were never very abundant. Most of the taxa 
identified were previously known from Australia, but Protogamasellus sigillophorus Mineiro, Lindquist 
and De Moraes is reported for the first time and was reared through several generations on 
nematodes. In addition, we reared ten other cane field mesostigmatans on nematodes: 
Antennolaelaps sp., Asca garmani, Asca major, Cheiroseius sp., Cosmolaelaps sp., Gaeolaelaps sp., 
Gamasellodes bicolor, Gamasiphis sp., Holaspulus tenuipes, Protogamasellus mica. Because 
Mesostigmata were present at higher population densities in mineral soil where a mulch layer was 
retained after harvest, we assessed the effect of mulching in two sugarcane fields. Mulching did not 
result in significant differences in total microarthropods in the upper 5 cm of mineral soil. However, 
the mulch contained large numbers of free-living nematodes and 10% of the microarthropods were 
nematophagous mites.  Results from a pot experiment also suggested that differences in soil 
properties affect nematophagous mite communities. More microarthropods and greater numbers of 
Mesostigmata were recovered from a well-structured clay loam soil than a sandy loam soil, and 
populations were highest in surface soils with high carbon contents and high levels of microbial 
activity. 

 

Introduction 

‘Microarthropod’ is a convenient term for describing the minute arthropods that live in soil-litter 
systems and help regulate many decomposer subsystem processes through their feeding and other 
behaviours (Moore et al., 1988). Though definitions vary, arthropods more than a few millimetres in 
length are generally treated as a separate functional group (macroarthropods), although in reality the 
size distribution is more or less continuous and the smaller size classes interact with much larger 
animals, particularly in the litter layer. One aspect that links microarthropods worldwide, however, is 
that they belong to poorly known taxonomic groups such as the mites, springtails, proturans, dipurans, 
pauropods, symphylans, pseudoscorpions, and the tiniest of myriapods, spiders and insects, especially 
beetles, ants, parasitoid wasps, and flies. Thus, few areas in the world have the taxonomic 
infrastructure to deal with microarthropods at the species level. This taxonomic impediment is 
especially acute in Australia. 

Although sugarcane is the most important agricultural crop in tropical and sub-tropical regions of 
Australia, and a major crop worldwide, the soil microarthropod fauna of cane fields is little studied. 
Most research has concentrated on the biology and control of relatively large root-feeding pests such 
as cane grubs and soldier flies, on a few smaller pests such as ground pearls and symphylans, or on 
arthropod communities at a low level of taxonomic resolution (Allsopp et al., 1993; Sajjad et al., 2012; 
Shakir and Ahmed, 2015; but see Asif et al., 2016, on Collembola). In this paper we present survey 
results that show that sugarcane soils, at least those that have not been tilled for several years, contain 
a diverse community of microarthropods with the potential to improve crop health through their role 
in cycling nutrients and regulating populations of root pests and pathogens. Initial results from this 
work have been published previously (Manwaring et al., 2015).  
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The number of microarthropods extracted from our survey samples was highly variable, raising 
questions as to the causes of this variability. Previous studies in natural and agricultural ecosystems 
have shown that the abundance and diversity of microarthropods is influenced by factors such as soil 
texture, soil carbon levels, depth in the soil profile and the presence of plant residues on the soil 
surface, and all these factors could have affected our survey results. Consequently, we set up field 
experiments to look at the impact of mulching, as it is a common practice in the Australian sugar 
industry and our survey data suggested that the presence of mulch (the residues remaining after 
harvest and referred to as a ‘trash blanket’ in Australia) may have increased the abundance of 
microarthropods. We also set up a pot experiment to determine whether properties such as the 
texture of sugarcane soils affected the presence and diversity of mites. Since Mesostigmata seem to 
be important predators of nematodes (Stirling et al., 2017), we were particularly interested in the 
impact of mulching and soil properties on this group of mites. 

 

Materials and methods 

A survey of microarthropods in sugarcane soils 

During the period from July to December 2014, 60 mineral soil samples were collected from four major 
cane-growing regions of Queensland (14 samples from the Herbert; 10 from the Burdekin; 15 from 
the Mackay region and 21 from farms around Bundaberg, Childers and Hervey Bay). Since tillage is 
known to be detrimental to microarthropods (Wardle, 1995), samples were, wherever possible, 
collected from farms where tillage had been minimised and a best-practice farming system had been 
adopted (Garside et al., 2005). However, third and fourth ratoon crops were always sampled, as this 
meant that the soil would not have been tilled for at least 3 years. To avoid the negative effects of 
compaction caused by harvest and haul-out machinery, samples were always collected in the centre 
of the row and between sugarcane plants. Each sample (about 3 L of soil) was taken with a shovel to 
a depth of 10 cm from six randomly selected points in a field. Microarthropods were extracted by 
placing 600 mL of soil on a Tullgren funnel for 5 days (Walter and Krantz, 2009) and the animals were 
then captured in vials containing 70% ethanol. Microarthropods were sorted and counted under a 
dissecting microscope by feeding guild (see below) and representatives were slide-mounted for 
further identification when needed.  

Guild / Functional Group Classification 

Because soil microarthropods are extremely diverse, tend to have patchy distributions, and have 
feeding behaviours that often cross taxonomic boundaries, we sorted our collections into functional 
groups (guilds) that were based on our preliminary samples (Manwaring et al., 2015) and reflected 
their importance to the behaviour of interest: nematophagy. Previous research on nematophagy by 
microarthropods in non-sugarcane soils (reviewed in Walter and Proctor, 2013; Manwaring et al., 
2015) documented that this behaviour was pervasive in one order of mites (Acari: Parasitiformes: 
Mesostigmata). We call these mites the Mesostigmata Guild (i.e. all Mesostigmata collected except 
the specialised fungivores in the Ameroseiidae). For some analyses we also abstracted a ‘Small 
Mesostigmata Guild’ (combined totals for all species of Asca, Gamasellodes, Protogamasellus, 
Multidentorhodacarus, Rhodacarus, and Rhodacarellus). These mites are less than 0.35 mm in length, 
have divided dorsal shields and narrow bodies (Asca species are at the upper length and width of this 
group) and are capable of using small pore spaces in soil. The larger Mesostigmata were members of 
the Ascidae (Antennoseius sp.), Ologamasidae, Blattisociidae, Laelapidae, Macrochelidae, 
Parholaspididae, Pachylaelapidae, and Uropodoidea (see results for identified genera) with inflexible 
dorsal shields and presumably less access to small pore spaces. 

The most diverse and abundant taxa of microarthropods present were oribatid mites (Acari: 
Acariformes: Oribatida [including Astigmata]) and springtails (Hexapoda: Collembola). As far as is 
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known, most species in these groups feed primarily on microbes and decaying organic matter, but 
many may consume nematodes when they encounter them (Walter and Proctor, 2013; also see 
Results). We combined the counts for these two taxa into the Fungivore/Detrivore Guild because in 
general oribatid mites and springtails share similar feeding behaviours and are thought to have some 
impact on nematode numbers. The other microarthropods present are predators of arthropods, have 
more specialised feeding habits or have unknown feeding behaviours. These include proturans, 
diplurans (Campodeidae, Parajapygidae), assorted insects (thrips, planthoppers, ants, beetles, flies, 
etc.), millipedes (mostly Polyxenidae), centipedes, small spiders, pseudoscorpions, palpigrades 
(Eukoeninia sp.), and certain mite groups (mostly Prostigmata [e.g. Eupodidae, Tydeidae, 
Tarsonemidae, Cryptognathidae, Cunaxidae: Cunaxinae, Bdellidae, Rhagidiidae] and Endeostigmata). 
We group these as Miscellaneous Arthropods and consider that they are unlikely to be important 
predators of nematodes in sugarcane soils, although they may provide other ecosystem services. 

Testing for Nematophagy 

We tested our assumptions of nematophagy using live extractions (i.e. into vials with a plaster-of-
Paris/charcoal base instead of ethanol as per Walter and Krantz, 2009) of microarthropods collected 
from cane fields in the Bundaberg region, adding water suspensions of a bacterial-feeding nematode 
cultured on rolled oats and observing the interactions. All observations of nematophagy were 
recorded. Mesostigmatans observed feeding on nematodes were transferred to small rearing vials 
with a small paintbrush and nematodes in a water suspension were regularly added to determine if 
the mites could reproduce and develop to adults on a nematode diet at room temperature. If so, 
representatives were slided and identified as far as possible. 

Impact of mulching on microarthropods, particularly the nematophagous mites 

To assess the impact of green-cane trash blanketing (i.e. mulching) on the microarthropod community, 
mulched and non-mulched plots were established at two sites in Bundaberg. The soil at site 1 was a 
clay loam while site 2 had a lighter-textured sandy clay loam soil. Based on the Australian Soil 
Classification, these soils were classified as a Red Ferrosol and Yellow Dermosol, respectively. 
Sugarcane was planted at both sites following soybean and the plant crops were harvested in early 
September 2015, when the sugarcane was about 13 months old. Two weeks after harvest, the 
treatments at each site were established by marking out plots 10 m long and 1.85 m wide, raking the 
trash blanket from half the plots and retaining the crop residues in the mulched plots. Thus, the 
experiment consisted of two treatments (bare and mulch) x 2 sites x 6 replicates. All plots were 2 m 
apart and contained one row of sugarcane. Any weeds that grew in the plots (particularly the plots 
that were not mulched) were either removed periodically by hand or eliminated by the herbicide 
program used by the grower. 

On 10 March 2016, nearly six months after the experiment was set up, samples of mulch and soil were 
collected to assess populations of nematodes and microarthropods. All samples were collected in the 
bed and were taken within 15 cm of a sugarcane plant. In the mulched plots, mulch was also removed 
from a 20 x 20 cm sampling zone, and after it was weighed and cut into pieces less than 1 cm long, a 
10 g sub-sample from each plot was spread on a nematode extraction tray (Whitehead and Hemming, 
1965). After 3 days, nematodes were recovered by sieving twice on a 38 µm-aperture sieve. 
Microarthropods were recovered from the mulch by placing 15-20 g sub-samples in a Tullgren funnel.  
Four soil cores 10 cm in diameter were also collected to a depth of 5 cm from the area where the 
mulch was removed and from a similar area in the non-mulched plots. Nematodes and mites were 
extracted by placing 230 and 500 g of moist soil on trays and funnels, respectively. Soil and mulch 
samples were also dried at 80°C to determine the dry weight equivalent of each sample. Numbers of 
microarthropods and nematodes recovered from the sub-samples and the weights of soil and mulch 
in the processed samples were used to calculate the number of microarthropods and nematodes /kg 
dry soil and the number of microarthropods and nematodes /10 g dry mulch.   
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Effects of soil texture and depth on microarthropods in pots 

This experiment aimed to determine whether soil properties (in this case soil texture and depth in the 
soil profile) influenced the microarthropod community when mineral soil is mulched with sugarcane 
residue. The soil used for the experiment was obtained from sugarcane fields in Bundaberg that were 
growing crops ranging in age from third to sixth ratoon and were on two different soil types. Three of 
the fields had sandy loam soils and the others had clay loam (ferrosol) soil.  In November 2014, soil 
was collected from each field at two depths in the soil profile (0-2 cm and 10-15 cm, hereafter referred 
to as top (T) and bottom (B), respectively). Equal volumes of soil from each soil type and depth were 
then mixed together to produce four soils (sandy loam T; sandy loam B; clay loam T: clay loam B). Basic 
chemical properties such as pH, electrical conductivity, total C and N (Leco method) and labile C 
(method of Blair et al., 1995) were assessed by Environmental Analysis Laboratory, Lismore, NSW, 
while microbial activity was measured using the Solvita™ CO2-burst protocol (Franzluebbers, 2016). 

Four 1.4 L pots were filled with 1 kg dry weight equivalent of each of the soils and pots were planted 
with pre-germinated single-eye setts of sugarcane (variety Q208). Pots were then placed in a 
greenhouse and the soil surface was covered with a layer of sugarcane residue (22 g per pot) to 
simulate the 15.5 t/ha trash blanket that is laid down when a 100t/ha sugarcane crop is harvested 
(Mitchell and Larsen, 2000). After 8 weeks, soil and roots were removed from the pots and nematodes 
and microarthropods were extracted by placing 210 g and 400 g of moist soil on trays and funnels, 
respectively.  

Statistical analysis 

Data from the two experiments were analysed by two-way analysis of variance using Genstat 8.2, with 
the field experiment analysed as a treatment x site factorial and the pot experiment as a soil texture 
x depth factorial. Microarthropod and nematode numbers were transformed (log10 no. animals + 1) 
prior to analysis. Means ± SE were calculated and regression analyses undertaken using features 
available in Microsoft Excel. 

Results 

A survey of microarthropods in sugarcane soils 

A total of 60 cane fields were sampled and a trash blanket had been retained as mulch in 50 of these 
sites while the remaining 10 sites lacked a trash blanket. In total, 7517 microarthropods were 
extracted and assigned to our three guilds. Numbers per 600 mL sample of mineral soil were highly 
variable (range of 4-539 in trash-blanketed sites vs 6-185 in sites with no trash blanket), but the 
animals were almost twice as abundant where the shelter of a trash layer was present (mean = 
135.6±16.3 vs 73.9±19.5). The Burdekin sites generally had the lowest numbers of microarthropods, 
but there were no obvious effects of crop stage, irrigation, soil type, soil moisture or row spacing.  

Our results indicate that Queensland sugarcane soils are dominated in numbers by our 
Fungivore/Detritivore Guild composed of oribatid mites (Acariformes: Oribatida) and springtails 
(Hexapoda: Collembola) (range 2-415 per sample, mean = 77.1±9.9). The oribatid mites typically were 
representatives of the Galumnidae, Oripodoidea (especially Scheloribatidae, Oribatulidae), 
Oppioidea, Nothridae, Epilohmanniidae, Lohmanniidae, Tectocepheidae, and Microzetidae. Other 
oribatid families were rare or sporadic, but a member of the Acaridae (Rhizoglyphus robini Claparéde) 
was occasionally abundant. Collembola were represented by members of all of the superfamilies 
(Poduroidea, Entomobryoidea, Neeloidea, Sminthuroidea). The rapid attraction to and consumption 
of vermiform nematodes was observed repeatedly for members of the oribatid mite families 
Galumnidae (Galumna sp., Pergalumna sp.) and Scheloribatidae (Scheloribates sp.) in the live 
extractions. One observation of nematophagy by an unidentified isotomid springtail was observed. 
Therefore, it seems likely that these animals function in cane soils as opportunistic nematophages, as 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

100 

 

they are known to do in other soils (see Walter and Proctor, 2013, for a recent review of nematophagy 
in mites). 

Members of the Mesostigmata, the order of mostly predatory mites with numerous known 
nematophages, were much less abundant (range 1-80 per sample, mean = 14.1±1.9), but diverse 
(approximately three dozen species). These included members of genera with species known to feed 
on nematodes, e.g. Rhodacarus, Rhodacarellus (Rhodacaridae); Gamasellodes, Protogamasellus , 
Asca, Antennoseius (Ascidae); Lasioseius, Cheiroseius (Blattisociidae); Gaeolaelaps, Cosmolaelaps 
(Laelapidae); Holaspulus (Parholaspididae); Zygoseius (Pachylaelapidae); Antennolaelaps, Athiasella, 
Gamasiphis (Ologamasidae) and also unidentified Uropodina (some species are nematophagous, but 
most have unknown feeding habits). Nematophagy was observed in 15 mesostigmatan species from 
the Bundaberg collections and reproduction on a diet of nematodes was obtained for 11 of those 
species: Antennolaelaps sp., Asca garmani Hurlbutt, Asca major Womersley, Cheiroseius sp., 
Cosmolaelaps sp., Gaeolaelaps sp., Gamasellodes bicolor (Berlese), Gamasiphis sp., Holaspulus 
tenuipes Berlese, Protogamasellus mica(Athias-Henriot) and Protogamasellus sigillophorus Mineiro, 
Lindquist and De Moraes. The latter (misidentified as Protogamasellopsis sp. in Manwaring et al. 2015) 
was described from a cornfield in Brazil (Mineiro et al. 2009) and is reported from Australia for the 
first time. Although many could not be assigned to a described species, those that were included both 
semi-cosmopolitan mites such as A. garmani *, Gaeolaelaps aculeifer (Canestrini), G. bicolor, H. 
tenuipes, and P. mica; and apparently Australasian endemics such as A. major, Gamasellodes adrianae 
Walter, Holostaspella moderata Berlese, Gaeolaelaps queenslandicus (Womersley), and Zygoseius 
sarcinulus Halliday.  

Numbers in the Miscellaneous Arthropods group ranged from 2-349 per sample, but most samples 
contained less than 50 such microarthropods, with the few larger numbers due to sampling at the 
margins of an ant colony or the presence of large numbers of scale insect crawlers. Predators of 
arthropods, both mites (e.g. Bdellidae, Cunaxidae, Rhagidiidae, Stigmaeidae) and other arthropods 
(e.g. diplurans such as Parajapyx sp. and unidentified Campodeidae, small spiders and centipedes) 
were common. Symphylans, some of which are root pests, were rare. Isopods, small millipedes, fly 
larvae, psocopterans and a variety of other small insects were also collected. Additionally 
microarthropods thought to be fungivores, but not known to eat nematodes (e.g. members of the 
Ameroseiidae, Eupodidae, Nanorchestidae, Terpnacaridae, Tarsonemidae, Pygmephoridae [all Acari]; 
Ptilliidae [Coleoptera], Acerentomidae [Protura], Pauropodidae [Pauropoda]) were present in small 
numbers. With one exception, an unidentified cunaxid mite in the subfamily Cunaxoidinae (see Walter 
and Kaplan 1991), no members in these groups were observed feeding on nematodes in the live 
extractions. 

Dominance by oribatid mites and springtails is generally associated with a fungus-based decomposer 
system and should be strongly influenced by the amount of organic matter in the soil and retention of 
sufficient water to maintain fungal growth (Coleman and Crossley, 2004). Both of these parameters 
should be enhanced by the retention of a trash blanket. This hypothesis is supported by our survey 
results, as numbers of Fungivore/Detritivores were on average 55% higher under a trash blanket than 
in the absence of a trash blanket (81.9±11.5 vs 52.9±14.4 animals per sample). The effect of the trash 
blanket on the Mesostigmata was even more dramatic, with numbers being 206% higher under a trash 
blanket (15.5±2.1 vs 7.5±2.4). Farming system also seemed to have a strong influence on 
Mesostigmata with fields under best-practice management averaging 18.6±3.4 Mesostigmatans 
compared with 10.5±1.7 in fields using other farming systems. Total microarthropods were also much 
higher in the former system (150.6±23.6 vs 104.5±16.6). 
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Impact of mulching on microarthropods, particularly the nematophagous mites 

Although the two study sites were less than 10 km apart, there were many more microarthropods at 
site 1 than site 2 (Table 1), with the site effect being highly significant (P< 0.001) for total numbers of 
microarthropods and numbers of the Fungivore/Detritivore guild and Small Mesostigmata guild.  
However, analyses of the data indicated that mulching did not significantly affect any component of 
the microarthropod community. 

The nematode data showed that there were significantly more nematodes in the soil under the mulch 
than the bare soil (Table 1), largely because numbers of free-living nematodes increased under the 
mulch. However, there was no relationship between the nematode population and numbers of their 
microarthropod predators, as numbers of mites in the Small Mesostigmata guild were similar in 
mulched and bare soil. 

 

Table 1 — Main effects of mulch and site on the number of microarthropods and nematodes 
recovered from soil six months after mulched and bare plots were established in two sugarcane 

fields at Bundaberg, Queensland. 

 No. animals/kg soil 

 Bare Mulch Site 1 Site 2 

Fungivore/detritivore guild 140 a 141 a 471 a 41 b 

Small Mesostigmata guild 14 a 14 a 32 a 6 b 

Total microarthropods 172 a 201 a 540 a 64 b 

Total nematodes 9015 b 17021 a 12189 a 12588 a 

Microarthropod and nematode numbers were transformed [log10 (no. animals + 1)] prior to analysis and back-transformed 
means are presented. For each main effect, numbers followed by the same letters are not significantly different (P = 0.05) 

 

The mulch at both sites contained microarthropods but as with the soil, total numbers were much 
higher at site 1 than site 2 (1123±223 vs 273±30/10 g mulch, respectively). Large numbers of free-
living nematodes were also recovered from the mulch at both sites (an average of 8,899 and 12,947 
nematodes/10 g mulch at sites 1 and 2 or the equivalent of 222,000 and 324,000 nematodes/m2, 
respectively). About 10% of the microarthropods in the mulch were nematophagous but the 
composition of the nematophagous community in the mulch differed from that in soil. The 
Cunaxoidinae (small, predatory prostigmatid mites) were relatively common in the mulch at both sites 
(comprising 33 and 32% of the nematophagous community at sites 1 and 2, respectively) whereas 
they comprised only 12% of the nematophagous community in soil at site 1 and were not recovered 
from the soil at site 2.  

 

Effects of soil texture and depth on microarthropods in pots 

Chemical and biological analyses showed that the soils used in the pot experiment had markedly 
different properties. Carbon levels and microbial activity were much higher in the clay loam soil than 
the sandy loam soil and there were similar differences between soils collected from the top and 
bottom of the profile (Table 2).  

The clay loam soil supported the greatest number of microarthropods but there was also a depth 
effect, with microarthropods far more numerous in the topsoil than in soil collected from a depth of 
10-15 cm. (Table 3). Soil texture and depth also influenced nematode abundance, with the most 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

102 

 

obvious effect being the low number of nematodes in pots filled with the sandy loam soil collected 
from a depth of 10-15 cm.  The Small Mesostigmata also were affected by depth, with numbers much 
higher in the top than bottom soils. Regression analysis using log-transformed data showed that 
numbers of mesostigmatids  increased as the nematode population increased and that there was a 
significant relationship between these parameters (P= 0.029). 

 

Table 2 — Chemical and biological properties of clay loam and sandy loam soils collected from two 
depths in the soil profile (top: 0-2 cm; bottom: 10-15 cm) and used in a pot study to assess the 

impact of soil type and depth on microarthropods 

Soil Depth pH Electrical 
conductivity 

(dS/m) 

Total C 
(%) 

Total 
N (%) 

C:N 
ratio 

Labile 
C (%) 

CO2 
respiration 

(ppm) 

Clay loam Top 7.05 0.505 4.20 0.34 12.5 0.51 169 

 Bottom 6.37 0.197 2.24 0.21 10.7 0.40 68 

   
   

   

Sandy loam Top 5.82 0.198 1.48 0.08 17.8 0.41 26 

 Bottom 5.94 0.061 1.00 0.05 19.3 0.20 8 

 

 

Table 3 — Main effects of soil texture and depth on numbers of microarthropods, and soil texture x 
depth effects on nematode numbers, after sugarcane was grown in pots for 8 weeks in clay loam 

and sandy loam soils collected at two depths in the soil profile: 0-2 cm (top) and 10-15 cm (bottom). 

 Clay loam Sandy loam  Top Bottom 

Small Mesostigmata/kg soil 42 a 32 a 101 a 13 b 

Total microarthropods/kg soil 802 a 166 b 608 a 219 b 

     

   Top Bottom 

Nematodes/kg soil  Clay loam 30,335 a 23,440 a 

  Sandy loam 39,895 a 9,745 b 

Microarthropod and nematode numbers were transformed [log10 (no. animals + 1)] prior to analysis and back-transformed 
means are presented. For each main effect and the soil texture x depth interaction, numbers followed by the same letters 
are not significantly different (P = 0.05) 

 

Discussion 

The microarthropod communities in Queensland sugarcane soils tend to be dominated by the 
Fungivore/Detritivore Guild (oribatid mites and springtails). These tiny arthropods feed primarily on 
decomposing plant matter and its associated fungi and other microbes, but many species are known 
to opportunistically prey on nematodes. Little is known about these animals in sugarcane soils, but 
only a restricted set of families of oribatid mites are present compared to those found in Australian 
forest soils (Walter, personal observation). These mites are abundant in well-structured sugarcane 
soils with mulch layers, and as well as contributing to soil health through their effects on 
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decomposition and nutrient cycling, they may sometimes use nematodes as a food source and 
possibly act as vectors of microbial nematode antagonists (see Walter and Proctor, 2013). 

In contrast, mesostigmatans actively prey on nematodes. Many species require nematodes in 
their diets for reproduction and Australian species have been shown to exhibit a high degree of 
nematophagy (Beaulieu and Walter, 2007). In cane soils we found about three-dozen species, many 
in genera known to have nematophagous species, and observed 15 species feeding on nematodes, 
including 11 species that were reared successfully with only nematode prey. Many of these are general 
predators that can subsist on alternative prey (e.g. springtails, mites, small insects), but show 
improved development and increased reproduction when nematodes are eaten (Walter and Ikonen, 
1989). As with the oribatid mites, only a subset of the mesostigmatan fauna was found in cane soils 
and many of the genera and species that we did find are common in other agricultural systems (see 
Walter and Kaplan, 1990a, b). Some of these mites are voracious nematophages and if large 
populations are present, they are likely to contribute to the development of nematode-suppressive 
soils.  

In general, results from the 60 sites surveyed showed that the abundance of all microarthropod groups 
was highly variable.  This is to be expected in a complex system where the soil biology is influenced by 
many factors. Although no obvious effects of crop stage, irrigation, soil type, soil moisture or row 
spacing were observed, sites where the trash blanket was retained after harvest and those where the 
farming system included crop rotation, minimum tillage and controlled traffic showed strong positive 
effects on the abundance of microarthropods. These effects were especially noticeable with the 
Mesostigmata, which are thought to be the most important microarthropod predators of nematodes. 

Although our field experiments were set up to examine the effect of mulching on microarthropods, 
the results also showed that numbers of microarthropods were much higher in the clay loam (ferrosol) 
soil than the sandy clay loam. Since ferrosols have much higher soil C-levels than lighter–textured soils 
(see Table 1) and soil organic matter is the energy source that fuels the soil food web, such a result 
was expected. However, the textural properties of the clay loam soil probably also contributed, as the 
polyhedral structure of these soils means that they have more habitable pore space than sandy clay 
loams. Results from our pot experiment also showed that more microarthropods were recovered from 
the clay loam soil than a much lighter-textured sandy loam, again emphasising the fact that a soil’s 
textural properties and carbon levels influence microarthropod abundance. 

Since our survey results showed that cane fields with mulch layers tended to have higher populations 
of microarthropods in mineral soil than fields where the mulch had been removed, we assumed that 
mulching was providing a soil moisture and temperature environment that favoured these animals. 
Thus, we were surprised that there was no significant difference in the number of microarthropods 
recovered from mulched and bare soils in our field experiment. However, total numbers of 
microarthropods at the two sites were 44 and 34% higher in plots that were mulched, suggesting that 
a mulch effect may have been obtained if more replicates had been included in the experiment or the 
treatments had been maintained for longer. 

One clear result from the field experiment was that large numbers of microarthropods are able to live 
in the mulch layer. Since free-living nematodes are also found in high numbers in the mulch, it is not 
surprising that nematophagous microarthropods are relatively common. However, one interesting 
observation was that the Cunaxoidinae were much more important component of nematophagous 
community in the mulch than the soil. This group of mites are comparable in body length to the Small 
Mesostigmata but have longer legs and are fast moving. We can only speculate as to why they mainly 
occur in mulch rather than soil but it is possible that they move more easily in the mulch layer due to 
its greater porosity. 

Given the farm to farm variability in microarthropod numbers that we encountered in our survey, we 
believe that research should be undertaken to understand the main causes of this variability.  Soil type 
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and environmental conditions (particularly rainfall and temperature) will certainly be important causal 
factors but from a sugar industry perspective, it is also important to know whether the practices used 
to grow the crop are contributing.  Our results suggest that microarthropod numbers are higher in 
soils farmed using best-practice systems but as we surveyed only a limited number of sites, future 
research should focus on confirming that observation. 

With regard to nematophagous mites and their role in regulating populations of plant-parasitic 
nematodes, it was encouraging to find a diverse range of these animals in sugarcane soils. However, 
if we are to determine whether they are helping to reduce populations of key nematode pests more 
work will be required. Since many potential food sources are available in soil, we need to understand 
the food preferences of individual species and determine whether plant-parasitic nematodes are an 
important component of their diet in the field. The other key question is whether a particular predator 
is able to access pest nematodes such as Meloidogyne and Pratylenchus, as they are commonly found 
at depths of 5-30 cm rather than in the surface soil where most microarthropods are located (Stirling, 
2017). This means that researchers must focus on species that live in deeper layers of the soil profile; 
determine whether parameters such air-filled porosity, bulk density, and body size or shape influence 
their distribution; and identify the main pathways used by nematophagous mites to access their prey 
(e.g. the channels that remain when roots decompose or the macropores made by earthworms and 
other ecosystem engineers). 
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7.9.     Protogamasellus mica, an effective predator of nematodes 

 

Abstract. Protogamasellus mica was extracted from a sugarcane field in Australia and cultured on 
bacterial-feeding nematodes. Studies with various nematodes in laboratory arenas showed that one 
mite and its progeny reduced nematode numbers by between 26 and 50 nematodes/day. A 
bacterivore (Mesorhabditis sp.), a fungivore (Aphelenchus avenae) and two plant parasites (root-knot 
nematode, Meloidogyne javanica and root-lesion nematode, Pratylenchus zeae) were all reduced at 
much the same rate, despite the fact that the nematodes are quite different in size and motility and 
belong to different trophic groups. When sugarcane was grown in the greenhouse for 8 weeks, stunt 
nematode (Tylenchorhynchus annulatus), a plant parasite that feeds ectoparasitically on roots, was 
almost eliminated from pots inoculated with the mite and numbers of microbivores and root-lesion 
nematode were markedly reduced. Huge reductions in nematode populations were also observed 
when mites were added to microcosms containing small quantities of de-faunated soil. These results 
show that P. mica multiplies rapidly when nematodes are available as a food source and has the 
capacity to play a role in regulating populations of both plant-parasitic and free-living nematodes. 
Future research should focus on understanding the crop and soil management practices required to 
enable this mite and other predatory species to thrive. 

 

Introduction 

Nematodes are an important component of the biological community in agricultural soils. Plant-
parasitic nematodes have been widely studied because they damage root systems and reduce the 
yield of most crops (Evans et al., 1993: Luc et al., 2005), but from an ecological perspective, free-living 
nematodes are probably more important. These nematodes feed on bacteria, fungi and other soil 
organisms and during that process they regulate populations of their prey and increase the availability 
of nutrients required by plants (Ingham et al., 1985; Yeates and Wardle, 1996; Ferris et al., 1998; Chen 
and Ferris, 1999; Stirling, 2014).   

Plant-parasitic nematodes were considered an intractable problem in agriculture until the middle of 
the 20th century when broad-spectrum soil fumigants and a range of organophosphate and carbamate 
nematicides were found to provide a high level of control. However, the environmental risks 
associated with these chemicals were eventually recognised (Thomason, 1987) and efforts were then 
made to add biological control to the range of tools available to manage nematode pests. Most of the 
early work on the natural enemies of nematodes focused on fungal parasites and predators, bacterial 
parasites such as Pasteuria, and predatory nematodes (Stirling, 1991). 

In the search for antagonists of nematodes, the animals that inhabit the air-filled passages in soil were 
largely ignored. Plant pathologists and soil zoologists knew that nematodes were sometimes eaten by 
mites and other microarthropods but considered these observations more a curiosity than of any 
practical value. However, as scientific interest turned to analysing belowground food webs, it 
eventually became obvious that a wide range of microarthropods feed on nematodes and sometimes 
specialise on nematode prey (Moore et al., 1988; Walter and Ikonen, 1989). Preeminent among these 
nematophages are mites in the suborder Mesostigmata. Most of them have characteristics that could 
contribute to their effectiveness in nematode suppression, including high vagility, short generation 
times and female-biased sex ratios (i.e. their reproductive output favours the larger and more 
voracious females). 

A recent survey of sugarcane soils in Australia disclosed a diversity of nematophagous mesostigmatans 
worthy of evaluation for their ability to suppress nematode pests (D. E. Walter, unpublished). For this 
study we chose Protogamasellus mica (Athias-Henriot), one of the smallest known mesostigmatans. 
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Full grown adult females of this species are less than 250 µm long and have a dry weight of 0.70 μg 
(Walter & Ikonen, 1989). P. mica has a semi-cosmopolitan distribution and although it can feed on 
fungi and small Collembola prey, its preferred food source appears to be nematodes (Walter and 
Lindquist, 1989). Previous studies have shown that this mite is able to penetrate deeply into mineral 
soil (at least 8 m along roots) and is readily cultured on nematodes, while high populations have been 
associated with both nematode pest problems and with the decline of citrus nematode in pot cultures 
(Walter & Kaplan, 1990, Walter et al., 1993). Protogamasellus mica has a generation time of about 10 
days at 25°C, reproduction is by all-female parthenogenesis (thelytoky) and, in spite of its small size, 
adults are able to consume more than their body mass of nematodes daily (Walter & Ikonen, 1989). 
Since nothing is known about the capacity of these animals to prey on nematodes in a soil 
environment, this study aimed to determine whether they consumed enough nematodes to play a 
role in regulating populations of nematode pests. 

Materials and methods 

Culture of the mite 

Protogamasellus mica was obtained from a sugarcane field in Bundaberg, Queensland, Australia and 
cultured on an unidentified species of Mesorhabditis. Nematodes and their naturally co-occurring 
bacteria were transferred to Petri dishes containing ¼ -strength corn meal agar (¼ CMA) or rolled oats 
agar and 1-3 weeks later the nematode progeny were washed from the culture media with water. The 
nematode suspension was allowed to settle and then drops containing thousands of nematodes were 
added to a 15 mm layer of Plaster of Paris and activated charcoal (7:1 v/v) that had previously been 
dispensed into screw-capped plastic vials 55 mm high and 45 mm diameter. A few mites were then 
transferred to the vial using a damp brush, and provided they were fed every 5-7 days, large numbers 
were soon available for use in experiments. 

Feeding studies in laboratory arenas 

Initial feeding studies were done with four nematodes: Mesorhabditis sp. (cultured with its associated 
bacteria on ¼ CMA), Aphelenchus avenae (cultured on Rhizoctonia solani), Meloidogyne javanica 
(cultured on tomato in the greenhouse) and Pratylenchus zeae (cultured on sterile carrot tissue in the 
laboratory [Moody et al., 1973]). For each experiment, a suspension of one of the nematodes was 
prepared and between 3000 and 4000 nematodes were added to the Plaster of Paris/charcoal mix in 
either 10 or 12 screw-capped vials.  Ten P. mica were then added to half the vials and after an 
incubation period of 5 days at ambient temperatures of 22-26 °C, water was added and the vials were 
shaken vigorously to ensure that mites and nematodes were removed from cracks and crevices in the 
Plaster of Paris. The animals were then washed into a container and counted.  For each experiment, 
the number of nematodes consumed or otherwise destroyed by one mite and its progeny/day was 
calculated by determining the difference in nematode numbers between the mite and no-mite 
treatments and dividing that number by 50 (10 mites x 5 days). 

 Effect of P. mica on nematodes in pots 

In 2015, an experiment was set up in 400 mL pots containing pasteurised coarse sand to which peat 
(4% by volume) had been added to improve water retention. Mill mud, a by-product of the sugar 
milling process, was also mixed with the sand (0.5 g mill mud/kg sand or the equivalent of 
incorporating 1 t/ha organic matter to a depth of 15 cm) to provide a food source for the bacteria and 
fungi required by microbivorous nematodes. Pots were filled with this soil, a tissue-cultured plantlet 
of sugarcane (Q249) was planted and then each pot was inoculated with 300 stunt nematodes 
(Tylenchorhynchus annulatus) and 150 root-lesion nematodes (Pratylenchus zeae). Since the stunt 
nematodes were obtained from greenhouse cultures that also contained free-living nematodes, each 
pot also received about 300 fungal-feeding and bacterial-feeding nematodes (predominantly 
nematodes in the families Rhabditidae, Cephalobidae and Aphelenchidae). Protogamasellus mica was 
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then inoculated into half the pots (20 mites/pot) to establish the following experiment: 2 P. mica 
treatments (mites and no mites) x 2 sampling times (4 and 8 weeks) x 10 replicates. 

Pots were maintained in a greenhouse at temperatures that generally ranged from 22-34°C. At each 
harvest time, shoots were cut from all the plants, dried and weighed. The soil and roots from 5 of the 
10 replicate pots was then placed in a Tullgren funnel and mites were retrieved in 70% EtOH. Soil and 
roots from the other replicates were spread on two trays and nematodes were recovered after 2 days 
by sieving twice on a 38 µm sieve (a modification of Whitehead and Hemming, 1965).  

The experiment was repeated under similar conditions in 2016 except that there were a few minor 
changes. The soil used to fill the pots was the same except that peat was omitted; a different 
sugarcane variety (Q124) was planted; only 40 T. annulatus and 40 P. zeae, together with associated 
microbivorous nematodes, were added per pot; and an additional sampling time was included (2, 4 
and 8 weeks). Also, only five replicate pots were included because when pots were harvested, the soil 
and roots were mixed gently and half was spread on trays to recover nematodes while the other half 
was placed on a Tullgren funnel to retrieve mites. Numbers of nematodes and mites/pot were 
determined by multiplying the numbers recovered by 2.  

Effect of P. mica on nematodes in screw-capped vials 

The soil used for these experiments was a mixture of washed sand and peat (25:1 vol/vol) amended 
with a 50:50 mixture (w/w) of mill mud and finely-chopped sugarcane residue. The amendment was 
passed through a 1 mm sieve and was then mixed with the sand and peat at a rate of 0.25 g/kg (i.e. 
the equivalent of incorporating 500 kg of organic matter/ha to a depth of 15 cm). After the amended 
soil was de-faunated with heat (80C for 6 hours) the equivalent of 60 g dry soil was added to 135 mL 
screw-capped vials (108 mm high, 45mm diameter) and a tissue-cultured sugarcane plantlet (variety 
Q124) was planted in each vial. To replace the microorganisms that may have been affected by the 
de-faunation process, a healthy garden soil was mixed with water and a suspension containing the 
bacteria and fungi isolated by dilution plating was added to the soil in each vial. 

Since mites had to be prevented from migrating into or out of the vials, and also to minimise 
condensation, provide aeration and enable light to enter, a 15 mm diameter hole was cut in the screw-
cap lid and a piece of 10 µm plastic mesh was glued on the lid to cover the hole. The vials were then 
transferred to an incubator containing a fluorescent light and maintained at a temperature of 26-28°C 
(Fig. 1). Every few days the vials were weighed and water was added to maintain the soil moisture 
content between 7 and 10%. Aquasol (a commercial fertiliser containing macro- and micro-nutrients) 
was added to the water every 10-14 days to fertilize the plants. 

The plant-parasitic nematodes inoculated onto the plants were P. zeae and T. annulatus. These 
nematodes were retrieved from greenhouse cultures, but because these cultures also contained a 
range of bacterial and fungal-feeding nematodes, these nematodes were added to the vials with the 
plant parasites. 

P. mica was cultured using methods described previously and experiments were established by adding 
these mites to vials containing tissue-cultured sugarcane. At the end of each experiment the shoots 
of plants were dried and weighed and about 400 mL water was used to wash the soil and roots into a 
2 L beaker. The suspension was then agitated and decanted over a 75 µm sieve. The mites retained 
on the sieve were washed into a beaker, while the water passing through the sieve was collected, as 
it contained the nematodes. More water was then added to the beaker containing the soil and roots 
and the whole sieving process was repeated two more times. The water washed from the 75 µm sieve 
was then poured (to a depth of about 3 mm) into plastic Petri dish with parallel lines marked on the 
base. Since mites are hydrophobic and float on the water they were counted under a microscope by 
focusing on the surface of the water.  
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The nematodes in the suspension which passed through the 75 µm sieve were retrieved by sieving 
twice on a 38 µm sieve. However, because the material retained on the sieve was very dirty due to 
the presence of peat fragments and organic matter, it was poured onto a nematode extraction tray 
together with the decanted soil and the roots retained in the 2L beaker. After 24 hours, the water in 
the trays was sieved twice on a 38 µm sieve and the nematodes recovered were counted.  

 

 

Fig. 1 — Meshed, screw-capped vials containing tissue-cultured sugarcane plantlets that had been 
transferred to the vials 14 days previously. 

 
 

In the first experiment, 5 Pratylenchus zeae and 10 Tylenchorhynchus annulatus were hand-picked 
from suspensions obtained from greenhouse cultures and added to sugarcane plantlets that had been 
growing in vials for 5 weeks. About 50 bacterial and fungal-feeding nematodes from the same cultures 
were also inoculated into the vials. One week later, 4 adult Protogamasellus were transferred to 12 
vials and another 12 vials received no mites. Since six replicates of each mite treatment were to be 
taken down at different times after the mites were added, the experiment consisted of 2 mite 
treatments (mites, no mites) x 2 incubation times (15 and 30 days) x 6 replicates. 

Experiment 2 was similar to the previous experiment except that vials were inoculated with 5 P. zeae, 
5 T. annulatus and 50 free-living nematodes, the nematodes were inoculated 3 weeks after the 
sugarcane was planted, P. mica was added 2 weeks after the nematodes, and vials were incubated for 
15 and 40 days. 

Statistical analyses 

Data were analysed by one- or two-way analysis of variance using Genstat 8. Nematode counts from 
pot experiments were transformed (log10 no. nematodes +1) prior to analysis.  

Results 

Feeding studies in laboratory arenas 

Results of four similar experiments with different nematodes are presented in Table 1 and they show 
that the number of nematodes was markedly reduced when P. mica was present, regardless of the 
nematode species used as a food source. Mites were never recovered from the no mite treatment but 
P. mica multiplied in the vials into which it had been added. Numbers increased on all the nematodes, 
with the number recovered on day 5 more than double the number originally inoculated. Some eggs 
were also present at the end of the experiment, with numbers possibly higher when the food source 
was Mesorhabditis. Calculations of nematode consumption rates indicated that on average, one mite 
and its progeny consumed between 26 and 50 nematodes/day. 
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Table 1 —Numbers of nematodes in vials with and without 10 Protogamasellus mica for 5 days, 
numbers of mites at the end of the experiment, and nematode consumption rates when different 

nematodes were available as a food source 

  Mesorhabditis 
sp. 

Aphelenchus 
avenae 

Meloidogyne 
javanica 

Pratylenchus 
zeae 

  No 
mites 

Mites No 
mites 

Mites No 
mites 

Mites No 
mites 

Mites 

No. nematodes/vial  3233 1197 2784 1492 3284 1265 3423 946 

       LSD (P=0.05) 898 345 281 814 

       Significance (P) 0.002 <0.001 <0.001 <0.001 

          

No. P. mica (adults 
plus juveniles)/vial 

22.7 ± 1.3 21.2± 2.6 21.0 ± 3.5 22.2 ± 4.1 

          

No. P. mica eggs/vial 18.5 ± 5.5 8.4 ± 1.9 9.6 ± 2.3 11.0 ± 5.0 

          

Nematodes/mite/day 41 26 40 50 

 
 

Effect of P. mica on nematodes in pots 

 In the 2015 experiment, shoot dry weight was significantly greater at the second harvest than the first 
but the presence of P. mica had no effect on plant growth (Table 2). Analyses of the nematode data 
(Table 2) showed that populations of microbivorous nematodes were highest at 4 weeks and then 
declined whereas populations of plant-parasitic nematodes increased with time. Numbers of P. zeae 
were relatively low at 4 weeks and then increased but populations of T. annulatus were high at both 
sampling times. 

Inoculation of pots with P. mica had a highly significant effect (P<0.001) on all groups of nematodes 
(Table 2). Numbers of microbivores, P. zeae and T. annulatus in pots with P. mica were respectively 
70%, 70% and 99% lower at 8 weeks than in pots without the mite. The effects on T. annulatus were 
also significant at 4 weeks, with numbers 94% lower in the P. mica treatment.  

Counts of the microarthropods in the other five replicate pots showed that P. mica was present in 
inoculated pots at both harvests (84 ± 23 and 61 ± 24 P. mica/pot at 4 and 8 weeks, respectively). 
However, P. mica was also found in the non-inoculated pots (6 ± 3 and 60 ± 25 P. mica/pot at 4 and 8 
weeks, respectively), with more than 100 P. mica being recovered from some pots at 8 weeks. 
Regardless of treatment, isotomid springtails and a few other microarthropods (mostly fungivores in 
the mite family Eupodidae) were also detected in the pots.  

Table 2 —  Main effects of mites and time (and mite x time interactions, where significant) on shoot 
biomass and numbers of nematodes recovered from pots of sugarcane 4 and 8 weeks after all pots 

were inoculated with nematodes and 20 Protogamasellus mica were added to half the pots. 

Parameter Mites Time  Mites x time 

 Nil P. mica 4 weeks 8 weeks    
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Shoot dry wt. (g) 1.22 a 1.18 a 0.84 b 1.56 a    

Microbivores/pot 12502 a 4236 b 11428 a 4634 b    

Pratylenchus/pot 928 a 285 b 225 b 1174 a    

      4 weeks 8 weeks 

Tylenchorhynchus/pot     Nil 3221 a 4831 a 

     P. mica 202 b 47 c 

For each parameter, means followed by the same letter are not significantly different (P = 0.05). 

 

One observation made when the nematodes were being counted was that T. annulatus tended to 
adhere to each other. In many cases, the nematodes would aggregate in groups of 10-15 nematodes 
and because numbers were very high in the non-mite treatment, it was difficult to obtain an accurate 
count. 

In the 2016 experiment, shoot dry weight increased significantly with time but the presence of P. mica 
did not affect plant growth. Protogamasellus mica significantly reduced numbers of microbivorous 
nematodes and T. annulatus at both 4 and 8 weeks, with numbers of both nematodes reduced by 
more than 98% at 8 weeks (Table 3). Populations of P. zeae were relatively low at all harvest times but 
P. mica reduced numbers by 72% at 8 weeks.   

 

Table 3 —  Interaction table showing the effects of Protogamasellus mica on numbers of nematodes 
recovered from pots of sugarcane 2, 4 and 8 weeks after all pots were inoculated with nematodes 

and 20 P. mica were added to half the pots. 

 2 weeks 4 weeks 8 weeks 

 Nil P. mica Nil P. mica Nil P. mica 

Microbivores/pot 1538 bc 860 c 8433 a 2365 b 6637 a 120 d 

Tylenchorhynchus/pot 33 b 34 b 119 b 70 b 1757 a 13 c 

Pratylenchus/pot 4 c 7 c 5 c 12 c 209 a 59 b 

For each parameter, means followed by the same letter are not significantly different (P = 0.05). 

 
Protogamasellus mica was recovered from all inoculated pots and numbers increased with time (5 ± 
1; 18 ± 2 and 97 ± 21 P. mica/pot at 2, 4 and 8 weeks, respectively). Protogamasellus mica was not 
observed in the non-inoculated pots at 2 and 4 weeks, but at 8 weeks it was observed in three of the 
eight replicate pots (1, 1 and 4 individuals in the sub-sample that was processed). Isotomid springtails 
were found in a few pots at 4 weeks and numbers were sometimes greater than 200 individuals/pot 
at 8 weeks. A mesostigmatid mite (Lasioseus subterraneus) was also present in most pots at 8 weeks, 
generally at population densities of 10 to 40 individuals/pot. A purple springtail (Sminthuridae) and 
another mite (Eupodes sp.) were observed in a few pots, but numbers were always relatively low. 

 

Effect of P. mica on nematodes in screw-capped vials  

Results of the two experiments are presented in Tables 4 and 5 and they show that the biomass of 
sugarcane shoots was not affected by the presence of mites or harvest time. In the first experiment, 
P. mica multiplied in the vials to which it was inoculated, with its population at 30 days about 5 times 
greater than the number inoculated. The mite significantly affected populations of the dominant 
nematodes, with numbers of microbivores and T. annulatus at 30 days 86% and 97% lower than the 
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no-mite treatment, respectively. Populations of P. zeae were low at both harvest times and were not 
affected by the presence of mites (Table 4). 

 

Table 4 — Main effects of mites and time, and mite x time interactions, on shoot biomass and 
numbers of nematodes recovered from vials containing tissue-cultured sugarcane plants 15 and 30 
days after all vials were inoculated with nematodes and 4 Protogamasellus mica were added to half 
the vials. 

Parameter Mite Time  Mite x time 

 Nil P. mica Day 15 Day 30  Day 15 Day 30 

Shoot dry wt. (g) 0.074  0.068  0.068  0.074  Nil 0.073  0.075  

     P. mica 0.062  0.074  

        

P. mica/vial 0 b 19.8 a 9.2  10.6  Nil 0 0 

     P. mica 18.5 21.2 

        

Microbivores/vial 2269 a 347 b 935  843  Nil 2254 2286 

     P. mica 388 311 

        

Tylenchorhynchus/vial 137 a 11 b 51 32 Nil 115 a 164 a 

     P. mica 22 c 5 d 

        

Pratylenchus/vial 3 2 0 b 9 a Nil 0 14 

     P. mica 0 6 

For parameters where there was a significant main effect or mite x time interaction, means followed by the same letter are 
not significantly different (P = 0.05). 

 
In the second experiment, the population of P. mica at 15 and 40 days had increased 4.7 and 8.7 times, 
respectively. In the presence of the mite, populations of all nematode groups were reduced 
significantly, with numbers of microbivores, T. annulatus and P. zeae at 40 days reduced by 86, 96 and 
67%, respectively, compared with the no-mite treatment (Table 5).  
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Table 5 — Main effects of mites and time, and mite x time interactions, on shoot biomass and 
numbers of nematodes recovered from vials containing tissue-cultured sugarcane plants 15 and 40 
days after all vials were inoculated with nematodes and 4 Protogamasellus mica were added to half 
the vials. 

Parameter Mite Time  Mite x time 

 Nil P. mica Day 15 Day 40  Day 15 Day 40 

Shoot dry wt. (g) 0.110 0.092 0.106 0.096 Nil 0.112 0.107 

     P. mica 0.100 0.085 

        

P. mica/vial 0 b 26.8 a 10.0 b 17.3 a Nil 0 c 0 c 

     P. mica 18.8 b 34.7 a 

        

Microbivores/vial 2594 a 309 b 912 881 Nil 2824 2338 

     P. mica 288 332 

        

Tylenchorhynchus/vial 289 a 29 b 103 80 Nil 204 a 410 a 

     P. mica 53 c 15 d 

        

Pratylenchus/vial 8 54  5 b 826 a Nil 5 c 1348 a 

     P. mica 5 c 505  b 

For parameters where there was a significant main effect or mite x time interaction, means followed by the same letter are 
not significantly different (P = 0.05). 

 

Discussion 

Our studies in laboratory arenas clearly show that P. mica has the capacity to kill or damage large 
numbers of nematodes. Walter and Ikonen (1989) previously found that this mite consumed an 
average of 3.7 nematodes (Acrobeloides sp.)/adult /day but the level of predation in our experiments 
appeared to be much higher, presumably because the mites were in reproductive mode and food 
supplies were plentiful. However, some superfluous killing may also have occurred (Sunderland, 
1999). If it is assumed that the ten mites originally added to each vial were still alive at the end of the 
five-day feeding period and that the other mites present were juveniles that had been feeding for an 
average of two days, then the data in Table 1 suggest that the number of nematodes damaged or 
killed by P. mica ranged from 18 to 33 nematodes/mite/day. This is similar to the levels of consumption 
and/or damage observed in laboratory studies with other mites. For example, Oliveira et al. (2007) 
estimated that a single oribatid mite (Pergalumna sp.) consumed 18 juveniles of Meloidogyne javanica 
and 42 adults and juveniles of Pratylenchus coffeae per day while  a species of Sancassania killed about 
40 entomopathogenic nematodes in a day (Karagoz et al., 2007).  

Our observations in the laboratory also suggested that P. mica has the capacity to use a wide range of 
nematodes as a food source. The nematodes included in our study were all consumed at much the 
same rate, despite the fact that they were quite different in size and motility and belonged to different 
trophic groups. Feeding studies with other mesostigmatids also suggest that they generally consume 
a wide range of nematodes (Walter and Ikonen, 1989) 

The results of our pot experiments indicated that P. mica had a marked effect on the nematode 
community in a soil system that mimicked to some extent the conditions that occur in natural soils. 
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The mite almost eliminated T. annulatus, had a similar effect on microbivorous nematodes in one of 
the experiments, and reduced numbers of P. zeae by about 70%. However, as has been found 
previously with greenhouse experiments (Walter & Kaplan 1990), our pots were invaded by other 
mites and P. mica also moved into pots that were not inoculated. Although most of the 
microarthropods that invaded the pots were fungivores and detritivores, predators such as L. 
subterraneus were also observed. This mite may have consumed some nematodes but as its numbers 
were similar in both treatments, it could not have been responsible for the differences in nematode 
numbers between inoculated and non-inoculated pots. Also, P. mica was mainly seen in non-
inoculated pots at the end of the experiment rather than at earlier sampling times, again suggesting 
that the reductions in nematodes observed in the inoculated pots were largely due to this mite.  

We overcame the problem of microarthropods moving from pot to pot in the greenhouse by carrying 
out experiments in soil microcosms. Although the microcosms could only be used for short-term 
observations with small plants and small amounts of soil, they proved effective. Reductions in 
nematode populations were similar to the pot experiments and P. mica or other microarthropods 
were never observed in non-inoculated vials.   

One unexpected result from our pot experiments was that P. mica consistently reduced populations 
of microbivorous nematodes, a group that have short life cycles and an enormous capacity to multiply. 
These bacterial and fungal feeding nematodes are always present in soil and are likely to be the 
primary food source for this mite. Their importance was shown by our results in soil microcosms 
(Tables 4 and 5). In the first 15 days, a period when populations of plant-parasites were low, P. mica 
presumably used these nematodes as its main food source.  

One surprising finding from this study was the effectiveness of P. mica against stunt nematode (T. 
annulatus). Regardless of the experimental system used, P. mica consistently reduced nematode 
numbers on sugarcane by more than 90%. There are two possible reasons why the mite may have 
been particularly effective against this nematode. First, T. annulatus is an obligate parasite of roots 
and so it aggregates in the rhizosphere. However, because the nematode is an ectoparasite, its head 
does not move while it is feeding and its body is exposed to the soil. Thus, it is an easy target for a 
predator capable of moving around the root system. Second, individuals of T. annulatus tend to 
adhere to each other when their cuticles touch, a phenomenon that has been termed ‘swarming’ 
(Hollis 1958; 1962; Ibrahim & Hollis, 1973). Clumps of nematodes were observed when suspensions 
containing high numbers of T. annulatus were being counted and if swarming also occurs in soil then 
this nematode is likely to be highly vulnerable to any predator in its vicinity.  

P. mica also reduced numbers of root-lesion nematode, probably the most important nematode pest 
of sugarcane worldwide. However, it was not as effective as it was against T. annulatus, presumably 
because this nematode is endoparasitic and spends much of its life cycle within roots. It will only be 
vulnerable to predation by mites when it leaves a root to find another feeding site.  

In conclusion, our results show that P. mica multiplies rapidly when nematodes are available as a food 
source and has the capacity to play a role in regulating populations of both plant-parasitic and free-
living nematodes. However, we do not claim that the effects on nematode populations observed in 
our microcosm and pot studies would be obtained in more complex environments (e.g. the soils used 
for agriculture). Although the biological community in most agricultural soils has been depleted to 
some extent (Lehman et al., 2015; Stirling et al., 2016), P. mica would still face greater competition 
for food in such environments than it did in our studies. Also, it would be subject to predation from 
other soil organisms. 

When experimental evidence is produced to show that a particular antagonist is an effective predator 
of nematodes, it is often argued that resources should be devoted to mass-producing the organism 
and introducing it into soil as a biocontrol agent. In this case, we do not believe that this approach is 
appropriate. Protogamasellus mica is only one of many nematophagous microarthropods in 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

115 

 

agricultural soils and future research should focus on managing these soils in ways that enable this 
community of predators to thrive. This means understanding the preferred microhabitats of various 
members of the microarthropod community, knowing the pathways they use to move through soil, 
and determining the impact of soil physical and chemical properties (e.g. texture, bulk density and soil 
organic matter levels) and management practices (e.g. tillage, wheel traffic, nutrient inputs and 
pesticide inputs) on their capacity to multiply and prey on nematodes. 
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7.10.   Biological control of plant-parasitic nematodes in sugarcane soils with Pasteuria  

 

Abstract.  In a survey of all sugar production areas in Australia, Pasteuria was detected in 56 % of the 
fields sampled. Endospores were seen on root-knot nematode (Meloidogyne spp.), root-lesion 
nematode (Pratylenchus zeae), stunt nematode (Tylenchorhynchus annulatus) and spiral nematode 
(Helicotylenchus dihystera). In most cases infestation levels were relatively low, as less than 5 % of the 
nematodes usually had spores attached. However, the results of a bioassay with soil from a site 
heavily-infested with P. penetrans suggested that root-knot nematode was being suppressed to some 
extent at this site. When second-stage juveniles of M. javanica had to move 4 and 8 cm through the 
soil to reach sugarcane roots, egg production was reduced by 55 and 85 %, respectively. Sugarcane 
had been grown at most of the surveyed sites for more than 100 years but the highest levels of spore 
encumbrance on root-lesion nematode were observed in two fields that were previously grass pasture 
and had only grown sugarcane for 18 and 22 years. Pasture and sugarcane soil from one of these sites 
was bioassayed by inoculating Pratylenchus zeae into soil that had been heated at 60 °C to kill any 
nematodes present. When the added nematodes were extracted 40 days later, approximately 50 % 
were either parasitised by Pasteuria thornei or had endospores attached, indicating that the 
biocontrol agent was present at relatively high levels in both soils. Since grazed pastures are never 
tilled and the two sugarcane fields had been subjected to much less tillage than the other surveyed 
sites, research should be undertaken to determine whether the tillage practices commonly used in 
sugarcane are limiting the capacity of Pasteuria thornei to increase to high levels and provide some 
nematode control. 

 

Introduction 

The bacterial genus Pasteuria contains a group of obligate parasites of invertebrates, many of which 
parasitise nematodes (Dickson et al. 2009). Hundreds of nematode-attacking strains have been 
recognised, with each strain relatively specific to particular hosts (Chen and Dickson 1998).  Pasteuria 
is known to infect all important nematode pests of agricultural crops and because it prevents its 
parasitised host from reproducing, and produces endospores that are resistant to environmental 
stresses such as heat and dryness, it is a potentially useful biocontrol agent (Stirling 2014). 

Pasteuria is found worldwide and several studies have shown that it can multiply to levels capable of 
suppressing plant-parasitic nematodes. P. penetrans is widespread in South Australian vineyards 
(Stirling and White 1982) and was found to be largely responsible for the decline in root-knot 
nematode (Meloidogyne spp.) populations that occurs as vineyards age (Stirling 1984; Bird and 
Brisbane 1988). In Florida, P. penetrans was able to suppress root-knot nematode in soils used for 
tobacco and peanut production (Chen et al. 1994; Weibelzahl-Fulton et al. 1996; Dickson 1998), while 
a 7-year study in Illinois showed that P. nishizawae reduced populations of soybean cyst nematode 
(Heterodera glycines) by an average of 43 % (Noel et al. 2010). 

Although sugarcane is widely grown in topical and sub-tropical regions of the world and plant-parasitic 
nematodes are important pests (Cadet and Spaull 2005), Pasteuria has rarely been studied in 
sugarcane soils. The first observations were made by Williams (1960), who noticed that the bodies of 
about one-third of the root-knot nematode females in a sugarcane field in Mauritius were tightly 
packed with innumerable numbers of spores.  Infected nematodes were milky white in colour and 
easily distinguished from healthy hosts, which were dull in colour and more or less translucent. 
Williams believed the parasite was a protozoan and referred to it as Duboscqia penetrans, but it was 
later found to be prokaryotic (Mankau 1975a; Mankau 1975b) and eventually renamed Pasteuria 
penetrans (Sayre and Starr 1985; Starr and Sayre 1988).  
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At about the same time as these taxonomic studies were being undertaken, P. penetrans was found 
in sugarcane fields in several countries, including South Africa, the United States and Papua New 
Guinea (Spaull 1981, 1984; Birchfield 1984; Bridge 1986). These results, together with those of 
Williams (1960), showed that the bacterium was relatively common in coarse-textured sugarcane soils 
where root-knot nematode is usually the dominant nematode pest.  

In Australia, root-knot nematode and several other plant-parasitic nematodes are widely distributed 
on sugarcane (Blair et al. 1999a, b; Blair and Stirling 2007), but little is known about the distribution 
of Pasteuria in sugarcane fields.  Thirty fields in the Bundaberg region were surveyed in 2008 and 43 
% of the root-knot nematodes and 33 % of the root-lesion nematodes (Pratylenchus zeae) were found 
to be encumbered with endospores (Stirling 2009; Stirling unpublished data). However, in most of 
these fields, less than 5 % of the nematodes had spores attached and infested nematodes were usually 
encumbered with only 1 or 2 spores. Given the localised nature of the previous survey and the limited 
number of sites sampled, a more comprehensive survey was undertaken and the results are presented 
in this paper.  

Although surveys of this nature are useful, they are based on attachment of endospores to the 
nematode cuticle rather than parasitism.  Thus, once the survey was completed, soil from the sites 
most heavily-infested with Pasteuria was bioassayed to determine whether the bacterium was able 
to parasitise the nematode and produce endospores within the body of its host. A second objective 
was to determine whether Pasteuria was likely to be suppressing populations of the plant-parasitic 
nematodes present at the selected sites. The nematodes used in the bioassays were M. javanica and 
P. zeae, the most important nematode pests of sugarcane in Australia (Blair and Stirling 2007). 

Host-specific suppressive agents such as Pasteuria tend to be found more commonly in perennial 
crops than annual crops, presumably because their host nematode is always present and the soil 
environment is not disturbed by tillage (Stirling 2014; Stirling et al. 2016). Since nematodes capable of 
hosting Pasteuria have been present in many Australian sugarcane fields for more than 100 years, a 
further objective of this study was to consider why the bacterium has generally not increased in cane-
growing soils to levels capable of providing some nematode control.  

Materials and methods 

Survey for Pasteuria 

Soil samples (a composite of at least 15 cores to a depth of 15 cm from an area of about 1 ha) were 
collected from 126 fields in all cane-growing districts of Queensland and New South Wales. To avoid 
soils that had recently been disturbed by tillage, the crops sampled were generally in their third to 
seventh ratoon. Nematodes were extracted by spreading a 200 mL sample of each soil on a tray 
(Whitehead and Hemming 1965) and after incubation for two days at 24–28 °C, nematodes were 
retrieved by sieving twice on a 38 µm-aperture sieve. All remaining soil was air-dried and kept for 
future analyses. The nematode suspension obtained from each sample was concentrated to a volume 
of less than 0.5 mL and a drop was placed on a slide and covered with a cover slip. A representative 
sample of the four most widely distributed nematodes was then checked under a microscope for the 
presence of Pasteuria endospores. Root-knot and root-lesion nematodes were examined together 
with stunt nematode (Tylenchorhynchus annulatus) and spiral nematode (Helicotylenchus dihystera). 
Between 50 and 80 nematodes were usually examined at each site, with the number checked for each 
species dependent on their population density. 

A bioassay with soil naturally-infested with P. penetrans 

A sandy loam soil from a field about 3 km south-east of Port Bundaberg was chosen for further study 
because the survey results indicated that it was heavily infested with P. penetrans. Further soil was 
collected from this site and the tube technique of Stirling (1984) and Stirling et al. (1990) was used to 
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determine whether the endospore concentration was high enough to affect multiplication of root-
knot nematode. Sugarcane plantlets (var. Q208) grown from single-eye setts were planted in pots 
filled with pasteurised sand and a single 25 mm diameter tube of various lengths was placed vertically 
in each pot. The tubes were filled with soil from the Port Bundaberg field, with autoclaved soil from 
the same field used as a non-infested control. Thus, the experiment consisted of two Pasteuria 
treatments (naturally-infested soil and autoclaved soil) x 4 tube lengths (1, 2, 4 and 8 cm) x 5 replicates.  

The pots, together with the tubes they contained were set up in a glasshouse using a randomised 
block design and the plants were left for 5 weeks to establish a root system. A 0.5 mL suspension 
containing about 5,000 eggs and second-stage juveniles of M. javanica (cultured on tomatoes in the 
greenhouse) was then added to the top of the tube in each pot, which meant that the nematodes had 
to move down the full length of the tube to reach the sugarcane roots.  Plants were grown for a further 
51 days and then roots were removed from the pots and checked for the presence of parasitised 
females of root-knot nematode. Roots were then submerged in 1 % NaOCl for 5 min and nematode 
eggs were retrieved on a 38 μm-aperture sieve. 

Further assessment of soils where Pasteuria was detected on Pratylenchus 

Results from the survey showed that the sites with the highest levels of spore encumbrance on P. zeae 
were located at Mareeba and Mutarnee in north Queensland and so air-dried soil that had been 
retained was used to check whether parasitised nematodes were present at these sites. The soils were 
moistened with water and 2 days later, nematodes were extracted from 25 g sub-samples using a 
centrifugal-flotation technique in which the sucrose concentration had been increased to a specific 
gravity of 1.26 (1362 g sucrose in 1 L of water) so that spore-filled nematodes would be recovered 
(Oostendorp et al. 1991).  

Background information on the Mareeba and Mutarnee sites indicated that they had only grown 
sugarcane for about 20 years, which was much less than the other surveyed sites. Since cattle had 
previously grazed on grass pastures at both sites and pastures in adjacent fields were still being used 
for the same purpose, they were checked for the presence of Pasteuria and Pratylenchus. Paired 
samples from both the sugarcane fields and adjacent fields under grass pasture were collected and 
the samples were processed in the same way as in the survey. The pasture at the Mareeba site was 
dominated by Guinea grass (Megathyrsus maximus) while the grasses in the Mutarnee pasture were 
Pangola grass (Digitaria eriantha) and Creeping signal grass (Brachiaria humidicola).   

A bioassay was also set up to compare levels of Pasteuria infestation in the sugarcane and pasture 
soils from Mareeba.  A small quantity (10 g) of air-dried soil was added to 50 mL centrifuge tubes and 
the soils were then moistened with water. Since previous observations had shown that some plant-
parasitic nematodes survived the air-drying process, the tubes containing the moistened soil were 
kept for a day to allow any surviving nematodes to revive and then heated at 60 °C to kill them. Each 
tube was inoculated with 500 P. zeae obtained from carrot cultures (Moody et al. 1973) and the open 
tubes were then placed in a humid chamber to prevent the soil from drying and incubated at a 
temperature of 26 °C for 40 days. A centrifugation and sugar flotation technique was then used to 
extract the nematodes, except that the method of Oostendorp et al. (1991) was modified to reduce 
the number of fine organic particles recovered with the nematodes.  Thus, the soil from a tube was 
first washed into a beaker containing about 50 mL of water and decanted over a 710 µm-aperture 
sieve to remove most of the large particles of organic matter. After a second decanting process, the 
liquid passing through the sieve was washed into 100 mL tubes and centrifuged at 3000 rpm for 4 min. 
The supernatant was then poured off, a concentrated sugar solution was added (specific gravity 1.26) 
and the sample was re-centrifuged at 1750 rpm for 30 sec. The nematodes in the supernatant were 
retrieved on a 38 μm-aperture sieve, washed free of sucrose and checked for Pasteuria under a 
microscope.   

Statistical analyses 
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For the bioassay with root-knot nematode and different tube lengths, the data were analysed by 
ANOVA using GenStat 8.1 (Genstat 2005). Relationships between nematode egg production and the 
distance moved in soil were determined using the regression analysis feature in Microsoft Excel. 

Results 

Survey for Pasteuria 

Pasteuria was found in all regions where sugarcane is grown and was detected in 56 % of the 126 
fields sampled. Endospores were seen attached to root-knot, root-lesion, stunt and spiral nematodes 
(Table 1). In most cases less than 5 % of the nematodes were infested and most nematodes only had 
one endospore attached. However, there were three fields where more than a third of the root-knot 
nematodes were encumbered with endospores of P. penetrans and at those sites some nematodes 
had more than 10 spores attached. 

Table 1 — Occurrence of nematodes encumbered with Pasteuria endospores in a survey of 126 
Australian sugarcane fields 

 

Root-knot 

Meloidogyne 
spp. 

Root-lesion 
Pratylenchus 

zeae 

Spiral 

Helicotylenchus 
dihystera 

Stunt 

Tylenchorhynchus 
annulatus 

No. of fields with the nematode 33 119 108 96 

% of the nematode-infested fields 
with Pasteuria 30 47 15 19 

Total no. of nematodes examined 484 3647 1273 1011 

No. of nematodes with Pasteuria 53 146 41 54 

%  of nematodes examined 
encumbered with endospores 11.0 4.0 3.2 5.3 

Highest level of encumbrance* 56 33 43 64 
*Highest percentage of nematodes encumbered with endospores in a sample of at least 10 nematodes 

 

P. zeae was by far the most common nematode observed in the survey but in most cases relatively 
few nematodes were encumbered with endospores. The highest levels of encumbrance were 
observed in fields at Mareeba and Mutarnee where 33 and 21 % of the nematodes, respectively, had 
endospores attached. Interestingly, these fields had only grown sugarcane for 18 and 22 years, 
respectively, whereas the other surveyed sites had grown sugarcane for at least 50 years and in most 
cases for more than 100 years. 

Most of the fields surveyed were farmed conventionally (i.e. the crop was ploughed out after about 5 
years, the soil was tilled and sugarcane was replanted 2-6 months later) but a new farming system 
that incorporated wide row spacings, controlled traffic, minimum tillage and legume rotation crops 
(Stirling 2008) was being used in 14 of the fields.  Pasteuria was detected in 71 % of these fields, a 
much higher percentage infestation than the conventionally-managed fields. Those fields also tended 
to have the highest levels of spore encumbrance and often two or three nematode species had spores 
attached. For example, in one field where the new farming system had been in place for 15 years, 
Pasteuria was observed on P. zeae, H. dihystera and T. annulatus, with more than 5 endospores 
attached to some specimens of the latter species. 

A bioassay with soil naturally-infested with P. penetrans 
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Root-knot nematode females parasitised by P. penetrans were observed in the roots of bioassay plants 
but were only found in galls where no egg mass was apparent, and were only observed in pots where 
the nematode had been inoculated into 4 or 8 cm tubes filled with non-autoclaved soil. Analyses of 
the nematode egg data obtained from these roots showed that both tube length and the presence of 
P. penetrans had significant effects on the number of eggs recovered (P = 0.041 and 0.029, 
respectively). Fewer eggs were recovered as tube length increased and the presence of P. penetrans 
reduced the number of eggs recovered by 49 %. These effects are apparent in Fig. 1. In P. penetrans-
free soil, the distance travelled by second-stage juveniles did not affect the number of eggs produced 
(P = 0. 307) whereas in soil naturally infested with P. penetrans there was a significant reduction in 
egg production (P = 0.012) as distance increased (Figs. 1 a, b).  

 

 

Fig. 1— Relationships between egg production by Meloidogyne javanica on sugarcane  and the 
distance travelled by juvenile nematodes through soil where Pasteuria had been removed by 

autoclaving  (a)  and through Pasteuria-infested soil (b). 

 

Further assessment of soils where Pasteuria was detected on Pratylenchus 

When two soils with the highest levels of spore encumbrance in the survey were checked to see 
whether they contained parasitised nematodes, spore-filled cadavers were recovered from both sites. 
P. zeae was the only parasitised nematode seen at Mareeba whereas at the Mutarnee site, 
endospores of Pasteuria were observed in P. zeae, T. annulatus and H. dihystera. An example of a 
spore-filled cadaver of P. zeae that was squashed under a cover slip to partly release the endospores 
is shown in Fig. 2.   
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Fig. 2 — Endospores of Pasteuria associated with a cadaver of root-lesion nematode (Pratylenchus 

zeae) recovered from a sugarcane field at Mutarnee, Queensland. 

 

When nematodes were extracted from paired sites under grass pasture or sugarcane, P. zeae and P. 
brachyurus were recovered from the pasture sites at both Mareeba and Mutarnee whereas only P. 
zeae was found in the adjacent sugarcane fields. Pasteuria was detected in all four soils and levels of 
spore encumbrance in the pasture and sugarcane soils were similar, as 14 and 15 % of the Pratylenchus 
from Mareeba and 34 and 29 % of the Pratylenchus from Mutarnee had endospores attached, 
respectively.  In the pasture soils, Pasteuria was observed on both Pratylenchus species. 

In the bioassay in which P. zeae was inoculated into de-faunated pasture and sugarcane soils from 
Mareeba and extracted 40 days later, Pasteuria endospores were observed within the bodies of some 
nematodes and on the cuticles of others (Table 2). Pasteuria levels were relatively high in both soils, 
as around 50 % of the added nematodes had either been parasitised or had endospores attached. 

When P. zeae was parasitised by Pasteuria, endospores usually completely filled the body of the 
nematode but there were cases where up to a third of the body had few or no endospores. Some 
infected individuals were dead but more commonly, nematodes packed with endospores were still 
moving slowly. Most of the infected nematodes were females that had not reproduced, as eggs were 
never observed in their ovaries. Spores within the body were so closely-packed that it was impossible 
to count the number of endospores in spore-filled nematodes, but estimates from a limited number 
of samples suggested there were 180–200 endospores in the body cavity of juveniles and 400–650 
endospores in parasitised females. 

 

Table 2 — Percentage of Pratylenchus zeae infected by Pasteuria or encumbered with Pasteuria 
endospores 40 days after the nematodes were added to heat-treated soil from adjacent sugarcane 

or Guinea grass pasture fields near Mareeba, Queensland. 

 Infected (%) Spore 

encumbered (%) 

Total with 

Pasteuria (%) 
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Sugarcane 36.9 ± 6.6 13.4 ± 3.9 50.3 ± 9.1 

Pasture 24.5 ± 4.6 18.2 ± 6.9 42.7 ± 7.3 

 

Discussion  

Our survey results indicate that P. penetrans is reasonably common in Australian sugarcane soils, as it 
was found in 30 % of the fields where root-knot nematode was detected. However few of the second-
stage juveniles extracted from soil were encumbered with endospores, indicating that infestation 
levels were generally relatively low. Nevertheless, relatively high levels of spore attachment were 
observed in a few fields and this finding prompted us to check whether P. penetrans was present at 
levels that were high enough to provide some control of the nematode. Since the probability of an 
endospore adhering to a second-stage juvenile increases with spore concentration and the distance 
the nematode moves before entering a root, we added nematodes to tubes of different length and 
assessed their capacity to move to roots and reproduce (Stirling 1984; Stirling et al. 1990). The results 
in Fig. 1 showed that the presence of P. penetrans had little impact on the nematode when second-
stage juveniles only had to move 1 cm to a root but egg production was reduced by about 55 and 85 
% when tube lengths were increased to 4 and 8 cm, respectively.   

Although the results from our bioassay suggest that P. penetrans can increase in sugarcane soil to 
levels capable of reducing populations of root-knot nematode, marked reductions in egg production 
were only obtained when second-stage juveniles moved more than 4 cm to roots. Since sugarcane has 
a fibrous root system and most juvenile nematodes are likely to establish feeding sites after moving 
relatively short distances to roots, it is not clear whether the spore concentration in the field where 
this soil was collected was high enough to provide useful levels of nematode control. Results of 
experiments aimed at addressing that issue can be found in an accompanying paper (Bhuiyan et al. 
2017). 

P. penetrans is the most widely studied species of Pasteuria because its root-knot nematode host is a 
serious pest of most of the world’s food and fibre crops. However, many other nematodes also host 
the bacterium, with a review by Chen and Dickson (1998) indicating that Pasteuria-like organisms were 
associated with 323 nematode species in 116 genera. Since Spaull (1981) observed Pasteuria 
endospores on eight nematode genera other than Meloidogyne in South African sugarcane fields, it 
was not surprising that we found endospores attached to P. zeae, T. annulatus and H. dihystera in 
Australia. However, as P. zeae is probably the most important nematode pest of sugarcane worldwide 
(Stirling 2017), perhaps the most significant finding was that Pasteuria was found at almost half the 
sites where this nematode was detected. 

On the basis of morphological and developmental differences between P. penetrans and the 
bacterium parasitising Pratylenchus, the species which attacks root-lesion nematodes was named 
Pasteuria thornei (Starr and Sayre 1988; Sayre et al. 1988). However, despite the fact that Pratylenchus 
spp. are important pests of many crops and numerous species in the genus are known to host 
Pasteuria (Sayre and Starr 1988; Chen and Dickson 1998), high levels of infestation have rarely been 
reported in the literature. One exception was a study by Ornat et al. 1999, who found more than 75 
% of the Pratylenchus neglectus in a Spanish greenhouse were encumbered with Pasteuria spores. 
Spores were also observed filling the body cavity of fourth-stage juveniles and adult females. 

The bioassay results obtained in this study clearly show that a significant proportion of the root-lesion 
nematodes in some sugarcane and pasture fields are affected by the parasite, as approximately 50 % 
of the P. zeae added to soils from one site were either encumbered with endospores of Pasteuria 
thornei or parasitised by the bacterium. However, it is likely that we underestimated levels of 
parasitism because the extraction method used probably did not recover all infected nematodes. Also, 
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spore-filled nematodes were difficult to find amongst the many fine particles of organic matter that 
were recovered with the nematodes.  

Our results also add to our knowledge of the relationship between Pasteuria thornei and its nematode 
host. When P. zeae was added to soil infested with the bacterium, we found that it took about 40 days 
at 26 °C for the parasite to infect the nematode, grow within the body and sporulate. Some spore-
filled nematodes were still moving when they were recovered, suggesting that the parasitised 
nematodes continued to feed as infection progressed. Few estimates of spore production by Pasteuria 
in vermiform nematodes have been published but our observations suggested that the bodies of 
spore-filled females usually contained about 600 endospores. This is much lower than the several 
thousand spores observed in cadavers of Belonolaimus longicaudatus, a much larger nematode 
(Giblin-Davis et al. 2001).  

Although Pasteuria thornei was found to be reasonably widespread in sugarcane soils, infestation 
levels were generally relatively low, raising the question as to why this host-specific parasite was not 
flourishing in fields that were first planted to sugarcane in the late nineteenth century, and where host 
nematodes have been present, often at high population densities, for more than 100 years. Since most 
sugarcane soils in Australia are aggressively cultivated during the replanting process to alleviate 
compaction caused by harvest machinery, we hypothesised that tillage was disrupting the interaction 
between nematode and parasite. Results from our survey supported that hypothesis as Pasteuria was 
more common on farms where growers had moved to a minimum till farming system 10–15 years ago. 
However, minimum tillage was being used in only a small number of fields and so further work is 
required to confirm that Pasteuria becomes more prevalent when tillage is minimised.  

More compelling evidence that tillage is detrimental to Pasteuria was obtained from studies at the 
two survey sites with the highest infestations on Pratylenchus. These sites had previously been grass 
pastures and had only grown sugarcane for about 20 years. Spore-encumbered and infected 
specimens of P. zeae were readily recovered from pasture soils similar to those into which sugarcane 
had been planted, indicating that Pasteuria thornei thrived when host nematodes were present but 
the soil was not tilled. This result also suggested that the high infestation levels at the two sugarcane 
sites were due to carry over from the pasture.  

Our suggestion that tillage is detrimental to Pasteuria thornei is supported by observations made in a 
tillage trial that was established in a Spanish greenhouse following a crop of French beans. More than 
75 % of the Pratylenchus neglectus were encumbered with Pasteuria endospores but the percentage 
of nematodes with spores attached was significantly higher in untilled than tilled plots (Ornat et al. 
1999).  

Since factors other than tillage may have favoured the build-up of Pasteuria in soils under grass 
pasture, more work is required to assess the effect of tillage in agricultural soils. However, we would 
argue that it is likely to be having a negative impact on Pasteuria. Spore-filled nematodes are most 
likely to be found within or near the roots of the nematode host and because plant roots form 
channels in the soil during growth and those roots later decay to form open biopores (Cresswell and 
Kirkegaard 1995), concentrations of Pasteuria endospores are likely to be highest at microsites within 
root channels utilised by previous crops. When a root from the next crop grows into such a channel, 
there is a reasonable chance that an endospore will adhere to a nematode as it attempts to invade 
the root. However, when endospores are dispersed by tillage, the endospore concentration at a 
microsite level will decline markedly and nematodes are much less likely to come into contact with an 
endospore. 

From a practical perspective, the results reported here provide yet another reason why sugar growers 
should adopt the farming system developed by the Sugar Yield Decline Joint Venture (Garside et al. 
2005). Controlling traffic and reducing tillage provides many soil health benefits (Stirling 2008; Stirling 
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et al. 2016) but the results of this study suggest that root health should also improve due to an increase 
in the number of root-knot and root-lesion nematodes parasitised by Pasteuria. 
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7.11.   Control of root-knot nematode on sugarcane with Pasteuria penetrans 

 

Abstract. Soil was collected from a sugarcane field where most of the second-stage juveniles of root-
knot nematode were encumbered with endospores of Pasteuria penetrans. A pot experiment was 
established to determine whether the bacterium was present at levels capable of reducing 
populations of the nematode. Endospores of the bacterium were eliminated by autoclaving the soil 
and then eggs of Meloidogyne javanica were inoculated into Pasteuria-free and naturally-infested soil. 
When the experiment was harvested 19 and 37 weeks later the root-knot nematode population was 
respectively 96 and 99% lower in the naturally-infested field soil, indicating that this soil was highly 
suppressive to the nematode. Pasteuria penetrans was also mass-produced on its nematode host and 
a further experiment was set up to determine the effect of endospore concentration in soil on 
multiplication of root-knot nematode. Sugarcane was grown in pasteurised sand containing 0, 6,000, 
12,000, 24,000 and 50,000 endospores/g soil and treatment effects were assessed after 6, 13 and 20 
months. The results showed that regardless of harvest time, the severity of root galling and the 
number of nematode eggs produced per plant decreased as the endospore concentration increased. 
The lowest endospore concentration significantly reduced the number of eggs per plant at all three 
harvest times while the highest concentration reduced egg numbers by 96, 88 and 81% at 6, 13 and 
20 months, respectively. These results suggest that when high endospore concentrations are 
continually maintained in the root zone, P. penetrans will markedly reduce populations of root-knot 
nematode, a particularly important pest of sugarcane.  

 

 
Introduction 

Sugarcane is attacked by a wide range of plant-parasitic nematodes but root-knot nematode 
(Meloidogyne spp.) is one of the most important pests (Cadet and Spaull 2005).  In Australia, for 
example, yield responses of more than 15% were consistently obtained when non-volatile nematicides 
were applied to fields where root-knot nematode was the dominant pest (Chandler 1978, 1980; Bull 
1979, 1981; Blair and Stirling, 2007).  

Root-knot nematode is widespread in some Australian cane-growing regions and is particularly 
damaging in fields with coarse-textured sandy soils (Blair et al. 1999 a, b; Blair and Stirling 2007). 
Growers with root-knot nematode problems find it difficult to prevent crop losses because current 
sugarcane varieties are susceptible (Stirling 2006) and there are no economically-effective control 
measures. Rotation crops such as soybean and peanut only provide nematode control in the plant 
crop (the first year of growth) (Stirling et al. 2001; Stirling 2008), while nematicides are relatively 
expensive and only reduce nematode populations for a few months (Blair and Stirling 2007). 

In looking for alternative methods of control, Pasteuria penetrans stands out as a biocontrol agent 
that is worthy of investigation. This bacterium is a host-specific parasite of root-knot nematode (Chen 
and Dickson 1998: Stirling 2014) and has been shown to reduce populations of this nematode on many 
different crops, including tomato (Stirling 1984), grapevines (Stirling and White 1982; Bird and 
Brisbane 1988), tobacco (Chen et al. 1994; Weibelzahl-Fulton et al. 1996) and peanut (Dickson 1998). 
P. penetrans was first observed on sugarcane in Mauritius (Williams 1960) and later found in other 
cane-growing countries, including South Africa, USA, Papua New Guinea and Australia (Spaull 1981; 
1984; Birchfield 1984; Bridge 1986; Stirling 2009). In South Africa it occurred in more than half the 
fields with coarse-textured sandy soils but was most commonly found in fields that had been cropped 
to sugarcane for many years (Spaull 1984).  
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In a recent survey of 126 sugarcane fields in Australia, P. penetrans was found in 30% of the fields 
where root-knot nematode was detected (Stirling et al. 2017). In one of these fields, most of the 
second-stage juveniles (J2) were encumbered with endospores of the parasite and since the root-knot 
nematode population in this field was relatively low, the work described in this paper aimed to 
determine whether P. penetrans could increase naturally to levels capable of suppressing the 
nematode. Since previous studies have shown that between 104 and 105 endospores of P. penetrans/g 
soil are required to substantially reduce galling caused by root-knot nematode on other crops (Stirling 
et al. 1990; Chen et al. 1996), a second objective was to determine whether similar endospore 
concentrations were required to control the nematode on sugarcane. 

 

Materials and methods 

Effect of P. penetrans on root-knot nematode in naturally-infested soil 

In March 2015, about 700 L of a coarse-textured sandy loam soil was collected from a field that had 
grown sugarcane for about 40 years and was located about 3 km south-east of Port Bundaberg, 
Queensland. P. penetrans had previously been detected in the field and its presence was confirmed 
by adding J2 of M. javanica to a sample of the soil, recovering the nematodes after 2 days and checking 
for the presence of endospores. Since 88% of the nematodes had endospores attached and many 
nematodes were encumbered with more than 10 spores, the soil was then stored for future use. 

In August 2015, some of the stored soil was subdivided into three batches that were then subjected 
to one of the following treatments: 1) 20 L of soil was autoclaved to kill nematodes and Pasteuria 
endospores (totally-sterilised); 2) four 5 L batches of soil were spread on trays  (55cm length, 37cm 
width and 10.5 cm depth) and heated in an oven at 50°C for 30 minutes to kill any plant-parasitic 
nematodes that may have remained following storage (partially-sterilised) ; and 3) left untreated. Pots 
190 mm high and 200 mm in diameter were then filled with 5.2 kg of soil to accommodate an 
experiment with the 3 treatments listed above  x 2 harvest times x 5 replicates. After pre-germinated 
single-eye setts of sugarcane variety Q208  were planted, pots were placed on a glasshouse bench 
covered with weed mat and a synthetic fabric. These materials absorbed water from troughs at the 
edge of the bench and moistened the soil in the pots through capillary action. Eighteen days later, 
each pot was inoculated by adding 5 mL water containing 5,000 eggs of M. javanica to two holes near 
the base of the plant.. 

In January 2016, 19 weeks after the experiment was established, the first set of plants was harvested 
and the remaining plants were cut back and allowed to ratoon. These plants were then watered by 
hand rather than with the previous irrigation system and harvested at 37 weeks. At both harvests, 
stalks and leaves were cut into pieces, dried for 2 weeks at 65°C and weighed to obtain above-ground 
biomass. Roots were washed in clean water to remove soil and debris and then visually rated for 
galling on a 0 to 5 scale where 0 = no galls, 1 = <2% of roots galled, 2 = 2–25% of roots galled, 3= 25–
50% of roots galled, 4 = 51–75% of roots galled, 5 = >75% of roots galled.  Root-knot nematode eggs 
were then removed from roots by submerging them in 1% bleach (NaOCl) for 5 minutes. The bleach 
solution was then poured through two sieves (a 150 μm aperture- sieve over a 38 μm aperture- sieve), 
with the eggs being collected on the lower sieve.  Roots were then dried at 30oC for three weeks and 
weighed. Nematodes were also extracted from 500 g sub-samples of soil using the tray method of 
Whitehead and Hemming (1965).  

Air-dried soil that had been retained at each sampling time was bioassayed to provide an indication 
of the level of P. penetrans in each of the treatments.  A sample of 25 g soil was placed in a 70 mL vial 
and moistened with water, and then a suspension containing about 2,000 J2 of M. javanica was added, 
bringing the soil moisture content to 8%. After the soil was incubated at 26°C for 48 hours it was 
transferred to a beaker containing 500 mL of water, agitated with a spatula, allowed to settle for 10 
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seconds and then the suspension of fine particles and water was decanted into another beaker. The 
agitation and decantation process was then repeated by adding more water to the beaker. Nematodes 
were retrieved on a sieve with an aperture of 38 µm, but since the material retained on the sieve was 
very dirty, it was poured onto a Whitehead tray and nematodes were recovered 4 hours later by 
sieving twice over a 38 µm-aperture sieve. A sample of 20 nematodes was examined under a 
microscope at 20X magnification and the number of endospores attached to each nematode was 
counted. Because endospores were difficult to count when nematodes were encumbered with large 
numbers of spores, nematodes with more than four spores were categorised as having 5-10, 11-20 
and 21-30 endospores attached. When mean numbers of spores per nematode were calculated, it 
was assumed that all nematodes in those groups had 7, 15 and 25 endospores attached, respectively. 

Effect of different concentrations of P. penetrans endospores on root-knot nematode in pasteurised 
sand 

Endospores of P. penetrans were produced using the mass production method of Stirling and Wachtel 
(1980). Second-stage juveniles of M. javanica were added to soil from the aforementioned farm at 
Port Bundaberg and incubated for long enough to ensure that all the nematodes had at least some 
endospores attached. The nematodes were then inoculated onto tomato seedlings in pots. When 
female nematodes had developed to maturity and were filled with endospores (usually 8-10 weeks, 
depending on temperature), the roots were dried, ground into a fine powder and stored for future 
use. 

The endospore concentration in a sample of dried root powder was determined by mixing 0.1 g of 
powder in 1 mL water and using a haemocytometer to count the number of endospores. The required 
amount of dried root material (or dried roots without P. penetrans) was then added to batches of 
pasteurised sand to achieve endospore concentrations of 0, 6,000, 12,000, 24,000 and 50,000 
endospores/g soil. The sand was then added to pots, planted to sugarcane and inoculated with M. 
javanica in the same way as the previous experiment. Since the intention was to assess the effect of 
P. penetrans over a period of 20 months, the experiment consisted of 5 spore concentrations x 3 
harvest times (6, 13 and 20 months after nematodes were added to pots) x 5 replicates.  

At each harvest time, shoot biomass, the level of root galling and the nematode population in soil and 
roots was assessed in the same way as the previous experiment. The soils were also bioassayed using 
the method described previously, except that the final extraction on trays was not needed, as the 
nematode suspension recovered by decanting and sieving was relatively free of soil and extraneous 
matter.   

Statistical analyses 

A linear mixed model was fitted to all datasets using PROC MIXED in SAS version 9.4 (SAS Institute, 
Cary, NC). Degrees of freedom were adjusted using the Kenward–Roger method (Kenward and Roger 
1997) and normality of residuals was tested using PROC UNIVARIATE of SAS. The number of nematode 
eggs per plant or J2 per kg of soil were log-transformed [ln(x+1)] before analysis for both experiments. 
Estimated log-transformed values were then back-transformed for presentation in the results. For all 
other data, untransformed data were used for analysis.  

For the naturally infested soil experiment, a split plot analysis was performed, where treatments 
(untreated, partially-sterilised  and totally-sterilised), harvest time (19 and 37 weeks) and their 
interaction effects were treated as fixed effects whilst block (replication), interactions between block 
and harvest times, and the error term (residual) were treated as random effects. Data from the 
endospore concentration experiment were analysed in a similar manner and for both experiments, all 
possible interactions of the fixed effects were included in the model. However, in the case of the latter 
experiment, data from each of the harvest times (6, 13 and 20 months) were also analysed separately. 
For the appropriate significant factors, protected-mean comparisons of all possible pairwise 
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differences of the means were tested at alpha = 0.05, using Fisher’s protected LSD test. PDMIX800 SAS 
Macro was used to convert mean separation output to letter groupings (Saxton 1998).   

Results 

Effect of P. penetrans on root-knot nematode in naturally-infested soil 

Significant differences in shoot and root biomass, root galling, the number of root-knot nematode 
eggs per plant and numbers of root-lesion and other plant-parasitic nematodes per kg of soil were 
observed between the two harvest times (19 and 37 weeks), the three treatments (untreated, 
partially-sterilised and totally-sterilised) and their interactions (Table 1). The number of second-stage 
juveniles (J2) per kg of soil was an exception, as significant differences were observed between 
treatments but not between harvest times. At the first harvest at 19 weeks, shoot biomass in the 
totally-sterilised soil was much greater than the other two treatments. However, shoot biomass 
stabilised in the first ratoon and the only plant growth effect observed at 37 weeks was the lower root 
biomass in the untreated soil. Roots growing in totally-sterilised soil were more heavily galled than in 
the other two treatments and this effect was significant at the 37 week harvest. Numbers of root-knot 
nematode eggs/plant and numbers of J2 in soil showed the same trend, with high numbers of 
nematodes associated with plants in totally-sterilised soil and 96-99% fewer nematodes in untreated 
soil at 19 and 37 weeks, respectively (Table 1). Substantial numbers of root-lesion nematodes 
(Pratylenchus zeae) were observed in partially-sterilised and untreated soils at the 37 wk harvest.  Low 
numbers of other plant parasites (Helicotylenchus dihystera, Paratrichodorus minor and 
Mesocriconema sp.) were also observed in pots containing untreated soil but these nematodes were 
largely absent from the partially- and fully-sterilised soils. 

The level of endospore-encumbrance and the number of spores attached to J2 was assessed in 
bioassays and analyses of the data showed that for both parameters, the treatment effect was highly 
significant (P<0.0001) whereas the harvest time effect was not significant. Most of the J2 added to 
untreated and partially-sterilised soil had endospores attached when they were recovered after 2 days 
and many of these nematodes were encumbered with more than 10 spores.  In contrast, endospores 
were rarely seen on J2 that had been added to totally-sterilised soil (Table 2). 
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Table 1—Effects of heat (partial-sterilisation) and autoclaving (total sterilisation) of soil naturally 
infested with Pasteuria penetrans on growth of sugarcane, root galling caused by Meloidogyne 

javanica and multiplication of the nematode 19 and 37 weeks after plants were inoculated with the 
nematode. 

Harvest Soil 
sterilisation 
treatment 

Shoot 
biomass 

(g)  

Root 
biomass 

(g) 

No. of 
RKN 1 

eggs/ 
plant 

RKN 
J2/kg 
soil 

Gall 
rating 

RLN/kg 
soil 2 

Other 
PPN/kg 

soil 3 

         

19 
weeks 

Totally- 
sterilised 

30.1 a 4.4 c 25,609 b 384 ab 2.4 a 3 b 0 b 

 Partially- 
sterilised 

12.0 bc 3.7 c 6149 c 79 bc 2.0 a 60 a 0 b 

 Untreated 9.2 c 4.4 c 996 d 12 cd 1.8 a 11 b 1 b 

  
   

 
 

  

37 
weeks 

Totally- 
sterilised  

14.2 b 16.4 a 287,911 a 1142 a 3.4 a 6 b 2 b 

 Partially-
sterilised 

14.0 b 11.0 b 2907 c 102 b 1.2 b 1437 a 1 b 

 Untreated 13.2 bc 8.9 b 1516 d 7 d 0.4 c 1192 a 137 a 

 P value <0.0001 0.0211 <0.0001 <0.0001 <0.0001 <0.0001 0.0026 

Values are the mean of five replications. Values followed by the same letter(s) in a column are not significantly different 

according to Fisher’s protected least significant difference (LSD) test (P=0.05). Data for no. of eggs/plant or J2 per kg soil 

were log-transformed (ln (x+1)) before analysis. 

1 RKN = root--knot nematode; 2 RLN = root lesion nematode (Pratylenchus zeae); 3 Other PPN= other plant- parasitic 

nematodes, including spiral (Helicotylenchus dihystera), stubby (Paratrichodorus minor) and ring (Mesocriconema sp.). 

 

Table 2— Extent to which second-stage juveniles of Meloidogyne javanica were encumbered with 
endospores of Pasteuria penetrans in bioassays of soil retrieved from a pot experiment in which 

sugarcane had been  grown for 19 and 37 weeks in Pasteuria-infested soil that had been totally or 
partially sterilised, or left untreated 

Soil sterilization 

treatment 

% J2 encumbered with endospores of P. 

penetrans 

Mean no. of endospores/nematode 

 19 weeks  37 weeks 19 weeks 37 weeks 

Totally- 

sterilised 

7 b 0 b 0.1 c 0.0 c 

Partially- 

sterilised 

100 a 98 a 22.0 a 17.8 a 

Untreated 95 a  100 a  11.1 b 11.0 b 

P-value <0.0001 <0.0001 

Values are the mean of five replications. Values followed by the same letter(s) in a column are not significantly different 

according to Fisher’s protected least significant difference (LSD) test (P=0.05). 
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Effect of different concentrations of P. penetrans endospores on root-knot nematode in pasteurised 
sand 

The data from this experiment were analysed in two different ways: all harvest times together and 
also each harvest time separately. Both analyses provided similar insights into the effects of P. 
penetrans but the results from the former analysis are shown in Table 3. Those results indicate that 
the severity of galling caused by root-knot nematode was usually reduced when P. penetrans was 
present. This effect was most apparent at the highest endospore concentrations, as the visual gall 
rating in soils containing 24,000 and 50,000 endospores/g was significantly lower than the untreated 
control at all three harvest times. Similar effects on nematode population densities were also 
observed.  The highest endospore concentration reduced the number of eggs per plant by 96, 88 and 
81% at the three harvest times while the number of J2/kg soil was reduced by 99, 87 and 97% (Table 
3). Shoot biomass was consistently and sometimes significantly higher in soils to which endospores 
had been added, regardless of endospore concentration or harvest time. Root biomass increased with 
successive harvests and by 20 months, roots were tightly packed in pots (Fig. 1). Whenever P. 
penetrans was present, root biomass at 20 months was significantly greater than the no-endospore 
control (Table 3). 

 

Fig 1 — The root system of a sugarcane plant harvested 20 months after Pasteuria penetrans and 
root-knot nematodes had been added, showing that roots were tightly packed in the pot and that 

juvenile nematodes did not have to move very far through the soil to locate a root. 

  

Analyses of the bioassay results showed that there was a highly significant (P < 0.001) harvest time x 
spore concentration interaction for both the % J2 with endospores attached and the mean number of 
endospores/J2.  At the commencement of the experiment, almost all J2 recovered from soils 
containing P. penetrans were encumbered with endospores but the number of spores attached 
increased as the spore concentration increased. However, at later harvest times almost all nematodes 
recovered from bioassayed soils had more than ten endospores attached (Table 4). Initially, 
nematodes added to the no-endospore control were largely free of endospores but this was no longer 
the case at 13 and 20 months (Table 4), indicating that some cross-contamination had occurred.   
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Table 3— Effects of various concentration of Pasteuria penetrans endospores on growth of 
sugarcane, root galling caused by Meloidogyne javanica and numbers of root-knot nematodes 

recovered from plant, first and second ratoon crops harvested 6, 13 and 20 months, respectively, 
after nematodes were added to pots. 

Endospores/g 
soil 

Shoot biomass 
(g) 

Root biomass 
(g) 

No. of eggs per 
plant 

No. of J2 per kg 
soil 

Gall rating 

6 months      

0 40.7 cdef 10.9 f 64,356 d 299 ef 3.2 bc 

6,000 48.3 cdef 15.6 ef 46,071 de 55 fg 3.2 bc 

12,000 58.4 c 18.4 ef 23,166 ef 23 gh 2.8 cde 

24,000 49.1 cdef 18.4 ef 9,126 g 4 h 2.4 de 

50,000 57.4 c 18.8 ef 2,728 h 2 h 1.0 f 

13 months      

0 76.2 b 29.7 ef 1,608,800 a 22,247 a 4.4 a 

6000 84.6 ab 42.5 ef 287,218 b 4,221 abc 2.8 cde 

12000 92.3 a 46.3 ef 264,341 b 2,537 bcde 2.6 cde 

24000 89.3 ab 47.1 ef 213,629 bc 1,379 bcde 3.2 bc 

50000 96.4 a 53.7 e 198,788 bc 2,826 abcd 3.0 bcd 

20 months      

0 34.4 f 141.3 d 93,293 cd 5195 ab 3.6 b 

6000 50.5 cd 288.7 a 23,856 ef 452 cdef 2.6 cde 

12000 51.1 cde 230.1 b 16,493 fg 113 fg 2.4 cde 

24000 39.2 def 209.9 bc 26,646 ef 377 def 2.2 e 

50000 36.2 ef 195.7  c 17,496 fg 142 fg 1.4 f 

Values are the means of five replications. Values followed by the same letter(s) in a column are not significantly 
different according to Fisher’s protected least significant difference (LSD) test (P=0.05). Data for no. of eggs or J2 per 

plant were log-transformed before analysis. 

 

 

Table 4— Levels of attachment of P. penetrans endospores to second-stage juveniles of root-knot 
nematode when pasteurised sand containing different concentrations of endospores was bioassayed 

prior to planting and after sugarcane had grown for 6, 13 and 20 months 

Endospores/g soil % J2 with endospores attached Mean no. endospores/J2 

 Pre-
plant 

6 
months 

13 
months 

20 
months 

Pre-
plant 

6 
months 

13 
months 

20 
months 

0 1 a  8 ab  24 b 70 c 0.01 a 0.09 a 1.4 a 2.5 a 

6,000 88 cde 100 e  100 e 98 de 3.3 a 29.8 f 28.4 f 13.3 c 

12,000 99 e 100 e 100 e 80 cd 7.6 b 30.9 f 32.7 ef 15.0 c 

25,000 99 e 100 e 100 e 100 e 18.8 d 34.9 g 34.1 fg 16.2 cd 

50,000 100 e 100 e 100 e 98 de 24.6 e 34.9 g 35.0 g 15.3 cd 
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Discussion 

Although P. penetrans is known to occur in sugarcane fields in several countries, observations in South 
Africa by Spaull (1984) raised questions about whether it was having an impact on root-knot nematode 
populations. Spaull noted that P. penetrans usually occurred in fields with relatively high numbers of 
the nematode, leading him to conclude that the parasite was not limiting populations of its nematode 
host. In contrast, we have come to a quite different conclusion as our results suggest that P. penetrans 
can increase in sugarcane soils to levels capable of reducing populations of this pest.  

In our experiment with a soil naturally infested with P. penetrans, root-knot nematode populations 
increased markedly when the soil was totally-sterilised whereas there was little or no multiplication 
in untreated soil or partially-sterilised soil. Although total sterilisation due to autoclaving would have 
eliminated all the natural enemies present in the soil, our bioassay results suggested that P. penetrans 
was the primary antagonist. When J2 were added to untreated or partially-sterilised soil and 
recovered two days later, most were encumbered with at least 5 spores, an infestation level that 
ensures most of the nematodes would have become infected by the parasite after they established a 
feeding site within the root (Stirling 1984). Furthermore, many J2 had more than 15 spores attached 
and previous studies have shown that many of those nematodes are unlikely to have had the capacity 
to move towards roots and invade them (Stirling 1984; Davies et al. 1988; Stirling et al. 1990; Vagelas 
et al. 2011). Thus, P. penetrans was certainly present in the untreated and partially-sterilised soils at 
levels capable of having a major impact on nematode multiplication.  

In addition to killing Pasteuria and other natural enemies, total sterilisation by autoclaving has two 
other important side-effects. It improves root functionality by killing pathogens that damage root 
systems and because nutrients are released from the microbial biomass during the sterilisation 
process, it also enhances plant nutrition. Consequently, it was not surprising that autoclaving 
improved shoot growth in the first 19 weeks and increased root biomass at 39 weeks. Since these 
nutritional and soilborne disease effects would have resulted in more food resources being available 
to the nematode, it could be argued that this was the reason nematode populations were much higher 
in the totally-sterilised soil than the untreated and partially-sterilised soils. However, total sterilisation 
did not increase root biomass at 19 weeks while at 39 weeks there were enough roots in the untreated 
and partially-sterilised soils to sustain a relatively high population of root-knot nematode. Thus, we 
would argue that the differences in nematode numbers and levels of root galling observed in our 
experiment were mainly due to P. penetrans. 

Partially-sterilised soil was included in the experiment in an attempt to replicate to some extent the 
effects of total sterilisation (i.e. autoclaving to eliminate plant-parasitic nematodes and other soil 
borne pathogens from the soil) without having an impact on P. penetrans. However, as the data in 
Table 1 show, there were relatively high numbers of root-lesion nematodes in the partially-sterilised 
soil at 37 weeks, indicating that this treatment was not as effective as total sterilisation. Thus, if this 
experiment is ever repeated, both the temperature and heating time should be increased.  

To summarise, the above results indicate that in the soil used for our experiment, P. penetrans was 
present at levels capable of suppressing root-knot nematode.  However, observations by Spaull (1984) 
in South Africa and survey results from Australia (Stirling et al. 2017) have shown that high levels of P. 
penetrans rarely occur on sugarcane, raising questions as to why the field from which our soil was 
collected differed from other fields. We can only speculate on the reasons for this but we do know 
that 1) the coarse-textured soil was ideal for root-knot nematode; 2) susceptible sugarcane varieties 
had been grown at the site for about 40 years; and 3) a susceptible rotation crop (lablab, Dolichos 
purpureus) was always planted at the end of each sugarcane cycle and grown for several months.  
Thus, root-knot nematode populations would have been constantly high for many years and this is an 
ideal scenario for a host-specific parasite such as P. penetrans to increase to levels capable of 
suppressing its nematode host (Stirling 2014). Lablab is not widely used as a rotation crop in sandy 
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sugarcane soils due to its susceptibility to root-knot nematode but it may have played a role in the 
build-up of P. penetrans in the field at Port Bundaberg. However, whether its use should be 
encouraged is an arguable point, as the root-knot nematodes hosted by lablab would almost certainly 
reduce sugarcane yields during the period when P. penetrans was in multiplication phase.   

The results of the experiment with mass-produced spores showed that when sugarcane was grown in 
soil containing 50,000 endospores of P. penetrans/g soil the population density of root-knot nematode 
was consistently reduced by more than 80%. However, relatively high levels of nematode control were 
also achieved at spore concentrations of 6,000 endospores/g soil, a much lower concentration than is 
required for crops such as tomato and peanut (Stirling et al. 1990; Chen et al. 1996). Since the 
nematode control achieved with P. penetrans improved root biomass and reduced root galling, the 
plants growing in soil infested with the bacterium are also likely to have had a more functional root 
system.   

Because the number of root-knot nematodes recovered from roots and soil was much higher at the 
13 month harvest than the other two harvests (6 and 20 months), it is difficult to draw conclusions on 
any temporal changes in the level of nematode control that may have occurred during the experiment. 
However, the mean number of root-knot nematode eggs recovered from plants in the treatments with 
24,000 and 50,000 endospores/g were 92, 87 and 76% lower than the no-endospore control at 6, 13 
and 20 months, respectively, suggesting that the level of control may have declined with time. We 
suspect that this actually occurred because we know that endospores are less likely to attach to 
second-stage juveniles when they move only short distances to roots (Stirling 1984) and bioassays 
with the naturally infested soil used in our first experiment showed that P. penetrans had little impact 
on nematode multiplication when second-stage juveniles had to move only 1 cm to a root (Stirling et 
al. 2017). Since root biomass increased with successive harvests and roots were very tightly packed 
into the pots at the final harvest, we suspect that as time progressed, increasing numbers of J2 would 
have entered roots without picking up endospores. 

To conclude, we have shown that P. penetrans has the capacity to markedly reduce populations of 
root-knot nematode on sugarcane. Although this is an encouraging result, it raises the question of 
how sugarcane soils should be managed so that this naturally-occurring biocontrol agent will multiply 
to levels capable of suppressing this important pest. Since all current sugarcane varieties are 
susceptible to root-knot nematode and P. penetrans is a specialised parasite of this nematode, the 
endospore-multiplication process will always be occurring to some extent in coarse-textured soils as 
they are ideally suited to root-knot nematode. Consequently,  the nematode usually reaches relatively 
high population densities in such soils and rotation crops such as lablab will maintain or increase those 
populations. Thus, growers wishing to increase levels of parasitism by P. penetrans must be prepared 
to adopt management practices that minimise crop losses from the pest. The best way of doing this is 
to optimise water and nutrient inputs, as this reduces stress on the plant and may allow the crop to 
produce acceptable yields, despite the damage being caused by the nematode. 

When root-knot nematode is parasitised by P. penetrans, more than two million endospores are 
produced in each infected female (Stirling 1981). Thus, in soils infested with P. penetrans, endospore 
concentrations will always be relatively high in microsites where cadavers of these females are 
decomposing. Since these microsites are located in or near roots, or in root channels where old roots 
have decomposed, the endospores are well-positioned to attach to and infect later generations of the 
nematode as they attempt to establish feeding sites in roots. However when the soil is tilled, as is 
usually done when sugarcane is replanted, the intimate interaction between host and parasite is 
disrupted. Thus, the only way to continually maintain high concentrations of endospores in these root-
associated microsites is to adopt a controlled traffic/minimum till farming system.  Some growers are 
already using best-practice farming systems of this nature (Stirling et al. 2016) and provided those 
systems are maintained for several crop cycles, we would predict that P. penetrans will gradually 
increase to levels that will suppress root-knot nematode.  
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7.12.   Impact of nitrogen on plant-parasitic nematodes and their natural enemies 

 

Abstract.  A field trial in central  Queensland in which high and low rates of N fertiliser (160 and 40 kg 
N/ha, respectively) had been applied to sugarcane for three years  was sampled to assess the impact 
of N inputs on plant-parasitic nematodes and some of their natural enemies. The soil under five 
sugarcane accessions was collected immediately after the second ratoon crop was harvested and 
nematode populations were assessed; nematode-trapping fungi were quantified; and an assay in 
which the number of Radopholus similis recovered 10 days after being added to heated and unheated 
soil was used to indicate the level of suppressiveness to plant-parasitic nematodes. Nematode 
analyses indicated that numbers of lesion nematode (Pratylenchus zeae) and total numbers of plant-
parasitic nematodes were significantly higher in the high than the low N treatment. Total numbers of 
free-living nematodes tended to be lower in the high N treatment and the proportion of bacterial to 
fungal-feeding nematodes was higher, indicating that with high N, bacteria rather than fungi were the 
dominant component of the detritus food web. There were also negative effects of N on beneficial 
omnivorous and predatory nematodes, and a trend towards lower populations of a nematode-
trapping fungus (Arthrobotrys thaumasia) with high N inputs. The bioassay with R. similis showed that 
the level of suppressiveness to the nematode was 39.4% in soil fertilised with 40 kg N/ha and only 
18.5% in the 160 kg N/ha treatment, indicating that the soil with higher N inputs was less suppressive 
to plant-parasitic nematodes than soil from the low N treatment. Collectively, these results indicate 
that high inputs of N fertiliser are detrimental to some natural enemies of plant-parasitic nematodes. 
Thus, the fertilisation practices used in sugarcane may be one of the reasons that pest nematodes 
dominate the nematode community in cane-growing soils.   

 

Introduction 

Eight genera of plant-parasitic nematodes are commonly observed in Queensland sugarcane soils 
(Blair et al., 1999a, b) and evidence obtained from nematicide experiments indicates that nematodes 
are costing the sugar industry more than $80 million annually in lost production (Blair and Stirling, 
2007). The main reasons nematodes have become important pests are: (i) sugarcane is often grown 
as a monoculture and so the crop is planted into soil with high nematode population densities, and (ii) 
the practices used to grow sugarcane have weakened the natural regulatory forces that should keep 
them under control (Blair and Stirling, 2007; Stirling et al., 2011). The introduction of a legume rotation 
crop such as soybean reduces crop losses by reducing nematode numbers at the time sugarcane is 
replanted (Stirling et al., 2007), but since many sugarcane soils have lost their biological buffering 
capacity, populations soon return to high levels (Stirling, 2008). 

Although excessive tillage and low levels of soil organic matter are probably the primary reasons that 
sugarcane soils have lost their capacity to suppress populations of nematode pests (Stirling, 2014), 
there is some evidence to suggest that N fertiliser inputs may contribute by having a negative impact 
on the natural enemies of nematodes. Predatory nematodes are particularly sensitive to nitrogenous 
materials (Tenuta and Ferris, 2004), and this observation led to suggestions that N fertilisers may be 
responsible for the low abundance of these predators in agricultural soils. Nematode trapping fungi 
also prey on nematodes, and since they switch from saprophytism to predation in N- limited habitats, 
their predatory activity may decline when N is readily available (Stirling, 2014). 

A field trial in which high and low rates of N fertiliser had been applied to sugarcane for three years 
provided an ideal opportunity to determine whether N inputs are detrimental to both groups of 
predators. The trial was established in a chromosol soil on the SRA research farm at Mackay, and its 
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objective was to assess the response of various sugarcane genotypes to N supply. The site had been 
under continuous cane for at least seven years prior to the establishment of a sorghum crop to deplete 
soil N reserves. The sorghum crop was harvested and biomass removed, and after a 12-month fallow, 
the trial was established. The experiment comprised 64 genotypes randomised within low (40 kg N/ha) 
and high (160 kg N/ha) N plots replicated in three blocks. For each crop, fertiliser was cut into the 
shoulder of the rows. A low N blend was applied to the entire site to supply N, P, K and S at 40, 20, 
100 and 28 kg/ha, respectively. The N was applied in the form of ammonium sulphate. The high N 
blocks were supplemented with urea at 120 kg N/ha.     

Materials and methods 

Prior to harvesting the second ratoon crop, five sugarcane accessions were chosen for sampling on 
the basis that they were either widely grown  varieties or the least responsive accessions to a 
reduction in N inputs. The yields obtained from these accessions over the course of the trial are given 
in Table 1. Analysis of the data as a Sugarcane accession x N rate x Year factorial design showed 
significant effects of N rate and Year, with Accession effects and all interactions being non-significant.  
Over all accessions and years, cane yield under high and low N was 119.0 and 94.3 t/ha, respectively, 
which meant that the overall reduction in yield due to lower N inputs was 21%.    

 

Table 1— Effect of high and low rates of nitrogen (160 and 40 kg N/ha, respectively) applied for 
three years on yield of five sugarcane accessions in a field trial at Mackay, Queensland 

Accession Yield 

 (t/ha) 

Reduction in yield 
with lower N 

inputs (%) 

 Plant crop First ratoon Second ratoon PC 1R 2R 

 High N Low N High N Low N High N Low N    

Q138 120.9 121.8 130.1 104.2 98.5 70.2 0 20 29 

Q208 149.1 113.4 142.5 97.5 94.2 58.3 24 32 37 

KQ228 127.2 113.3 121.1 99.7 84.0 66.3 11 18 21 

Q240 128.4 109.0 134.1 103.8 105.7 64.7 15 23 39 

QN80-4367 136.7 129.8 138.7 107.7 84.9 54.8 5 22 35 

 

On 17 July 2014, the day after the second ratoon crop was harvested, 15 soil cores were collected 
from the selected plots with a 22 mm diameter sampling tube. The cores were 15 cm long and were 
taken randomly within a raised bed that was 90 cm wide and centred on the stool. About one third of 
the cores were taken from the general area where fertiliser had been applied in previous years. 

To provide a comparison with soil that had not recently received N inputs, soil samples were also 
collected from an abandoned field adjacent the trial. This field had not grown sugarcane for about 10 
years, and was covered in guinea grass (Panicum maximum) interspersed with some leguminous 
plants, predominantly Senna obtusifolia and Crotalaria sp.  Three 15-core samples were taken from 
under the guinea grass in areas within 20 m of each of the replicates in the adjacent N trial. 

Sub-samples of the soil (200 mL, or about 180 g dry weight) were spread on a standard nematode 
extraction tray (Whitehead and Hemming, 1965) and nematodes were recovered after two days by 
sieving twice on a 38 µm sieve. Plant-parasitic, microbivorous, omnivorous and predatory nematodes 
were counted at a magnification of 40X, and the proportion of microbivorous nematodes that were 
bacterivores (B) or fungivores (F) was determined by observing the mouth parts of about 100 
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randomly-selected specimens. The Nematode Channel Ratio (NCR), which indicates whether 
decomposition pathways in the detritus food web are predominantly bacterial or fungal, was 
calculated as B/( B+F) (Yeates, 2003). 

To determine whether N inputs had affected the regulatory forces that stabilise populations of plant-
parasitic nematodes, samples were assayed for suppressiveness using Radopholus similis, a plant-
parasitic nematode that does not occur in sugarcane soils. Vials 25 mm in diameter and 80 mm high 
were filled with field soil or soil from the same plot after it had been heated at 80°C for 45 minutes. 
The moisture content of the soils was about 18%, and each vial contained the equivalent of 25 g dry 
weight of soil. R. similis was retrieved from cultures maintained on sterile carrot tissue, 400 nematodes 
were added to the vials, and after 10 days at 26°C, nematodes were extracted using the method 
described above.  The number of R. similis retrieved from heated and untreated samples of each soil 
(NH and NU, respectively) was used to calculate the percentage suppressiveness [100 × (NH -NU)/NH], a 
measure of the capacity of R. similis to survive in the tested soils.   

Nematode-trapping fungi were quantified using a most probable number technique (Jaffee, 2003; 
Stirling et al., 2011). However, due to the time-consuming nature of this method, samples were only 
processed from plots that had grown Q208. For each of the 9 soil samples from this accession, three 
dilutions (1, 0.1 and 0.01 g soil) were plated onto five replicate Petri dishes containing ¼-strength corn 
meal agar. The first dilution was obtained by spreading 1 g soil on a plate, while the other dilutions 
were achieved by shaking 5 g soil vigorously in 10 mL water, diluting it 10-fold and then placing 0.2 mL 
of each dilution on the surface of each plate.  About 400 bacterial-feeding rhabditid nematodes were 
then added and plates were checked after 10, 14 and 22 days for the presence of nematode-trapping 
fungi. The most probable population density of each fungus was determined from tables in Meynell 
and Meynell (1970).  

Results 

Most sugarcane soils contain four or five genera of plant-parasitic nematodes, but seven genera were 
detected at this site, namely root lesion (Pratylenchus zeae); root-knot (Meloidogyne javanica); dagger 
(Xiphinema elongatum) ; stubby root (Paratrichodorus minor); stunt:  (Tylenchorhynchus sp.); spiral 
(Helicotylenchus dihystera) and an unidentified ring nematode in the family Criconematidae.  

Pratylenchus zeae, the most widespread nematode pest of sugarcane, was found in all plots and 
populations were sometimes very high. The highest population density (2460 nematodes/200 mL soil) 
was recorded on QN80-4367 grown with a high rate of N fertiliser. Sugarcane variety had a significant 
effect on lesion nematode populations, with KQ228 supporting significantly fewer P. zeae (472 
nematodes/200 mL soil) than the other four varieties (population densities ranging from 801 to 1213 
P. zeae /200 mL soil). 

Root-knot nematode, a particularly damaging nematode in light-textured soils, was also present. 
Although average numbers were relatively low (Table 2), populations in replicate 1 were particularly 
high in both the high and low N treatments, with three of the ten plots having counts ranging from 
1620 to 2310 nematodes/200 mL soil. Accession QN80-4367 supported the highest number of root-
knot nematodes, but due to variability across the trial site, population densities were not significantly 
higher than other accessions. 

Populations of other potentially damaging plant-parasitic nematodes were generally lower than the 
two nematodes discussed above, but about 25% of the plots had counts of stubby root or stunt 
nematode greater than 200 nematodes/200 mL soil. Dagger nematode was largely confined to the 
high N treatment in replicate 1, where population densities were generally between 50 and 100 
nematodes/200 mL soil. Ring nematode populations in some samples were as high as 120 
nematodes/200 mL soil, and given that this relatively immobile nematode is not readily extracted by 
the Whitehead tray method, populations are likely to have been 2-5 times higher than this.  
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Spiral nematode, one of the few plant-parasitic nematodes that is not very damaging to sugarcane 
(Cadet and Spaull, 2005), was detected in all plots. Population densities were often greater than 400 
nematodes/200 mL soil, and were sometimes greater than 2000 nematodes/200 mL soil. 

Analyses of the nematode data indicated that N inputs had significant effects on some components of 
the nematode community. From a plant parasite perspective, numbers of Pratylenchus and total 
numbers of plant-parasitic nematodes were significantly higher in the high than the low N treatment 
(Table 2). Total numbers of beneficial free-living nematodes were not affected by N inputs, but the 
higher nematode channel ratio in the high N treatment indicated that when N was applied, bacteria 
rather than fungi were the dominant component of the detritus food web. Nitrogen was also 
detrimental to omnivorous and predatory nematodes, as populations of both dorylaimids and 
mononchids were significantly lower in the high N treatment. 

 

Table 2 — The effect of two rates of N (160 or 40 kg N/ha/annum) for three years on some 
components of the nematode community in a sugarcane soil at Mackay, Queensland 

N input 

(kg/ha/y) 

Number of nematodes/200 mL soil Nematode 
Channel 

Ratio 

 Root lesion 

(Pratylenchus) 

Root-knot 

(Meloidogyne) 

Total 
PPN 

Omnivores 

(Dorylaimida) 

Predators 

(Mononchida) 

Total 
FLN 

 

160 1066 a 19 a 1931 a 43 a 8 a 1689 a 0.67 a 

40 610 b 10 a 1336 b 69 b 20 b 1945 a 0.50 b 

        

P <0.01 0.31 <0.05 <0.05 <0.05 0.08 <0.001 

Nematode counts were transformed [log10 (x+1)] prior to analysis by ANOVA. Back-transformed means are presented. 
Within columns, values followed by different letters are significantly different. 

Arthrobotrys thaumasia and A. conoides, two species of nematode-trapping fungi that capture 
nematodes using three-dimensional network traps, were recovered from the soil.  A. conoides was 
only detected occasionally, but the results for A. thaumasia suggested that it was adversely affected 
by N inputs. In the high and low N plots, and in the adjacent grassed area, its population densities 
were 4, 13 and 25 propagules/g soil, respectively. Regression analysis indicated that populations of A. 
thaumasia declined significantly as N inputs increased from 0 to 160 kg/ha/year (P = 0.03; R2 = 0.51). 

The results of a suppression test with R. similis indicated that the capacity of this plant-parasitic 
nematode to survive in soil was affected by N inputs. In the high and low N treatments, 18.5 and 39.4% 
fewer nematodes, respectively, were recovered from field soil than from the soil that had been 
partially sterilised by heat. This difference was significant, indicating that soil with high N inputs was 
not as suppressive as soil that had received a lower rate of N. 

In addition to the fungal data discussed above, nematode data were obtained from the grassed field 
adjacent the trial site. This area had higher numbers of P. zeae than sugarcane (1588 nematodes/200 
mL soil), and substantially higher populations of free-living nematodes (4525 nematodes/200 mL soil). 
The free-living nematode community was dominated by fungal-feeding nematodes (NCR = 0.46) and 
there were similar numbers of dorylaimids and mononchids to the adjacent sugarcane soils. In the 
suppression assay with R. similis, the level of suppressiveness in the grassland soil was 35%, a result 
that was similar to the low N treatment on sugarcane.  

Discussion 
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Soil nematode communities are comprised of members that feed on plants, bacteria, fungi, 
nematodes and other soil organisms. Since the population density of each of these trophic groups 
fluctuates in response to the availability of its food source, and is also influenced by the soil physical 
and chemical environment, nematodes are often used as biological indicators (Wilson and Kakouli-
Duarte, 2009). Nematode community analysis has previously been used to show the biological effects 
of introducing a fallow legume into the sugarcane farming system (Stirling et al., 2007), and this study 
showed that inputs of inorganic N also influence the soil biota.  

Our observations on the herbivorous component of the nematode community provided several lines 
of evidence to indicate that the biology of the soil at the trial site was in a poor condition. Firstly, about 
50% (and in some cases as many as 75%) of the nematodes present were plant parasites, a much 
higher percentage than is normally found in a healthy soil. Secondly, the two genera that dominated 
the trial soils (Pratylenchus and Meloidogyne) are considered serious pests of sugarcane worldwide, 
while four of the other nematodes (Xiphinema, Paratrichodorus, Tylenchorhynchus and the 
unidentified criconematid) are known to damage sugarcane in certain soils and environments (Spaull 
and Cadet, 1990; Cadet and Spaull, 2005).  Thirdly, the population densities of root-damaging 
Pratylenchus and Meloidogyne were very high, with most plots having many more nematodes than 
fields included in a previous study (Blair and Stirling, 2007), where yield responses to nematicides 
averaged 13%, but were sometimes as high as 44%. 

With regard to the effects of N, the results presented in Table 2 showed that populations of 
Pratylenchus were much higher in plots that had received high N inputs for three years.  One possible 
reason for this is that the heavily fertilised crop produced higher yields, and so more root biomass was 
available for the nematode to use as a food source. However, given the negative impact of N on 
predatory nematodes and nematode-trapping fungi, it is also possible that the regulatory services 
provided by these natural enemies were no longer operating effectively.  This hypothesis is supported 
by the results of the bioassay with R. similis, which showed that soil receiving 160 kg N/ha/year was 
not as suppressive to this nematode as soil receiving lower N inputs. 

Although the suppression test with R. similis indicated that the soil at the trial site was somewhat 
suppressive to plant-parasitic nematodes, this result should be treated with caution. Agricultural soils 
always contain some antagonists with the capacity to parasitize or prey on plant-parasitic nematodes, 
but this does not mean that their regulatory capacity is sufficient to reduce nematode populations to 
non-damaging levels. Recent work with the same bioassay has shown that levels of suppression may 
have to be as high as 85% before there is a major improvement in root health and a reduction in the 
number of plant-parasitic nematodes associated with sugarcane roots (Stirling et al., 2011). 

Observations on the free-living nematode community also showed that the high rate of N fertiliser 
had detrimental effects. The reduction in total numbers of free-living nematodes was almost 
significant (P=0.08), and since most of these nematodes were microbivores, this suggests that 
biological nutrient cycling processes may have been diminished, as they are dependent on bacteria 
and fungi being preyed on by nematodes, (Ingham et al., 1985; Ferris et al., 1997, 1998; Chen and 
Ferris 1999, 2000).  

The diminution of the fungal community by N inputs, as shown by an increase in the Nematode 
Channel Ratio, is also a concern from an environmental perspective.  Nutrients mineralise more slowly 
in systems dominated by fungi (Chen and Ferris, 1999), and N is more likely to be retained in soils with 
high fungal biomass (De Vries et al., 2011). Thus, a shift in the microbial community towards bacterial 
dominance, as was observed in the high N treatment in this experiment, is likely to increase the rate 
at which N is lost to the environment. 

Results obtained from soil under grass in an adjacent block that had not been fertilised or grown 
sugarcane for many years largely supported the observations made at the trial site. In the absence of 
N inputs, the trend towards greater numbers of free-living nematodes, a more fungal-dominant soil 
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biology and greater suppressiveness to plant-parasitic nematodes was also observed in the soil under 
grass. However, the greater numbers of Pratylenchus in the grass pasture is a conflicting result, 
perhaps because guinea grass is a better host of the nematode than sugarcane. 

In conclusion, the results of this study suggest that the biological changes that occur following high 
inputs of N are one of the reasons that populations of nematode pests are consistently high in 
Australian sugarcane soils.  Since N inputs are required to produce commercially acceptable sugarcane 
yields, our observations raise questions about how sugarcane should be fertilised to prevent adverse 
effects on soil biology. Some of the options that are available, or should be investigated, include (i) a 
greater emphasis on legume rotation crops in the sugarcane farming system; (ii) the use of legumes 
as an intercrop; (iii) improved management of crop residues so that more organic matter is available 
as an energy source for free-living N fixing bacteria; (iv) selection of varieties that yield well when N 
inputs are reduced; (v) increasing levels of soil organic matter so that greater levels of N are made 
available when N is mineralised through biological processes; and (vi) reducing the maximum 
concentrations of soluble N in soil by changing the sources and timing of fertiliser inputs, or the release 
rates of N fertilisers. None of these practices are likely to be effective on their own, but when used 
collectively, it should be possible to improve a soil’s biological status. This possibility warrants further 
investigation.  
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7.13.   Effect of pesticides on microarthropods in sugarcane soils 

 

Abstract. Three experiments were set up to determine whether two of the pesticides that are widely 
used in the sugarcane industry are detrimental to soil microarthropods. A particular focus was the 
effect of the pesticides on mesostigmatid mites, as they are nematophagous and help regulate 
populations of the nematode pests that cause damage to sugarcane. An experiment with liquid 
formulations of imidacloprid and bifenthrin was established at one site, while the effects of a 
controlled release formulation of imidacloprid were examined at two other sites. In the experiments 
where sugarcane was planted, the pesticides were applied to the planting furrow in a band 20 cm 
wide that was located 2-4 cm above recently-planted setts. Microarthropods were extracted from soil 
samples collected 9 weeks after the liquid formulations were applied and about 15 months after the 
experiments with a controlled-release formulation of imidacloprid were established. In all cases, the 
number and diversity of the microarthropods recovered from the samples was similar in pesticide-
treated and untreated plots. Also, populations of mesostigmatid mites and their nematode prey were 
not affected by either bifenthrin or imidacloprid. These results indicate that the non-target effects of 
imidacloprid and bifenthrin on soil microarthropods are negligible, possibly because the pesticides are 
applied in a band in the centre of the row and much of the profile (vertically and horizontally) remains 
as an untreated reservoir that can be used by the organisms as a safe refuge.  

 

Introduction 

Soil microarthropods, along with the fauna that coexist with them, provide a huge range of ecosystem 
services that help maintain the health and productivity of the soils used for agriculture. Some of the 
more important are that they consume microbes and other soil organisms and in the process enhance 
microbial activity, nutrient cycling and the availability of nutrients for plants; regulate populations of 
pests and pathogens, and improve the physical structure of soil and maintain its structural porosity 
(Bardgett, 2005). 

Despite the importance of microarthropods in maintaining the physical, chemical and biological health 
of soils, this group of small animals is largely ignored in agricultural systems. Instead, growers and 
their consultants focus on the small number of arthropods that feed on roots and cause crop losses. 
They then mitigate those pest problems by applying synthetic pesticides, even though they may have 
side-effects that are detrimental to the soil ecosystem as a whole. The target pest may be killed by the 
toxicant but non-target organisms that play an important role in the terrestrial ecosystem often suffer 
deleterious or deadly consequences from pesticides (Sanchez-Bayo, 2011). 

The Australian sugar industry provides a typical example of pesticide-based agriculture, as many 
chemicals are registered for use on sugarcane and several are widely used. A range of species of 
canegrubs in the genera Antitrogus, Dermolepida, Lepidiota and Rhopaea (Coleoptera: Scarabaeidae) 
destroy the roots of sugarcane and are considered the industry’s most significant economic pest. 
Monitoring programs are in place to predict the likelihood that grub infestations will cause economic 
losses, but control measures are largely based on insecticides. Imidacloprid is the most widely-used 
product and both liquid and controlled-release formulations are available. 

Several other soilborne arthropods are also widely distributed, but wireworms and symphylans are 
perhaps the most important pests. The sugarcane wireworm (Agrypnus variabilis) bores into the eyes 
of germinating setts and causes poor or patchy germination while symphylans (Hansiella spp.) feed on 
root tips, limiting root elongation and the growth of the root system. A range of insecticides are used 
for control but bifenthrin is registered for use against both pests. 
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Although both imidacloprid and bifenthrin are used extensively in sugarcane, their off-target effects 
have only been assessed in other crops. One study in turfgrass showed that imidacloprid caused short-
term suppression of earthworms and had a negative effect on predatory coleopteran larvae, but did 
not affect the abundance of ants, carabids, spiders or staphylinids (Kunkel et al., 1999). However when 
its long-term effects were examined in a six-year study, imidacloprid was found to suppress the 
abundance of Collembola and generalist predators in the Carabidae and Staphylinidae (Peck, 2009). 

Studies at two different coniferous forest sites in the USA also showed that imidacloprid can have a 
negative impact on soil microarthropods. At a low-elevation site that had relatively low levels of soil 
organic matter, imidacloprid concentrations at the 20-50 cm depth were negatively correlated with 
Collembola, oribatid, and mesostigmatid mites, and with total numbers of microarthropods. However, 
at another site with much higher levels of organic matter, the only negative correlation was with 
Collembola, suggesting that the chemical had been adsorbed by the organic matter and this may have 
helped to minimise its non-target effects (Knoepp et al., 2012).  

Very little is known about the non-target effects of bifenthrin, but a study on turfgrass showed that 
when it was applied with clothianidin it had a major impact on earthworms and temporarily reduced 
the abundance of some predator groups (Larson et al., 2012). However, pyrethroid insecticides such 
as bifenthrin are commonly found in agricultural and urban sediments and a review by Li et al. (2017) 
found that bifenthrin was particularly toxic to benthic invertebrates.  

Because soil microarthropods play an important role in regulating populations of pests, pathogens 
and other soil organisms, we were interested in determining whether imidacloprid and bifenthrin 
were detrimental to this group of beneficial organisms. Given that some formulations of imidacloprid 
used in the sugar industry release the active ingredient for periods of at least two years (Tucker et al., 
2015), we were concerned that controlled-release products containing this pesticide may have major 
effects on arthropods other than canegrubs. However, it was also possible that, because of the way 
imidacloprid and bifenthrin are applied in sugarcane, their effects would be negligible. Both pesticides 
are placed in a band at depths of 10-15 cm and so the organisms in the upper layer of the soil profile 
or the lateral parts of the bed are not directly exposed to either chemical. 

Given our recent work showing that mesostigmatid mites (Acari: Mesostigmata) play a role in 
regulating populations of nematode pests (Stirling et al., 2017), we were particularly interested to 
know whether the chemicals used against insect pests of sugarcane were detrimental to these and 
other nematophagous mites. Since a pesticide could have an indirect effect on these mites by reducing 
the number of nematodes available as a food source, we measured both nematode and 
microarthropod populations in this study. 

Materials and Methods 

Effects of liquid formulations of imidacloprid and bifenthrin 

The off-target effects of imidacloprid and bifenthrin were assessed in a sandy loam soil in a field at 
Bundaberg that had gown consecutive crops of soybean and field peas during the rotation phase of 
the cropping cycle. In early October 2015, sugarcane cv. KQ228A was planted in a furrow about 20 cm 
deep and the setts were covered with about 7 cm of soil. Two days later, three treatments 
(imidacloprid, bifenthrin and nil) were established in 12 replicate plots each 5 m long. The commercial 
pesticide formulations used were Nuprid (700 g/kg imidacloprid) and Web Zone (100g/L bifenthrin) 
and both were applied at maximum registered rates (11 g and 5.625 mL product/100 m of row, 
respectively). 

In plots treated with insecticide, about 5 cm of the soil covering the setts was raked away and 500 mL 
of water containing the appropriate amount of chemical was sprayed in a band 20-cm wide onto the 



Sugar Research Australia                                                                               Final Report – Project 2014/004 
 
 

149 

 

2 cm of soil remaining above the setts. The setts were then re-covered with the soil that had been 
raked away. Untreated plots were treated in the same way except that they only received water.  

Nine weeks after the experiment was established and just prior to the furrows being in-filled to re-
form the beds, soil samples were collected from the area next to where shoots had emerged. The 
upper 5 cm of soil in the furrow was removed with a spade and about 400 mL of soil was then collected 
from depths ranging from 2 cm above to 5 cm below where the setts were located. This process was 
repeated three times in the same plot so that about 1.6 L of soil was collected from each plot. Since 
the position of the setts was used to verify the sampling depth, the samples were taken from the zone 
immediately below where the pesticides were applied. 

Each soil sample was mixed gently and then sub-samples were taken to check for nematodes and 
microarthropods. Nematodes were extracted by spreading soil (200 g dry wt. equivalent) on a tray 
(Whitehead and Hemming, 1965) and were recovered after 2 days by sieving twice on a 38 µm sieve. 
Microarthropods were retrieved using the Tullgren funnel technique (Walter and Krantz, 2009). Two 
sub-samples from each plot (each 333 g moist wt. or 300 g dry wt. equivalent) were placed on funnels 
and microarthropods were collected in vials containing 70% EtOH.  

Experiments with a controlled-release formulation of imidacloprid 

Two experiments were established in clay loam (ferrosol) soils at Bundaberg. The field used for the 
first experiment had grown peanut and soybean for the previous two years and on 1 September 2015, 
sugarcane setts were planted in a furrow and covered with 5-7 cm of soil. Two days after planting, 
plots 6 m long were marked out to accommodate an experiment with two treatments (imidacloprid 
and nil) x 10 replicates. 

SuSCon maxi Intel (50 g/kg imidacloprid) was applied by removing most of the soil covering the setts 
and spreading the granules in a band 20 cm wide at the maximum registered rate of 225 g/100 m of 
row. Soil was then raked back over the granules to cover them to a depth of about 4 cm. Untreated 
plots were treated in the same way except that granules were not applied. Since the furrows were 
later filled with soil during the hilling-up operation, the granules were eventually located about 18 cm 
below the surface of the bed.  

The plant crop was harvested after 12 months and when the first ratoon was 3 months old (i.e. 15 
months after the experiment was established), soil samples were collected from each plot. The 
sampling method was the same as the previous experiment except that samples were obtained from 
two randomly-selected points in each plot and two depths were sampled: 5-15 cm and 15-25 cm. 

The second experiment was established in a neglected sugarcane field that had not been disturbed 
for 7 years and was not irrigated. The sugarcane remaining in one part of a row was removed and 10 
plots were established by digging holes 20 x 20 x 20 cm at 1 m intervals along that row. The holes were 
then re-filled with soil and during that process half the plots received 0.475 g of imidacloprid granules 
(the equivalent of 225 g granules/100 m of row). The granules were mixed with the soil that was 
returned to a depth of 10-15 cm and a piece of Gutter Guard mesh was then placed over the treated 
soil to mark the depth of placement. Control plots were treated in the same way except that granules 
were not applied. After all holes were re-filled the surface of the soil was mulched with crop residues.  
Fourteen months after the experiment was established, about 1 L of soil was collected from each plot 
at three depths in the profile (5-10, 10-15 and 15-20 cm).  

Nematodes were extracted from the soil collected in both experiments using the method described 
previously. The extraction method for microarthropods was also similar except that the equivalent of 
500 g dry wt. of soil was added to a single funnel.  

Statistical analyses 
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Data were analysed by analysis of variance using Genstat 8, with a two-way analysis used when 
different depths were sampled. Nematode counts were transformed [log10 (no. nematodes + 1)] prior 
to analysis and back-transformed means are presented. Actual counts of microarthropods were 
analysed but for total microarthropods, log-transformed counts were also analysed. 

Results 

Effects of liquid formulations of imidacloprid and bifenthrin 

Populations of microarthropods at the experimental site were relatively low. Nevertheless, counts 9 
weeks after imidacloprid and bifenthrin were applied showed that the pesticides had not affected 
total numbers of microarthropods or any of the groups counted (Table 1). There was also no effect on 
the microarthropods capable of preying on nematodes (Table 1) or the plant-parasitic and free-living 
nematodes they used as a food source (Table 2). 

 

Table 1—Populations of various groups of microarthropods 9 weeks after liquid formulations of 
bifenthrin and imidacloprid were applied to a furrow where sugarcane had recently been planted 

Microarthropod group No. microarthropods/600 g soil 

 Untreated Bifenthrin Imidacloprid 

Total microarthropods 57.1 56.4 73.7 

Collembola 8.0 5.5 2.3 

Oribatida 32.4 39.5 55.5 

Large Mesostigmata  0.3 0.3 0.6 

Rhodocarid guild 9.8 6.8 11.1 

Other arthropods 6.6 4.3 4.2 

Differences between treatments are not significant (P < 0.05) for any of the microarthropod groups. 

 

Table 2—Nematode populations 9 weeks after liquid formulations of bifenthrin and imidacloprid 
were applied to a furrow where sugarcane had recently been planted 

Nematode No. nematodes/200 g soil 

 Untreated Bifenthrin Imidacloprid 

Root-lesion (Pratylenchus zeae) 678 802 700 

Spiral (Helicotylenchus dihystera) 233 239 316 

Stunt (Tylenchorhynchus annulatus) 399 365 386 

Total plant-parasitic nematodes 1614 1503 1644 

Total free-living nematodes 1432 966 986 

Differences between treatments are not significant (P < 0.05) for any of the nematodes. 

 

Experiments with a controlled-release formulation of imidacloprid 

In the first experiment, where imidacloprid granules were applied prior to planting sugarcane, the 
results suggested that imidacloprid had little impact on total microarthropods or any of the 
microarthropod groups. This was confirmed when the data were analysed by two-way analysis of 
variance, as the only significant pesticide effect was higher numbers of ‘other arthropods’ in soil 
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treated with imidacloprid (Table 3). The total number of microarthropods in the upper part of the 
profile (5-15 cm) was greater than at 15-25 cm, but the depth effect was not significant (Table 3). 
However, it was significant when the analysis was repeated using log-transformed data. 

 

Table 3—Main effects of pesticide treatment and depth in the soil profile on populations of various 
groups of microarthropods 15 months after granules of a controlled-release formulation of 

imidacloprid were added to soil at a depth of 18 cm 

Microarthropod group No. microarthropods/500 g soil 

 Pesticide treatment Depth 

 Untreated Imidacloprid 5-15 cm 15-25 cm 

Total microarthropods 124 a 173 a 199 a 99 a 

Collembola 8 a 7 a 10 a 5 b 

Oribatida  100  a 147 a 169 a 78 a 

Large Mesostigmata  3 a 2 a 3 a 2 b 

Rhodocarid guild 6 a 6 a 6 a 6 a 

Other arthropods 8 b 12 a 11 a 8 b 

The treatment x depth interaction was not significant for any parameter. For each pesticide treatment or depth 
comparison, means followed by the same letters are not significantly different (P<0.05). 

 

The nematode community at this site was dominated by reniform nematode (Rotylenchulus parvus) 
but relatively high numbers of free-living nematodes were also present (Table 4). Analyses of the 
nematode data indicated that treatment effects were not significant but there were trends suggesting 
there were more root-lesion nematodes (Pratylenchus zeae) and fewer free-living nematodes in 
imidacloprid-treated plots than the untreated control. Also, there were fewer plant parasites and 
more free-living nematodes in the upper than lower part of the soil profile and these depth effects 
were sometimes significant (Table 4). 

 

Table 4—Main effects of pesticide treatment and depth in the soil profile on nematode population 
densities 15 months after granules of a controlled-release formulation of imidacloprid was 

incorporated into soil prior to planting sugarcane 

 Nematodes/200 g soil 

 Pesticide treatment Depth 

 Untreated Imidacloprid 5-15 cm 15-25 cm 

Rotylenchulus parvus 2811 a 2917 a 2259 b 3621 a 

Pratylenchus zeae 223 a 328 a 219 a 335 a 

Helicotylenchus dihystera 6 a 2 a 3 a 4 a 

Total free-living nematodes 1781 a 1369 a 1753 a 1395 a 

The treatment x depth interaction was not significant for any parameter. For each treatment and depth comparison, 
means followed by the same letters are not significantly different (P<0.05). 
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The microarthropod data from the second experiment were highly variable and when the data were 
analysed the effects of depth and pesticide treatment were not significant for any of the parameters 
assessed (Table 5). The nematode community at this site was quite different from that at the other 
sites, as relatively few plant parasites were present and there was an average of 1 761 free-living 
nematodes/200 g soil across all treatments and depths. Analyses of the data showed that treatment 
and depth in the soil profile had no significant effect on either group of nematodes (Table 6). 

 

Table 5—Populations of various groups of microarthropods in untreated and pesticide-treated soil at 
three depths in the soil profile 14 months after granules of a controlled-release formulation of 

imidacloprid were incorporated into soil at a depth of 10-15 cm 

Microarthropod group No. microarthropods/500 g soil 

 Untreated Imidacloprid 

 5-10 cm 10-15 cm 15-20 cm 5-10 cm 10-15 cm 15-20 cm 

Total microarthropods 70 90 77 116 38 77 

Collembola 5 2 5 10 0 3 

Oribatida  52 74 64 73 25 67 

Large Mesostigmata 7 5 2 3 2 1 

Rhodocarid guild 0.2 0 0 0.4 0 0.2 

Other arthropods 6 9 5 29 11 5 

Differences between treatments were not significant (P < 0.05) for any of the microarthropod groups. 

 

Table 6—Populations of various nematode groups in untreated and pesticide-treated soil at three 
depths in the soil profile 14 months after granules of a controlled-release formulation of 

imidacloprid were incorporated into soil at a depth of 10-15 cm 

Nematodes No. nematodes/200 g soil 

 Untreated Imidacloprid 

 5-10 cm 10-15 cm 15-20 cm 5-10 cm 10-15 cm 15-20 cm 

Pratylenchus zeae 11 8 13 5 8 5 

Helicotylenchus dihystera 14 15 13 29 17 19 

Total plant parasites 52 55 52 72 69 89 

Total free-living 1828 1815 1717 1931 1769 1534 

Differences between treatments were not significant (P < 0.05) for any of the nematodes. 

 

Discussion 

Although literature cited in the introduction to this paper indicated that imidacloprid and bifenthrin 
can sometimes have negative effects on soil microarthropods, our results provided no evidence to 
indicate that this occurs in sugarcane soils. Total numbers of microarthropods and the population of 
various microarthropod groups were not reduced when these pesticides were applied as liquid 
formulations and the same result was obtained in two experiments with a controlled-release 
formulation of imidacloprid.  
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The two experiments with a controlled-release formulation of imidacloprid were sampled at different 
depths because we thought that if the chemical was detrimental to microarthropods, any detrimental 
effects would most likely be seen in the zone where the granules were placed. However, no such 
effects were observed, suggesting that at the application rate registered for canegrub control, 
imidacloprid has little impact on the microarthropods that inhabit cane-growing soils. 

Although our results suggest that the non-target effects of imidacloprid and bifenthrin are negligible, 
this does not necessarily mean that the chemicals are not toxic to microarthropods. When used to 
control canegrubs, wireworms and symphylans, both chemicals are applied in a band 15-20 cm wide 
that eventually finishes up 15-20 cm below the soil surface following the hilling operation. Thus, much 
of the profile (vertically and horizontally) remains as an untreated reservoir into which 
microarthropods can move. This means that if the chemicals did have sub-lethal effects, any 
microarthropods in the treated zone would be able to access large volumes of pesticide-free soil. 

One reason for undertaking this study was to assess the effects of imidacloprid and bifenthrin on the 
microarthropod predators that help regulate nematode populations. Mesostigmatid mites are the 
most specialised predators of nematodes and, although they were only a small component of the 
microarthropod community at the three study sites, our results indicated that their population density 
was not affected by either pesticide. Similar results were obtained for the Oribatida and the 
Cunaxoidinae (Acari: Prostigmata: Cunaxidae), two other microarthropod groups that sometimes prey 
on nematodes. Since populations of free-living and plant-parasitic nematodes were not affected by 
either bifenthrin or imidacloprid, our results also showed that the pesticides were unlikely to indirectly 
affect their microarthropod predators by depleting their food sources. 

Given that soil microarthropod populations are highly variable (with this study being no exception), 
we are reluctant to conclude that imidacloprid and bifenthrin have no detrimental effects on the 
microarthropod community in sugarcane soils. Nevertheless, if such effects do occur, they will be quite 
subtle and are likely to be localised to the relatively small region where the pesticides are applied.  
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7.14.   Plant-parasitic and free-living nematodes on sugarcane in north Queensland    

 

Abstract.  Surveys of north Queensland sugarcane soils indicated that root-lesion nematode 
(Pratylenchus zeae) was the most important nematode pest because it occurred in most fields and 
was often present at high population densities. However, the presence of root-knot nematode 
(Meloidogyne spp.) in sandy soils and the relatively widespread distribution of moderately pathogenic 
nematodes such as stunt nematode (Tylenchorhynchus annulatus), stubby root nematode 
(Paratrichodorus minor), ring nematode (various Criconematidae)  and dagger nematode (Xiphinema 
elongatum) suggested that in most fields, several nematode species were feeding on roots and 
contributing to root health problems. With regard to the free-living nematode community, survey 
results showed that bacterial-feeding nematodes were much more common than fungal-feeding 
nematodes and numbers of omnivorous and predatory nematodes were relatively low. Collectively, 
these findings suggest that the biological status of many north Queensland sugarcane soils is relatively 
poor. In addition to having high numbers of plant-parasitic nematodes they have low numbers of 
fungal-feeding nematodes. This indicates that fungi are not an important component of the detritus 
food web and this has implications for the ecosystem services they provide: decomposition of 
recalcitrant forms of organic matter; aggregation of soil particles; enhancement of plant nutrient 
uptake; improvement of disease resistance in plants; and suppression of pests and pathogens. The 
lack of omnivorous and predatory nematodes also has implications for pest suppression, as these 
nematodes help regulate populations of plant-parasitic nematodes. 

 

Introduction 

Plant-parasitic nematodes are important pests of sugarcane worldwide, with most cane fields infested 
with at least five pest species (Cadet and Spaull, 2005). In Australia, estimates obtained from 
nematicide trials suggest that nematodes are one of the sugar industry’s most important soilborne 
pests and are costing growers more than $80 million in lost production (Blair and Stirling, 2007). 
Previous surveys for these pests have focused on the Burdekin, central and southern cane- growing 
regions (Blair et al., 1999 a, b). Consequently, there is no published information on the occurrence and 
distribution of plant-parasitic nematodes in north Queensland, a region that consists of seven mill 
districts (from Ingham to Mossman) and covers about 38% of the sugarcane grown in Queensland.  

This paper provides data on the occurrence of plant-parasitic nematodes in north Queensland 
sugarcane soils. The data were obtained from three sources: 1) analyses of nematode diagnostic 
samples forwarded to Sugar Research Australia in the five years from 2012 to 2016; 2) nematodes 
found in a survey to determine whether Pasteuria, a bacterial biocontrol agent of nematodes, was 
present in north Queensland sugarcane fields; and 3) a survey in north Queensland that aimed to 
determine whether root health and suppressiveness to nematode pests varied with depth in the soil 
profile, as has been observed in the Bundaberg region of Queensland (Stirling et al., 2011). 
Observations on the free-living nematode community are also included because this group of 
nematodes help suppress soilborne pests and diseases (Stirling, 2014) and are useful environmental 
indicators (Stirling et al., 2007; Wilson and Kakouli-Duarte, 2009). 

Materials and methods 

Nematodes in diagnostic samples 

The nematode diagnostic service provided by Sugar Research Australia processes soil and root samples 
collected from trial sites and soil samples forwarded by growers and consultants. The database for the 
five years from 2012 to 2016 was searched for results from north Queensland and after trial samples, 
pre-plant samples and samples collected in the plant crop were discarded, a total of 93 samples 
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remained. Results from those samples are reported in this paper. Instructions for collecting the 
samples state that in each block of sugarcane, 12-15 cores should be collected at random from the 
edge of the row to a depth of 25 cm and a 500 g sub-sample forwarded to the laboratory for analysis. 
We have assumed that most of the samples were collected in this way. The first author processed the 
samples by spreading a weighed sample of soil (200 g dry weight equivalent) on a tray, incubating the 
samples for 4 days at 22-28°C and then retrieving the nematodes on a 38 µm-aperture sieve 
(Whitehead and Hemming, 1965). 

Plant-parasitic nematodes were counted by genus while free-living nematodes were subdivided into 
bacterivores (mainly nematodes in the Rhabditidae and Cepahalobidae, but also genera such as 
Plectus, Geomonhystera, Rhabdolaimus, Prismatolaimus, Teratocephalus and Alaimus); fungivores 
(Aphelenchus and Aphelenchoides); plant associates (fine-tailed Tylenchidae); omnivores 
(Dorylaimida); and predators in the Order Mononchida. Numbers of bacterivores (B) and fungivores 
(F) were used to calculate the Nematode Channel Ratio [B/(B+F)], which is an indicator of whether the 
main decomposition channel in the detritus food web is dominated by bacteria or fungi (Yeates 2003). 

A survey of nematodes in north Queensland 

Information on the distribution of Pasteuria in Queensland sugarcane fields has recently been 
published (Stirling et al., 2017) and in one component of that survey, 14 soil samples were collected 
in October 2014 from the two mill districts in the Herbert region. An additional set of 25 samples was 
collected in October 2016 from the five cane-growing regions in tropical north Queensland (around 
Mossman, Cairns, Innisfail and Tully, and on the Atherton Tableland). The fields selected were all in 
the latter stages of the crop cycle (4th or later ratoons) and each sample was a composite of about 15 
sub-samples taken at a depth of 0-15 cm. Samples were processed by the second author using the 
method described previously except that nematodes were retrieved after 2 days by sieving twice on 
a sieve with an aperture of 38 µm. In addition to checking for nematodes encumbered with Pasteuria 
endospores, plant-parasitic and free-living nematodes were counted and the latter group was also 
differentiated into microbial feeders, omnivores and predators. 

Nematode distribution with depth  

In June 2014, soil samples were obtained from 11 fields in north Queensland. All fields had clay loam 
or clay soils and contained second, third or fourth ratoon crops of sugarcane variety Q208A. At each 
site, soil was collected at depths of 0-5, 5-10 and 10-15 cm from a 15 x 15 cm site in the middle of a 
cane row. Thus, a total of 33 samples (11 sites x 3 depths) were collected and they were processed as 
described in the previous paragraph. Additionally, root biomass was measured and the roots in each 
sample were rated for the presence and functionality of fine roots using the following scale: 1= 
severely diseased, with no fine roots; 2= highly diseased, with fine roots erratically distributed and 
contributing <20% of total root length; 3= intermediate levels of disease, with fine roots contributing 
20-50% of total root length; 4= mainly healthy, with large numbers of  functional fine roots; 5= very 
healthy, with a uniform spread of functional fine roots contributing >90% of total root length (Stirling 
et al., 2011). 

Results 

Nematodes in diagnostic samples 

Seven plant-parasitic nematodes were detected in the samples, with Pratylenchus and 
Tylenchorhynchus the most commonly-occurring genera (Table 1). Pratylenchus was detected in all 
but one of the samples and its population density was consistently high. One field had a count of 
almost 5 000 Pratylenchus/200 g soil and 30% of the fields had counts >1 000.  

Counts of free-living nematodes were quite variable, as some samples had <100 nematodes/200 g soil 
and others had counts >5 000. In general, numbers were relatively low, as 34% of samples had <1 000 
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free-living nematodes/200 g soil and counts for 39% of the samples ranged from 1 000 to 3 000. The 
Nematode Channel Ratio was greater than 0.9 in one-third of the samples and the mean ratio was 0.8, 
indicating that the microbivorous nematode community in most soils was dominated by bacterivores. 
In samples with more than 500 free-living nematodes/g soil, an average of 5% and 3% of the 
nematodes were omnivores and predators, respectively. Plant associates were much more common 
as 11% of the free-living nematodes were in this group. However, they sometimes comprised 20-40% 
of the nematode community. 

 

Table 1—Occurrence and population densities of plant-parasitic nematodes (averaged across the 
fields in which the nematodes were detected) in 93 diagnostic samples from sugarcane fields in 

north Queensland 

Common 
name 

Genus Occurrence 

(% of fields) 

Nematodes/200 g soil 

   
Mean Highest 

count 

Root-lesion Pratylenchus  99 942 4981 

Spiral Helicotylenchus  75 317 1669 

Stubby Paratrichodorus  43 106 613 

Ring Family Criconematidae 40 71 418 

Stunt Tylenchorhynchus  84 281 2156 

Root-knot Meloidogyne  47 235 1896 

Dagger Xiphinema 24 43 152 

 

A survey of nematodes in north Queensland 

The plant-parasitic nematodes detected in samples from the Herbert and tropical north Queensland 
are listed in Table 2. The nematodes present were similar to those obtained in the diagnostic samples 
but the results for the two most important nematode pests of sugarcane deserve some comment. 
Root-lesion nematode was ubiquitous and its population densities were sometimes extremely high, 
with two fields near Cairns having population densities greater than 5 000/200 g soil. Root-knot 
nematode was not as widespread, largely because many of the samples came from heavy-textured 
soils. Nevertheless, it was relatively common in sandy loam soils and was present at high population 
densities (>1 000 nematodes/200 g soil) at two sites in the Herbert and one in the Mossman mill 
district. 

Although the survey covered only a limited number of fields, there appeared to be differences in the 
range of plant-parasitic nematodes present in the northern and southern part of the region. A pin 
nematode was reasonably common in the Herbert but was not detected in the north, while 
Rotylenchulus parvus and Achlysiella williamsi were only detected in the north. 

Populations of free-living nematodes were relatively high in both parts of the region, but this 
component of the nematode community was primarily composed of bacterivores and fungivores. 
Populations of omnivores were usually very low but reasonable numbers of predators in the family 
Mononchidae were sometimes observed. These predatory nematodes were most common in the Tully 
and Innisfail mill districts where they sometimes accounted for 5-15% of the nematode community. 
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Table 2—Occurrence and population densities of plant-parasitic and free-living nematodes 
(averaged across the fields in which the nematodes were detected) in 39 north Queensland 

sugarcane fields (25 in the northern part of the region and 14 in the Herbert) 

Common 
name 

Scientific name Occurrence 

(% of fields) 

Nematodes/200 g soil 

   
 Mean Highest count 

  
North Herbert North Herbert North Herbert 

Root-lesion Pratylenchus zeae 100 100 853 316 6500 940 

Spiral Helicotylenchus dihystera 84 88 163 118 1299 370 

Stubby Paratrichodorus minor 32 41 33 69 160 180 

Ring Family Criconematidae 76 41 46 25 192 64 

Stunt Tylenchorhynchus annulatus 44 76 145 85 481 370 

Root-knot Meloidogyne spp. 40 47 229 502 1225 1920 

Dagger Xiphinema elongatum 52 24 49 26 263 42 

Reniform Rotylenchulus parvus 8  960  1041  

- Achlysiella williamsi 8  41  46  

Pin Gracilacus sp. 
 

59  177  750 

Free-living 
 

100 100 2786 5409 11520 13350 

 

Nematode distribution with depth  

Observations of the roots collected from 11 fields at three different depths in the profile 
showed that the fine root rating was always highest in the surface soil and declined with depth. Fine 
root ratings (averaged across all fields and depths) were 3.4, 1.0 and 1.1 at 0-5, 5-10 and 10-15 cm, 
respectively. 

Eight plant-parasitic nematodes were detected in the samples but root-lesion nematode (Pratylenchus 
zeae) was the only nematode present in every field (Table 3). Spiral and ring nematodes were also 
relatively common, as they were found in 9 of the 11 fields sampled. Root-lesion nematode was the 
dominant plant parasite as its population densities at all depths were usually higher than the other 
nematodes. The high numbers of spiral nematode, as recorded in Table 3 at a depth of 0-5 cm, is 
somewhat misleading, as this figure was magnified by an extremely high count (more than 12 000 
nematodes/200 g soil) at one site on the Atherton Tableland. 

Numbers of free-living nematodes were consistently higher in surface soils than at depth (Table 3). 
However, almost all of these nematodes were microbivores and plant associates. Numbers of 
omnivorous and predatory nematodes were on average less than 4% of the nematode community, 
regardless of depth. 

 

 

 

Table 3—Mean population densities of free-living and plant-parasitic nematodes at three depths 
(averaged across the fields in which the nematodes were detected) in 11 north Queensland 

sugarcane fields 
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Common 
name 

Scientific name Occurrence 
(% of fields) 

Nematodes/200 g soil 

   
0-5 cm 5-10 cm 10-15 cm 

Root-lesion Pratylenchus zeae 100 625 920 888 

Spiral Helicotylenchus dihystera 82 1944 357 244 

Ring Family Criconematidae 82 376 170 101 

Stubby Paratrichodorus minor 45 334 351 241 

Stunt Tylenchorhynchus annulatus 45 91 247 119 

Dagger Xiphinema elongatum 55 39 17 20 

Reniform Rotylenchulus parvus 18  48 202 

Root-knot Meloidogyne spp. 9 57   

Free-living - 100 3657 1548 1262 

 

Discussion 

The results presented in Tables 1-3 indicate that most of the nematode pests found on sugarcane in 
southern and central Queensland by Blair et al. (1999 a, b) also occur in north Queensland. However, 
our results also showed that some plant-parasitic nematodes recorded in the southern surveys were 
either absent, or not widely distributed in north Queensland. Reniform nematode (Rotylenchulus 
parvus) and one of the spiral nematodes (Rotylenchus brevicaudatus) are relatively common in some 
southern regions (e.g. Bundaberg) but were either not observed or rarely seen in the surveys reported 
here. 

Pratylenchus zeae is clearly the most important nematode pest in north Queensland as it was detected 
in nearly every field and was often present at high population densities. However, the presence of 
root-knot nematode in sandy soils and the relatively widespread distribution of moderately 
pathogenic nematodes (e.g. stunt, stubby, ring and dagger nematode) suggests that in most cane 
fields in north Queensland, several nematode species are feeding on roots and contributing to root 
health problems. 

We found one site on the Atherton Tableland with more than 12 000 spiral nematodes 
(Helicotylenchus dihystera)/200 g soil at a depth of 0-5 cm. However, this is not necessarily a concern 
as this species is relatively non-pathogenic and high population densities tend to be associated with 
high-yielding cane (Cadet et al., 2002). 

Although the results presented in Tables 2 and 3 were obtained from only 50 fields, the much more 
frequent occurrence of ring nematode in north Queensland compared with southern cane-growing 
regions raises questions about its importance in the tropics. These highly annulated nematodes are 
very slow-moving and are not readily extracted with the tray method used in these studies. If 
population densities had been measured with a method capable of extracting inactive nematodes 
from soil (e.g. a centrifugal floatation method), the ring nematode count is likely to have been 5-15 
times higher. Given that very high numbers of ring nematode are likely to occur in some north 
Queensland cane fields, further research on this group of nematodes should be undertaken. 
Populations must be measured using appropriate extraction techniques and the pathogenicity of each 
species determined. Blair et al. (1999 a, b) found five criconematids in southern and central regions 
(Criconema talanum, C. xenoplax, C. caelata, Criconemella curvata and Ogma imbricatum) but 
taxonomic studies are required to determine whether the same species mix occurs in north 
Queensland.  
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The presence of Achlysiella in one of our samples also raises questions about the distribution of this 
species. A. williamsi was known to be present on sugarcane in north Queensland in the 1980s (McLeod 
et al. 1994; KJ Chandler, personal communication) and has also been found in Mackay (McLeod et al., 
1994). However, its distribution in Queensland has never been determined. Since it occurs on 
sugarcane in New Guinea (Hunt et al., 1989), it is possible that the tropical environment in north 
Queensland is ideal for this nematode. 

Rotylenchulus reniformis is another plant-parasitic nematode on which further work is justified. 
Although it was not detected in the surveys reported here, this reniform nematode species was found 
by the second author at a relatively high population density (2 600 nematodes per 200 g soil) in a 
diagnostic sample from a field north of Cairns that had recently been fallowed following sugarcane. 
Although it is related to R. parvus, a relatively non-pathogenic species that commonly occurs on 
sugarcane, R. reniformis is likely to be more damaging. It is a serious pest of pineapple, cotton, sweet 
potato and many other crops in tropical regions of the world and since sugarcane is a known host 
(MacGowan, 1977), its distribution and pathogenicity on sugarcane should be determined.  

In the survey in which soil was sampled at three different depths, root health was assessed using a 
fine-root rating. Those results indicated that root health was poor, particularly in the 5-15 cm zone of 
the soil profile. Since populations of P. zeae at this depth were consistently high, this nematode would 
have been partly responsible for the damage observed. However, other root pathogens, particularly 
those that are active in wet soils, are also likely to have been contributing because samples were 
collected after 8 weeks of consistently wet weather. 

Results from the depth survey also showed that numbers of free-living nematodes were high in the 
surface soil and declined with depth. This depth distribution is commonly observed in sugarcane soils 
(Stirling, 2017) and reflects the fact that the biomass of the microbes consumed by bacterial and 
fungal-feeding nematodes is influenced by soil carbon levels that vary with depth. Since microbivorous 
nematodes mineralise nutrients from the bacteria and fungi they use as a food source (Ingham et al., 
1985; Ferris et al., 1998; Chen and Ferris, 1999), their presence in surface soils is one of the reasons 
that root health is better than further down the profile. 

When the composition of the free-living nematode community is considered, two important 
observations were made: 1) bacterial-feeding nematodes were much more common than fungal-
feeding nematodes and 2) numbers of omnivorous and predatory nematodes were relatively low. 
Both of these findings suggest that from a biological perspective, many north Queensland sugarcane 
soils are in poor condition. Low numbers of fungal-feeding nematodes indicate that fungi are no longer 
an important component of the detritus food web and this has implications for the ecosystem services 
they provide: decomposition of recalcitrant forms of organic matter; aggregation of soil particles; 
enhancement of plant nutrient uptake; improvement of disease resistance in plants; and suppression 
of pests and pathogens (Stirling, 2014; Stirling et al., 2016). The lack of omnivorous and predatory 
nematodes also has implications for pest suppression, as these nematodes help regulate populations 
of plant-parasitic nematodes (Yeates and Wardle, 1996). 

Collectively, the results presented in this paper suggest that the biological health of north Queensland 
sugarcane soils is relatively poor. That conclusion is based on the fact that in most soils, populations 
of plant-parasitic nematodes were relatively high while the free-living nematode community was 
dominated by bacterial-feeding nematodes and contained relatively few omnivorous and predatory 
nematodes. Unpublished results from the four north Queensland sites included in a study that 
compared cane-growing soils with soils under grass pasture (Stirling et al., 2010) also indicated that 
the biological health of sugarcane soils was much worse than adjacent soils under pasture. Minimising 
tillage, reducing compaction, maintaining a permanent cover of crop residues, reducing pesticide 
inputs and improving nitrogen management may improve the situation (Stirling et al., 2016) but 
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ultimately, the only way to obtain a balanced nematode community is to increase levels of soil organic 
matter and restore the suppressive services that have been lost from sugarcane soils. 
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8.   TRAINING PROGRAM 

8.1.     Details of the training program and its outcomes 

One important objective of this project was to provide capacity building for the sugar industry by 
mentoring and training two scientists in nematology and soil biology. Dr Shamsul Bhuiyan (Sugar 
Research Australia) and Dr Jay Anderson (The University of Queensland) commenced their training 
program in July 2014 and during the next 12 months they read a book that was written by the project 
leader and is cited below.  At regular intervals during the year they met with Dr Stirling, learnt about 
the bacteria, fungi, nematodes and microarthropods that parasitise or prey on nematodes; discussed 
the content of each chapter in the book and answered questions on a range of topics. 
 
Stirling GR (2014). Biological Control of Plant-parasitic Nematodes: Ecosystem Management in 
Sustainable Agriculture. CAB International, Wallingford. 536 pp. 

 
After the initial training program was completed, a decision was made to focus the research 
component of the program on Pasteuria, a bacterial parasite of nematodes. Some of the biocontrol 
work was conducted at SRA, Woodford and details of the experiments and bioassays carried out 
during the project, together with the results obtained, can be found in the two papers included in 
sections 7.10 and 7.11 of this report. The outcomes of this work were significant because the results 
showed that Pasteuria has the potential to play a major role in controlling root-knot and root-lesion 
nematodes, the two most important nematode pests of sugarcane.  

 

8.2.   Development of molecular methods of quantifying Pasteuria penetrans in soil 

In another component of the training program, Dr Anderson attempted to develop a molecular assay 
to quantify P. penetrans in soil. Although the funds available were insufficient complete the work, 
significant progress was made and the results are summarised below.  

 DNA was extracted from endospores of Pasteuria penetrans and genus-specific primers 39F 
and 1166R were used to amplify the 16S rRNA region. A 1.4kb product provided the sequence 
data for the design of qPCR primers.  Two of the five primer sets (PpJMA2 and PpJMA5) 
returned BLAST searches specific to P. penetrans, with both matching six isolates of P. 
penetrans obtained from Meloidogyne arenaria in Florida. 

 The specificity of the newly-designed primers was examined using sugarcane soils in which 
Pasteuria endospores had been observed on various nematode genera. Pasteuria was 
successfully amplified in all of the soils, including those where root-knot nematode was 
absent, suggesting that the primer sets were detecting species or strains of Pasteuria other 
than P. penetrans. 

 Potting medium was seeded with a range of endospore suspensions and used to develop 
standard curves for quantification of P. penetrans. However, this was not successful because 
the DNA extraction was undertaken with only 0.25g of soil and minor differences in extraction 
efficiencies or handling errors are magnified with very small samples. 

 In an attempt to overcome the sample size problem, soil samples were forwarded to SARDI 
and DNA was extracted from 500 g samples using its PreDicta system. However, due to time 
constraints at the end of the project, the samples could not be subjected to qPCR.  

 
Current methods of detecting Pasteuria are time consuming and relatively inefficient, as nematodes 
must be extracted from soil and checked under a microscope to determine whether they are 
encumbered with endospores. Genus-specific and species-specific molecular tests would provide a 
much quicker and more reliable way of detecting and quantifying Pasteuria and the best way of 
developing such tests would be to use the PreDicta system developed by SARDI.  Thus, it is logical to 
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integrate the work done by Dr Anderson into a new PreDicta S project that may soon be funded by 
SRA. The objectives of any future studies would be to: 

 Carry out qPCR assays on samples that have already been processed by SARDI and develop 
standard curves that relate DNA readings to endospore concentration.  

 Assess the specificity of the assay and then collaborate with SARDI to develop genus –specific 
and species-specific assays for Pasteuria. 

 Compare the efficacy of PreDicta tests for Pasteuria with manual methods of detecting the 
bacterium. 

 Confirm that the test can be used to quantify endospore concentrations in soil. 
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