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Abstract. 

Beneficial invertebrates (predators and parasitoids) can make significant contributions 

to the suppression of insect pest populations in many cropping systems. In Australia, 

natural enemies are incorporated into integrated pest management programmes in 

cotton and horticultural agro-ecosystems. They are also often key components of 

effective programmes for the management of insect pests of grain crops in other parts 

of the world. However, few studies have examined the contribution of endemic 

natural enemies to insect pest suppression in the diverse grain agro-ecosystems of 

Australia. The potential of these organisms is assessed by reviewing the role that 

natural enemies play in the suppression of the major pests of Australian grain crops 

when they occur in overseas grains systems or  other local agro-ecosystems. The 

principal methods by which the efficacy of biological control agents may be enhanced 

are examined and possible methods to determine the impact of natural enemies on key 

insect pest species are described. The financial and environmental benefits of 

practices which encourage the establishment and improve the efficacy of natural 

enemies are considered and the constraints to adoption of these practices by the 

Australian grains industry are discussed. 

 

Introduction 

Beneficial invertebrates include predators, parasitoids and herbivores that contribute 

to increasing or maintaining crop yields by suppressing pest insect or weed 

populations. Parasitoids, predators and entomopathogens are significant components 

of integrated pest management (IPM) strategies for insect and mite pests in many 

agricultural systems throughout the world, while invertebrate herbivores and plant 

pathogens have been utilised for the biological control of various weeds.  
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The four strategies of biological control can be classified as conservation, classical, 

inundation and inoculation (Eilenberg et al. 2001). Historically, the success rates of 

classical biological control programmes, which introduce beneficial organisms to 

control exotic pests, have been relatively low for pest insects and only 10% of 

introductions have been considered successful (Greathead and Greathead 1992, Gurr 

et al. 2000). Further, use of natural enemies for pest suppression has often been 

hindered due to the delay in their impact and the variability in efficacy. Consequently, 

ecological studies of the system into which the organisms are introduced, 

investigations of pest and natural enemy biology in these systems and management 

strategies that may increase the survival of both exotic and endemic natural enemies 

are required in order to improve success rates and increase the efficacy of endemic 

beneficial species.  

 

While several agricultural systems in Australia currently utilise biological control as 

part of a formulated IPM strategy (e.g. cotton, citrus and various vegetable agro-

ecosystems), pest management in Australian grain crops still relies predominantly on 

chemical control. IPM strategies employed by Australian cotton growers were 

introduced primarily to control lepidopteran pests, in particular Helicoverpa spp. The 

implementation of these strategies has resulted in a reduction of up to 80% in 

pesticide applications (Fitt and Wilson 2005, Knox et al. 2006). However, due to 

increased pressure by hemipteran pests, the pesticide inputs have recently begun to 

increase. Currently, IPM strategies utilised by cotton growers include the 

incorporation of transgenic Bt cotton varieties with selective insecticides, while 

habitat diversity is promoted to encourage establishment of natural enemies (Fitt 
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2000, Mensah 2002). Compared with Australian cotton agro-ecosystems, Australian 

grain growing agro-ecosystems are extremely diverse and the crops, which include 

cereals, oilseeds, and pulses, often in rotation with lucerne-pasture, are attacked by a 

wide range of pests which vary in prevalence and importance between geographical 

and climatic zones (Table 1). Further, crops are grown in a variety of rotation plans 

and cultivated over vast tracts of land. This diversity complicates the formulation of 

IPM strategies and any tactics which are developed will need to be crop and region 

specific.  

 

Since beneficial invertebrates represent the cornerstone of IPM, it is important to 

understand how they may be effectively incorporated into IPM strategies. Although 

some of the natural enemies attacking the many pests of grain crops are well known 

(Table 2), little specific information on the impact of these organisms on pest 

populations in Australian grain crops is available. This paper examines strategies from 

other cropping systems which integrate natural enemies into IPM programmes for 

pests which are common to grains and these cropping systems in Australia, and draws 

on overseas experiences of incorporating natural enemies into IPM strategies for grain 

crops. 

 

Conservation Biological Control 

Conservation biological control strategies are designed to improve the impact of 

established natural enemies on pest populations (Holland and Thomas 1997, Furlong 

et al. 2004a, Agarwal et al. 2007). Approaches include manipulating the environment 

to increase habitat diversity, and/or reducing the non-target effects of pesticides (Gurr 

et al. 2004). 
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Habitat manipulation 

Australian grain crops are essentially monocultures that may cover tens to hundreds of 

hectares. Habitat diversification by the incorporation of appropriate plants species can 

lead to an increase in the number of natural enemies as a result of the provision of 

extra resources such as nectar and pollen and alternative hosts or prey, as well as sites 

for shelter (Landis et al. 2005). Since generalist predators are rarely randomly 

distributed, diversification of vegetation in field edges and consideration of adjacent 

crops can have an influence on within-field predator abundance (Pearce and Zalucki 

2006). Such approaches have led to the suppression of pests below economic 

thresholds and increased crop yield or quality in grain crops in India (Gowda et al. 

2004) and Africa (Khan and Pickett 2004, Munyuli et al. 2007), as well as in cotton 

crops in Australia (Mensah 2002). However, indiscriminate changes to simply 

increase habitat diversity can also result in yield losses or little direct benefit (Baggen 

and Gurr 1998, Lale and Sastawa 2000, Moreau et al. 2006, Songa et al. 2007), and 

careful consideration of the potential detrimental effects of habitat manipulation is 

essential. 

 

Habitat manipulation can range from local, within-paddock changes to landscape level 

diversification (Gurr et al. 2003). Alternative habitats within or close to a paddock 

may facilitate dispersal of the natural enemies into the crop. However, dispersal is 

also affected by the movement capability of specific natural enemies, and evaluations 

of complex versus simple landscapes have shown that landscape heterogeneity within 

distances of several kilometres can increase parasitoid activity in crops (Marino and 

Landis 1996, Thies and Tscharntke 1999). Conservation corridors of diverse 
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vegetation may also assist the dispersal of natural enemies on a landscape scale 

(Marino and Landis 1996, Nicholls and Altieri 2004). 

 

Within-paddock manipulations that may enhance survival and activity of beneficial 

species include intercropping, companion planting, and use of non-crop vegetation as 

refuges or trap crops. The primary aim of these management tactics is to increase 

habitat diversity and overcome insect pest outbreaks associated with monocultures. 

 

Intercropping is the cultivation of two or more crops in the same field (Andrews and 

Kassam 1976), with the secondary crop usually sown in rows or strips interspersed 

within the main crop. A primary advantage of intercropping is that dispersal of natural 

enemies to the main crop is facilitated by the close proximity of appropriate refugia. 

To ensure maximum movement of natural enemies into the main crop, so that 

predation or parasitism rates reach their full potential, the optimum spatial 

arrangement of secondary crops needs to be established. In Australian cotton crops 

invertebrate predators were found to decline with increasing distance from lucerne 

strips, leading to the recommendation that intercropped lucerne strips should be 8-12 

m wide and planted 300 m apart (Mensah 1999). However, predator movement from 

sites in which their populations can build up still may not be sufficient to effect pest 

suppression in adjacent crops (Pearce and Zalucki 2005). 

 

One advantage of intercropping is that specific intercropped plants may attract natural 

enemies to the crop. In Africa, intercropping cereal crops with molasses grass 

(Melinis minutiflora) increased parasitism of stem-borers by Cotesia sesamiae (Khan 

et al. 1997). This was due to the volatile chemicals produced by the molasses grass 
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attracting the foraging parasitoids to the main crop. The plants chosen for 

intercropping, however, need to be carefully investigated as some may out-compete 

those of the main crop for water and/or nutrients, and result in reduced crop yields 

(Bajwa and Kogan 2004, Songa et al. 2007). In addition, regrowth after harvesting of 

one crop may result in an increase in pest abundance (Bishop et al. 1980). 

 

Intercropping can utilise crop or non-crop plants, sown in close proximity to the main 

crop, to provide shelter or nutritional resources for natural enemies. In wheat crops in 

New Zealand sowing phacelia (Phacelia tanacetifolia) within the cereal crop provides 

a source of pollen for adult hoverflies, the larvae of which prey upon aphids (Hickman 

and Wratten 1996). However, certain species of companion plants, while increasing 

the fitness of predators and parasitoids, may also increase the fitness of the targeted 

herbivore which can result in greater yield losses (Baggen and Gurr 1998, Lavandero 

et al. 2006). Further, some companion plant species have the potential to develop into 

weeds which could subsequently require control measures. 

 

Companion planting may be extended from the paddock scale to the farm scale as 

advantages can be achieved by planting particular crops next to each other. Canola, 

with its provision of nectar and pollen, can enhance biological control by parasitoids 

and predators, such as hoverflies, in adjacent cereal crops (Bowie et al. 1999). 

However, these effects may be limited to the perimeter of the crop as natural enemies 

are often only more abundant in the field margins.  

 

Habitat diversity can be increased by planting perennial vegetation to form 

shelterbelts, hedgerows, conservation headlands and beetle banks (Gurr et al. 2004). 
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These potential refuges provide a constant source of shelter and resources, which are 

important in annual grain cropping systems like those found in southern Australia 

where paddocks have minimal vegetative cover over the hot, dry summer months. 

Refuges can be situated within the paddock, close to the crop to facilitate dispersal of 

the natural enemies, or around the field margins. Given that species diversity within 

the refuges and adjacent fields can increase with the age of the refuge (Frank 1997), 

these structures may need to be established for several years to achieve their full 

potential. In Australian grain agro-ecosystems, increasing the habitat diversity in field 

margins would probably be the favoured option by growers as it does not decrease the 

amount of land available for crop production, and may provide other advantages such 

as windbreaks.  

 

The reluctance of natural enemies to move from the resources provided by companion 

crops may limit the effectiveness of this technique. Natural enemies are usually more 

abundant in diverse habitats and tend to decrease towards the centre of monoculture 

crops (Frank 1997, Paoletti et al. 1997, Kiss et al. 1998, Mensah 1999, Kruess 2003, 

Tsitsilas et al. 2006, Munyuli et al. 2007). However, dispersal distance is dependent 

upon the movement capability of the natural enemy and permeability of the habitat 

(Frampton et al. 1995), while habitat preferences can also affect natural enemy 

distributions within more complex agro-ecosystems (Thomas et al. 1997, Öberg 

2007). Techniques employed to encourage natural enemies to disperse into crops 

include strip harvesting or slashing of a refuge crop such as lucerne (Hossain et al. 

2002, Mensah 2002), and luring predatory insects with food supplements (Mensah 

1997, 2002). Attractants such as pheromones (Powell 2000) and synthetic herbivore-

induced plant volatiles (Powell and Pickett 2003, James 2005, James and Grasswitz 
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2005) are also under investigation. The advantage of some of these compounds is that 

in addition to attracting parasitoids and predators they can also deter colonising pests 

such as aphids (Powell and Pickett 2003). 

   

Temporal, as well as spatial, variations in diversity can also impact upon the presence 

of beneficial invertebrates. Preceding crops can exert an influence on the composition 

of insect communities. Natural enemies were found to be more prevalent in wheat 

fields following maize crops than following alfalfa crops (Gallo and Pekar 1999), 

while beneficial insect abundance in a wheat agro-ecosystem decreased as the length 

of time since pasture increased (de la Fuente et al. 2003). Plant age and development 

stage can be a factor in the provision of resources and establishment of natural enemy 

populations. Consequently, the timing of companion plant sowing needs to be planned 

to ensure sufficient numbers of beneficial species have established and maximise their 

impact on pest species (Hooks and Johnson 2003). 

 

Crop Management 

Tilling, grass cutting, and mechanical weed control, can reduce invertebrate predator 

densities directly through mortality and the promotion of emigration, and indirectly 

via habitat destruction (Thorbek and Bilde 2004). These effects can be species-

specific, for example spiders are more susceptible to the mechanical disruption of 

their habitat than either carabid or staphylinid beetles (Thorbek and Bilde 2004). 

While alternatives to some of these management methods are impractical, tillage 

practices can be altered. Use of minimum or no-till practices increased the activity of 

both carabids and staphylinids in several wheat agro-ecosystems (Krooss and 

Schaefer 1998, Edwards et al. 1999, Andersen 2003). However, the concomitant 
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accrual of weeds and organic matter, likely the reason for the increased activity of 

predatory beetles, also favoured certain pest species, in particular field slugs, in some 

of these systems (Edwards et al. 1999, Andersen 2003). Nonetheless, for drier regions 

where slugs are not as prevalent, minimum tillage would be a beneficial practice, not 

only for natural enemies but also for conserving soil moisture. 

 

The burning of stubble residues is practiced in Australian grain agro-ecosystems 

primarily to assist in the mechanical sowing of crops, but also to help control weeds, 

insects and diseases. Most studies on stubble management have concentrated on soil 

nutrients and conservation, with minimal research on the impact of stubble retention 

on natural enemies. Retention of stubble, like minimum tillage practices, can increase 

organic matter in the short-term (Hoyle and Murphy 2006), and should favour an 

increase in the activity of generalist predators such as beetles and spiders. 

Consequently, if stubble is retained rather than burnt, these predators may be 

maintained in sufficient numbers to suppress pest infestations, especially if direct drill 

sowing is also utilised. However, Schaber and Entz (1994) found that spring and 

autumn burning of lucerne stubble had little effect on most predator populations. 

Current studies on the impacts of stubble burning on invertebrate populations in 

canola and wheat crops have been inconclusive (Holloway; Bowden, unpublished 

data), probably due to differences in the temperature and duration of the burns, as well 

as stubble load and proximity to potential sources of beneficial species.  

 

One positive aspect of retaining stubble in grain agro-ecosystems is that it provides 

ground cover and acts as a cover crop to produce more favourable microclimates for 

invertebrates, especially over the hot, dry summer. However, stubble retention may 
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also have a negative effect, since tillage and the removal of stubble can cause 

significant pupal mortality to Helicoverpa sp. (Rummel and Neece 1989, Schneider 

2003) and is known to assist in the control of several other pest species (Bajwa and 

Kogan 2004). 

 

Chemical Control 

The selection of an appropriate insecticide is a critical factor in conserving natural 

enemies within the agro-ecosystem. Broad-spectrum insecticides such as pyrethroids 

and organophosphates are commonly used by Australian grain growers to control the 

primary pests of Australian grain crops, particularly aphids and lepidopterous pests 

(Table 1). However, these chemicals can also disrupt predators and parasitoids and 

significantly inhibit their activity (Furlong et al. 2004a). This can be counter-

productive as natural enemy activity can make enormous contributions to pest control 

and, if managed effectively, contribute to pest control strategies resulting in equal or 

even superior yields to conventional management programmes (Östman et al. 2003, 

Furlong et al. 2004a). However, such strategies rely on the availability of effective 

natural enemies within the agro-ecosystem. Although many natural enemies of the 

major pests in Australian grain systems have been recorded (Table 2), details of their 

establishment and reliable measures of their capacity to effectively suppress pest 

species in Australian grains systems remain to be confirmed.  

 

Currently, several selective insecticide formulations which target specific pest groups 

and have minimal impact on beneficial species are available to grain growers (e.g. 

pirimicarb, indoxacarb, pyripoxifen). In addition, alternative plant protection 

products, including botanical extracts (e.g. neem seed, garlic, capsaicin and pine 
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extracts), biological insecticides (e.g. spinosad, and Bacillus thuringiensis products), 

semiochemicals (e.g. aphid sex pheromones acting as kairomones, and plant volatiles 

such as cis-jasmone), and microbial insecticides (e.g. formulations of nuclear 

polyhedrosis viruses and entomopathogenic fungi) are available or currently under 

investigation (Powell and Pickett 2003, Greenberg et al. 2005, Moreau et al. 2006, 

Cook et al. 2007).  

 

Application of insecticides as seed dressings can reduce non-target impacts of these 

chemicals within agro-ecosystems.  These systemic insecticides, applied to the seed 

prior to sowing, are designed to protect crops from certain pests, such as aphids, mites 

and wireworms, during the vulnerable germination and seedling stages. Since the 

chemical protection is targeted at the plant-insect interface, there is little or no effect 

on soil-dwelling predators (Altmann and Elbert 1992, Krauter et al. 2001). Transgenic 

crops, with introduced traits for insect and herbicide resistance, are another option that 

has the potential to reduce pesticide use (Kleter et al. 2007) and are likely to become 

more prominent in certain grain crops in the future. 

 

Based on grower surveys, broad-spectrum chemicals are the preferred pest control 

option of Australian grain growers. One reason for the reluctance to utilise selective 

chemicals is that these formulations are perceived to be more expensive than broad-

spectrum insecticides. Over longer timeframes, however, the use of selective 

insecticides allows natural enemy populations to build up, potentially enabling them 

to suppress pests at levels below the economic threshold. Consequently, this 

ecosystem service may reduce the number of sprays required, thus reducing the 

chemical input costs required.  
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The use of selective insecticides may have additional beneficial flow-on effects. An 

investigation of Australian apple orchards using IPM found that woolly aphid 

(Eriosoma lanigerum) infestations were maintained at low population densities 

without the need for chemical control (Nicholas et al. 2005). This was a direct 

consequence of altering the strategy to control another pest, codling moth (Cydia 

pomonella). By halting the use of broad-spectrum insecticides and changing to a 

management regime based on mating disruption and an insect growth regulator, 

natural enemy numbers, in particular the European earwig, were able to build up in 

sufficient quantities to suppress the woolly aphid population. A similar situation was 

reported in cotton and wheat fields in Sudan (Anon. 1999). When endosulfan was 

replaced by the more selective insecticide diafenthiuron in cotton crops, populations 

of spiders and ladybeetles built up and dispersed to adjacent wheat fields where aphid 

infestations were reduced by 20% (Anon. 1999). In Australian cotton crops beneficial 

insects were more abundant in fields sprayed with selective insecticides for 

lepidopteran pests than those with broad-spectrum treatments (Mansfield et al. 2006). 

Use of selective insecticides in these crops typically resulted in higher gross margins, 

despite the higher costs associated with these chemicals (Hoque et al. 2000). 

However, when the primary pest pressure was from mirids and other sucking insects, 

yields and gross margins were reduced, primarily because of the lack of target-

specific insecticides for these pests (Hoque et al. 2003).    

 

Inoculative and Inundation Biological Control 

Augmentative biological control approaches involve releasing mass-reared live 

biological control agents to control pests. These agents are used like a biological 
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pesticide and are released as a direct response to a pest problem. Inoculative releases 

are designed to result in the multiplication of the agent following release. The 

biological agents are generally released when pest numbers are still low in order for 

them to become sufficiently well established to rapidly respond to suppress the pest 

population (Eilenberg et al. 2001). Subsequent pest suppression below the desired 

economic threshold may occur over an extended period of time and always lags 

behind the release. Inundative releases are designed for short-term biological control 

and pest suppression is achieved by the released organisms themselves (Eilenberg et 

al. 2001).  

 

Many commercial insectaries provide a range of natural enemies (including 

predaceous mites, ladybeetles, lacewings, praying mantids and several parasitoid 

species) for release into crop systems. Probably the most widely used species are 

parasitoid wasps of the genus Trichogramma (Smith 1996). These species have been 

mass-reared and field released for the control of target lepidopterous pests in a 

number of crop and forest systems for over 70 years. The release of Trichogramma 

pretiosum for the biological control of Helicoverpa spp attacking sweet corn crops in 

the Lockyer valley in Queensland has been particularly successful (Scholz et al. 1998, 

Scholz 2000), and the parasitoid is now routinely recovered from a range of 

lepidopteran pests of horticultural and grains crops in the region (Liu et al. 2004).  

 

For a release to be successful it must occur at an appropriate time, when the host is 

present. Crop type and target host density are critical determinants of effective release 

rates (number of natural enemies per unit area). In Brazilian soybean crops, release of 

the parasitoid, Trissolcus basalis, at 15,000/ha, reduced the population density of the 
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stink bug, Nezara viridula, by 58% (Corrêa-Ferreira and Moscardi 1996) and timing 

the release to coincide with early-maturing cultivars resulted in decreased pest 

numbers for the entire season. 

 

The cost of inundative biological control releases can be significant. In Australian 

vineyards inundative releases of Trichogramma carverae have the potential to control 

the light brown apple moth, Epiphyas postvittana (Glenn and Hoffmann 1997), but as 

the cost is $85 per hectare and two releases are required, the expense is much greater 

than that incurred by chemical insecticides or use of Bacillus thuringiensis 

applications (Gurr and Wratten 1999). For Australian grain growers, with large tracts 

of land, such increased expenses may be prohibitive. 

 

Classical Biological Control 

Eilenberg et al. (2001) define classical biological control as “the intentional 

introduction of an exotic, usually co-evolved, biological control agent for permanent 

establishment and long-term pest control”. Since the first successful importation of a 

predatory beetle to control cottony cushion scale in California during the late 1800s, 

there have been many other introductions in crops worldwide. However, despite 

intensive investigations and evaluation of potential biocontrol agents, the success rate 

for classical biological control of insects by insects is relatively low (5-15%), 

although the percentage of agents that establish tends to be greater (20-22%) 

(Greathead and Greathead 1992, Gurr et al. 2000). 

 

In Tasmanian dairy pastures, introduction of the predatory mite, Neomolgus 

capillatus, to control lucerne flea, Sminthurus viridis, has yielded mixed results 
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(Ireson et al. 2002). Successful control of lucerne flea by the predatory mite was 

obtained in autumn populations, but spring control was variable and less effective due 

to the mites becoming active too late in the season to prevent damaging levels of 

lucerne flea. A further hindrance is the lack of dispersal. While N. capillatus has 

become established at 90% of the release sites, it spreads at a rate of only 75 m per 

year (Ireson et al. 2001). This necessitates redistribution of the mites around 

properties. For spring populations, Bishop et al. (2001) found that predators and 

grazing by cattle had little effect on lucerne flea numbers. Therefore, alternative 

chemical control measures, such as timing of insecticide sprays to coincide with plant-

based thresholds or during late season to break the seasonal cycle, must be considered 

for control of S. viridis during spring (Bishop et al. 2002, Bishop and Barchia 2003).  

 

Measuring Efficacy of Biological Control 

Natural enemies have the potential to contribute to pest mortality in agro-ecosystems 

and hence to IPM programmes. As the degree of this contribution varies between 

systems, the impact that a given natural enemy, or complex of natural enemies, may 

have on the target pest must be reliably measured so that its potential contribution in 

the given system can be assessed. Appropriate tactics and strategies can then be 

designed to maximize the impact of natural enemies while maintaining crop damage 

below economically damaging levels.  

 

Helicoverpa armigera is a major pest of many grain crops in Australia (Zalucki et al. 

1986). In soybean agro-ecosystems spiders and the assassin bug Pristhesancus 

plagipennis are considered to be important predators of H. armigera (Grundy and 

Maelzer 2000, Pearce et al. 2004). However, many of the interactions between insect 
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pests and their natural enemies in Australian grain agro-ecosystems are currently 

poorly understood, despite related pest-natural enemy associations having been 

studied in grain systems overseas and in some non-grain crops in Australia. Therefore, 

before any of the natural enemies of grain pests in Australia can be effectively 

incorporated into pest management strategies their impact on specific pest populations 

must be measured. 

 

Life-tables and manipulative experiments 

The construction and analysis of life-tables for a target pest within an agro-ecosystem 

provides a framework for the study of relevant biological interactions, allowing 

quantification of pest mortality and the ecological roles of different natural enemies to 

be determined (Bellows et al. 1992; Bellows and Van Driesche 1999). The proportion 

of pest insects which enter a stage (egg, neonate, etc.) that is subsequently attacked by 

a specific mortality agent represents the marginal attack rate of that agent. If only one 

mortality agent operates on a given stage of the pest in the system then the proportion 

which is killed by the agent, the apparent mortality, will equal the marginal attack 

rate. However, pest insects are frequently attacked by more than one natural enemy 

within an agro-ecosystem. When these agents act contemporaneously (i.e. the agents 

attack the same stage) the apparent mortality for each agent will always underestimate 

the marginal attack rate. Under these circumstances it is essential that the number of 

individuals attacked by more than one mortality agent is determined so that mortality 

can be correctly attributed to the causal agent. The marginal attack rates of the 

different agents can then be calculated by applying appropriate equations developed to 

account for contemporaneous parasitism by more than one parasitoid species or 

contemporaneous parasitism and predation (eg. Elkinton et al. 1992).      
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Appropriately constructed life-tables allow the attack rates of co-occurring natural 

enemies to be measured and comparisons between them to be made. However, the 

techniques do not allow conclusions regarding the efficacy of the natural enemies to 

be drawn. In order to assess the impact of natural enemies on the pest population, 

experimental analysis of the pest-natural enemy interaction is essential and 

comparisons of pest population growth (e.g. net rate of increase (Ro) for discrete 

generations or intrinsic rate of increase (Rm) for continuous generations) in the 

presence and absence of natural enemies of interest need to be made. Comparison of 

pest populations in a given region before and after the introduction of a biological 

control agent (Bellows et al. 1992) and comparison of pest populations in similar yet 

geographically isolated regions following the introduction of a biological control 

agent to one region (Gould et al. 1992) can offer valuable information, but variability 

in conditions between years and between regions can confound results. Another 

approach is to study the population dynamics of the pest insect at a single location in 

the presence or absence of natural enemies by excluding them from a subset of the 

population. Mechanical barriers which prevent natural enemy access to the pest, or the 

application of selective insecticides to remove natural enemies, are commonly used 

techniques. Furlong et al. (2004a) developed a range of cages and sticky mechanical 

barriers to effectively exclude predators and parasitoids from cohorts of diamondback 

moth (Plutella xylostella) developing on cabbage (Brassica oleracea var. Warrior) 

host plants. The survival rates of cohorts in the different exclusion treatments were 

recorded at appropriate times during development of the insects and, following 

collection and rearing of pupae to determine pest survival and parasitism rates, life-

tables were constructed. The method allowed the impact of individual parasitoid 
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species and the predator complex to be directly measured and was subsequently 

adapted to measure the contribution of specific natural enemies to the biological 

control of diamondback moth under a range of pest management regimes in Brassica 

vegetable crops in southeast Queensland (Furlong et al. 2004b).  

 

Over the past decade the area of canola planted in Australia has increased enormously 

and diamondback moth has emerged as a significant pest of this crop (Gu et al. 2007, 

Furlong et al. 2008). Currently the impact of natural enemies on diamondback moth 

populations in Australian canola crops is unknown but needs to be measured as a 

prelude to the design and implementation of integrated pest management strategies. If 

potentially effective natural enemies are shown to be established in canola agro-

ecosystems the combined natural enemy exclusion/life-table technique developed in 

vegetable crops would be an appropriate approach to determine if these natural 

enemies have the capacity to significantly locate and impact on the pest populations 

likely to be distributed over large spatial scales. 

 

Similar approaches could be taken to determine the impact of endemic natural 

enemies on populations of other lepidopteran pests (e.g. M. convecta and H. 

armigera) and cereal aphids following design changes to accommodate the 

characteristics of the pest species to be studied. For example, the larger larvae of 

Helicoverpa spp. frequently move between plants within a crop and pupate in cryptic 

locations within the soil. This makes it difficult to reliably study a cohort for an entire 

generation as study insects may escape from cage treatments which are open to allow 

natural enemy access, while insects restricted to natural enemy exclusion cages 

remain confined to the plants on which they are caged. Such events could lead to a 
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significant overestimation of natural enemy impact. Consequently, these techniques 

would be best employed by targeting the early developmental stages (e.g. eggs, 

neonates and other early instars) in which most generational mortality often occurs 

(Kyi et al. 1991, Atachi et al. 2005) and which are less likely to confound natural 

enemy impact estimates by moving away from host plants. 

 

Serological and molecular techniques to identify predators 

In the methods described above parasitism rates are measured directly by collecting 

and rearing pest insects after they have been exposed to potential parasitoids for the 

entire time during which they are susceptible to attack. Emerging parasitoids can be 

identified and the marginal parasitism rates determined by correcting the apparent 

rates by appropriate host “disappearance” rates (Elkinton et al. 1992). Apportioning 

mortality to generalist predators is not as straightforward, as they either completely 

consume their insect prey, which simply disappear from the system, or leave remains 

which may allow the feeding guild, but not the identity of the predator, to be 

determined. Comparison of pest survival rates in cages from which predators are 

excluded with pest survival rates in cages to which predators have access allows the 

predation rate over a given interval to be estimated but, again, does not identify the 

important predators. In agro-ecosystems various methods (e.g. pitfall traps, vacuum 

sampling, beat sheets) are often employed to sample the predatory fauna. Although 

such information is useful, especially if combined with studies which estimate the 

impact of predation on the insect pest of interest, it does not determine which species 

exert significant mortality on pest populations. The predatory fauna in agro-

ecosystems can be diverse and if management practices are to be adapted to maintain 

the most beneficial predators their identity must be known. 



22 

 

Visual observation of predators attacking prey can yield valuable information (eg. 

Wade et al. 2005), but it is not a practical method to determine the predation pressure 

on field populations of pest insects. Interactions between predators and their prey have 

been studied by a variety of techniques such as radioisotope labelling of prey, 

electrophoretic detection of prey enzymes in predator guts and the detection of prey 

proteins using polyclonal antibodies (Sunderland 1988). Currently techniques based 

on monoclonal antibodies raised against specific prey proteins and the detection of 

prey DNA in the guts of predators are the principal methods used to identify predator-

prey trophic interactions (Sheppard and Harwood 2005). However, neither method 

can separate predation from scavenging or identify intraguild predation if the predator 

feeds on another predator which has consumed the prey item being studied.  

 

The detection of prey antigens in the guts of predators using monoclonal antibodies 

has advanced the understanding of predator-prey interactions. The high specificity of 

monoclonal antibodies, combined with the sensitivity of ELISA techniques and the 

persistence of prey antigens following ingestion by invertebrate predators (Schenk 

and Bacher 2004), make them ideal to provide direct evidence of predatory events. 

Once developed, monoclonal antibody-based techniques allow cheap and rapid 

screening of large numbers of potential predators, making them ideal for studies in 

which the predator community within an agro-ecosystem is screened to determine 

links with a given prey species (e.g. Hagler and Naranjo 2005). Monoclonal 

antibodies are, however, expensive to develop. Therefore, they are less suited to 

studies, such as determining the diet breadth of a generalist predator, which may 

require the development of a prohibitive number of antibodies. When such studies are 
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required, DNA-based techniques may offer a more useful solution. The technology to 

detect and identify DNA fragments has developed rapidly in recent years and has been 

widely applied in predator prey studies (Sheppard and Harwood 2005). Insect 

mitochondrial genes have a long history of study and have provided targets for the 

discrimination of different species of prey in the guts of predators (Symondson 2002). 

The mitochondrial gene cytochrome oxidase subunit I (COI) currently dominates 

research in which this technology is used to detect prey remains in predator guts. It 

has both conserved and variable regions which are suitable targets for specific 

primers. The COI gene has been recently used to overcome another major hurdle in 

insect predator prey interactions: identification of immature spiders in field studies 

(Greenstone et al. 2005).  

 

Although monoclonal antibodies have been developed against a large range of 

invertebrate pests and many DNA-based techniques and primers have been developed 

to detect predation in the laboratory, very few studies have employed these techniques 

to quantify predation in the field (Sheppard and Harwood 2005). Nevertheless these 

techniques offer exciting possibilities and, if properly matched with rigorous 

ecological studies, offer the prospect of developing a real understanding of trophic 

interactions within grain agro-ecosystems and, consequently, aid the development of 

effective pest management strategies. 

 

Grower Adoption 

In order for there to be widespread adoption of strategies that encourage beneficial 

species which can then be incorporated into an IPM plan, it is important that the 

benefits, whether from increased yield, quality, sustainability or reduced pesticide 
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inputs, outweigh any costs that may be incurred. However, insecticide resistance 

issues, such as the first reported incidence of redlegged earth mite (Halotydeus 

destructor) to synthetic pyrethroids in Australia (Umina 2007), and diamondback 

moth to a wide range of insecticides (Endersby et al. 2008), combined with growing 

public concern about the environment, will act to persuade growers that they have to 

consider alternatives to their current chemical-dominated control strategies. 

 

A cost benefit analysis by Thomas et al. (1991) showed that investing in conservation 

biological control has the potential to produce substantial economic benefits in 

European cereal crops. Establishment costs for a beetle bank in a 20 ha wheat field, 

combined with the decreased yield value due to land out of production, were 

calculated to be US$130. However, estimated benefits were over ten-fold this figure, 

with the value of keeping aphid densities below economic threshold worth US$450, 

plus US$1,000 due to avoiding a 5% aphid-induced yield loss. Conservation 

management strategies in Kenya, including intercropping and trap crops, have 

allowed farmers to increase their maize yields by 17-25% (Khan and Pickett 2004). 

These strategies generate an estimated US$2.50 for every dollar invested, compared to 

US$1.40 when maize is planted as a monoculture (Nicholls and Altieri 2004). 

 

Growers who utilise strategies to conserve natural enemies may also benefit from 

secondary effects. As discussed, reducing the insecticide use or changing to a 

selective insecticide on one crop may contribute to control of pests in adjacent crops 

(Nicholas et al. 2005). Production of food by-products, such as milk and meat, can 

increase due to increased fodder and different crop residues increasing livestock 

fitness and productivity (Khan and Pickett 2004). Crop security may be stabilised in 
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drought-prone regions through the use of drought-tolerant crops in mixed cereal 

cropping systems, although yield losses from plant competition may nullify any 

benefits from increased parasitism (Songa et al. 2007). Other benefits that may arise 

from the use of habitat manipulation for biological control include soil conservation, 

increased fertility and weed suppression (Khan and Pickett 2004). 

 

In Australia, innovative grain growers are already starting to adopt some of the 

conservation techniques listed above, especially as the benefits of utilising available 

ecosystems services gains greater recognition. Many field margins provide diverse 

vegetational structures, although plant species composition has probably not been 

fully investigated to determine that full potential benefits are being achieved. 

Minimum till and stubble retention are becoming more common practices, especially 

given the added benefits of improved soil quality and moisture. However, greater 

acceptance and adoption will be a challenge until grain growers are convinced that 

incorporating biological control into crop protection methods can be both efficacious 

and reliable.  

 

Conclusions 

Natural enemies have the potential to suppress pests and achieve yields similar to 

those obtained under chemical control (Östman et al. 2003, Furlong et al. 2004a). 

However, management strategies to achieve this have not been specifically 

investigated for Australian grain agro-ecosystems. As insect resistance and 

environmental concerns increase, there will be a growing need to rely more heavily on 

biological control in Australia. Therefore, it is vital that appropriate strategies known 

to enhance natural enemy impact be investigated and adapted for Australian grain 
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systems so that they can be incorporated into IPM strategies devised specifically for 

the diverse components of Australian grain agro-ecosystems. 
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Table 1: Pest-crop matrix summarizing the most important arthropod pests of the major grain crops in Australia 
 

   Susceptible crop stage Grain crops susceptible to attack 
Arthropod pest (common name) Origin Verified range Establishment Maturing crop Cereals Canola Pulses 
 Acarina         
Halotydeus destructor (Tucker) (Redlegged Earth Mite) Exotic NSW, SA, Tas, Vic, WA •   • • 
Penthaleus spp (Blue Oat mite) Exotic NSW, Qld, Tas •  • • • 
        
Collembola         
Sminthurus viridis (L.) (Lucerne flea) Exotic NSW, SA, Tas, Vic, WA •   •  
        
Lepidoptera         
Agrotis infusa (Boisduval) (Bogong moth) Native NSW, SA, Tas, Vic •  • •  
Agrotis munda Walker (Brown cutworm) Native NSW, SA, Tas, Vic •  •   
Hednota spp. (Pasture web worm) Native Australia-wide (not NT) •  •   
Helicoverpa punctigera (Wallengren) (Native Budworm) Native Australia-wide  •  • • 
Mythimna convecta (Walker) (Common Armyworm) Native Australia-wide  • •   
Persectania dyscrita (Common Inland Armyworm) Native Australia-wide  • •   
Persectania ewingii (Westwood) (Southern Armyworm) Native Australia-wide  • •   
Plutella xylostella (L) (Diamondback moth) Exotic Australia-wide  •  •  
        
Coleoptera         
Acrossidius tasmaniae (Hope) (Blackheaded cockchafer) Native NSW, SA, Tas, Vic •  •   
Bruchus pisorum (L.) (Pea weevil) Exotic NSW, SA, Vic, WA  •   • 
Desiantha caudata Pascoe (Cereal curculio) Unclear NSW, SA •  •   
Isopteron punctatissimus (Pascoe) (False wireworm) Native NSW, Qld, SA, Tas, Vic •   •  
        
Homoptera         
Aphis craccivora Koch (Cowpea aphid) Exotic Australia-wide  •   • 
Brevicoryne brassicae (L.) (Cabbage aphid) Exotic Australia-wide  •  •  
Lipaphis pseudobrassicae (Davis) (Turnip aphid) Exotic Australia-wide (not NT)  •  •  
Myzus persicae (Sulzer) (Green Peach aphid) Exotic Australia-wide  •  •  
Rhopalosiphum maidis (Fitch) (Corn Aphid) Exotic Australia-wide  • •   
Rhopalosiphum padi (L.)(Oat aphid) Exotic Australia-wide (not NT)  • •   
        
Hemiptera         
Nysius vinitor Bergroth (Rutherglen bug) Native Australia-wide  •  •  

http://www.ento.csiro.au/aicn/system/_collemb.htm�


47 

Table 2: Recorded natural enemies of the most important arthropod pests of the major grain crops in Australia 
 

 
Pest 

 
Arthropod natural enemies recorded  

Likely 
Origin 

 
References 

 Acarina     
Halotydeus destructor 
Penthaleus spp 

Acarina:  Anystidae; Bdellidae; Erythraeidae; Parasitidae and 
Cunaxidae 

Native and 
exotic 

Michael et al. 1991; James 1995 

    
Collembola     
Sminthurus viridis 
 

Acarina: Bdellidae: Neomolgus capillatus (Kramer), Anystis 
wallacei Otto, Bdellodes lapidaria (Kramer) 

All exotic Ireson and Paterson 1991; Michael et 
al. 1991; Bell and Willoughby 2003 

    
Lepidoptera     
Helicoverpa punctigera  Hymenoptera: Braconidae: Microplitis demolitor Wilkinson; 

Hymenoptera: Ichneumonidae: Netelia producta (Brulle), 
Heteropelma scaposum (Morley), Ichneumon promissorius 
Erichson; Hymenoptera: Chalcididae: Brachymeria sp.;   
Diptera: Tachnidae: Goniophthalmus australis (Baranov), Carcelia 
illota (Curran), Linnaemya sarcophagoides Cantrell 

All native Murray and Rynne 1994; Murray and 
Zalucki 1994 

Mythimna convecta  Diptera: Tachinidae: Goniophthalmus australis (Baranov), 
Peribaea orbata (Wiedemann), Cuphocera varia (F.), Linnaemya 
sp.; 
Hymenoptera: Braconidae: Apanteles ruficrus Halliday; 
Hymenoptera: Ichneumonidae: Netelia sp., Diadegma sp. 

All native Broadley 1986  

M. convecta and 
Persectania spp complex 

Hymenoptera: Braconidae: Rogas sp., Homolobus sp., 
Microgaster sp., Apanteles sp.; Hymenoptera: Ichneumonidae: 
Netelia sp., Lissopimpla sp., Eutanyacra sp., Ichneumon sp., 
Campoletis sp.; Hymenoptera: Eulophidae: Euplectrus sp.; 
Hymenoptera: Encyrtidae: Litomastix sp.; 
Diptera: Tachinidae: Microtropesa sp., Ceromya sp., Palexorista 
sp., Tritaxys spp., Chaetophthalmus sp. 

All native Macdonald and Smith 1986 

    
Plutella xylostella  Hymenoptera: Trichogrammatidae: Trichogrammatoidea bactrae 

Nagaraja, Trichogramma pretiosum Riley; 
Hymenoptera: Braconidae: Apanteles ippeus Nixon; 
Hymenoptera: Ichneumonidae: Diadegma rapi (Cameron), 
Diadegma semiclausum (Hellén), Diadromus collaris 
(Gravenhorst); Hymenoptera: Eulophidae: Oomyzus sokolowskii 
(Kurdjumov); Hymenoptera: Chalcididae: Brachymeria phya 

All exotic 
or of 
unclear 
origin 

Furlong et al 2008 

http://www.ento.csiro.au/aicn/system/_collemb.htm�
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(Walker) 
    
Coleoptera  None recorded   
Acrossidius tasmaniae     
Bruchus pisorum     
Desiantha caudata     
Isopteron punctatissimus     
    
Homoptera     
Aphis craccivora Hymenoptera: Braconidae: Lysiphlebus testaceipes (Cresson);  

Hymenoptera: Aphidiidae: Aphidius colemani (Viereck); 
Exotic Carver and Franzmann 2001; Carver 

and Starý 1974 
Brevicoryne brassicae  Hymenoptera: Braconidae: Diaeretiella rapae McIntosh  Exotic Carver and Starý 1974 
Lipaphis pseudobrassicae  Hymenoptera: Braconidae: D. rapae  Carver and Starý 1974 
Myzus persicae  Hymenoptera: Aphidiidae: Aphidius similis Nees, A. colemani;  

Hymenoptera: Braconidae: D. rapae 
Exotic Carver and Starý 1974; Starý and 

Carver 1979  
Rhopalosiphum maidis  Hymenoptera: Braconidae: L. testaceipes; Hymenoptera: 

Aphidiidae: A. colemani 
Exotic Carver and Franzmann 2001 

Rhopalosiphum padi  Hymenoptera: Braconidae: L. testaceipes; Hymenoptera: 
Aphidiidae: A. similis 

Exotic Carver and Franzmann 2001; Starý and 
Carver 1979 
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