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conservation biological control in brassica crop system. Chapter one presents a general 

introduction and the literature review detailing habitat management for conservation 

biological control, how plants are selected for habitat management, use of native plants 

in habitat management, potential of habitat management for provision of multiple 

ecosystem services and factors affecting effective conservation biological control. 

Chapter two reports assessment of Australian native plants for the benefits of brassica 

pest parasitoids (Published as Paper 1). Chapter three details the conservation biological 

control and other potential complementary ecosystem services provided by Australian 

native plants in the brassica crop system (Published as Paper 2). Chapter four deals with 

the role of perennial woody native vegetation in the field margin of conventional 

commercial brassica crop fields for enhancement of natural enemies (Submitted as Paper 

3). Chapter five investigate the role of two established flowering weed in brassica field 

for conservation biological control as an alternative of native flowers establishment. 

Chapter 6 presents the general discussion, conclusions, limitations and future research 

directions.  
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Thesis abstract 

The practice of planting companion plants to enhance the efficacy of natural enemies as 

a pest management tool is a form of habitat management. This has an important role in 

conservation biological control. Recent research into this practice has focused on the 

provision of multiple ecosystem services that contribute to creating sustainable agro 

ecosystems. The use of native plant species in habitat management is advantageous as 

they are well adapted to their environment and may have reduced supplementary needs 

for water and nutrients compare to introduce species. Their use is important from the 

perspective of biodiversity conservation. In such a context, this thesis investigates the use 

of Australian native plants in habitat management to support conservation biological 

control in brassica crop systems in temperate Australia. The study was not limited to pest 

management, observations on complementary ecosystem services are included. To 

reduce the establishment costs of habitat management, an assessment of established 

flowering weeds as a habitat management tool was conducted.  

 

The first objective was to assess the potential of Australian native flowering plants for 

use in habitat management. Laboratory assessments determined their relative benefits to 

longevity of parasitoids of brassica pests. The second objective was to investigate the 

ecosystem services that could be provided by some Australian native plants when 

established adjacent to a brassicas that were identified as having potential in first 

objective. These ecosystem services included biological pest control services, pollinator 

enhancement, encouraging biodiversity such as native butterflies and biological activity 

in the soil. The third objective was to assess the spatial scale of benefits from adjacent 

perennial woody Australian native vegetation for conservation biological control when it 

is growing adjacent to conventional commercial brassica crop fields. The fourth objective 

was to assess if established flowering plant species normally considered to be weeds 

provide a biological pest control service in a brassica crop fields. 

 

The longevity assessment study identified several native plant species that have potential 

to benefit parasitoids of brassica pests. The native plants Leptospermum sp. and 

Callistemon citrinus enhanced the longevity of the aphid parasitoid Diaeretiella rapae as 

much as the exotic, frequently used, habitat management plant Fagopyrum esculentum. 

Out of 11 Australian native plant species assessed, longevity of one or more parasitoids 

was enhanced by seven, Westringia fruticosa, Mentha satureioides, Callistemon citrinus, 
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Leptospermum cv. ‘Rudolph’, Grevillea cv. ‘Bronze Rambler’, Myoporum parvifolium 

and Lotus australis. However, those plants also enhanced the longevity of brassica pest 

Plutella xylostella. The benefits provided by the plant flowers were not selective to the 

parasitoid Diadegma semiclausum compared with its host P. xylostella; however, the 

effect of M. parvifolium and Grevillea sp. flowers on the longevity of D. semiclausum 

was relatively higher compared with the effect on pest longevity.  

 

In the field study with brassica plants, M. satureioides had the most comprehensive 

positive effect on pest management. Compared with the grassy control, M. satureiodides 

significantly enhanced parasitism of P. xylostella larvae and reduced the aphid, 

Brevicoryne brassicae, densities at a rate that was comparable to F. esculentum. Although 

the flowers of M. satureiodides appeared attractive to adults of the pest Pieris rapae, the 

resulting increase of eggs on the adjacent cabbage foliage did not translate to higher 

numbers of larvae which reflected the higher densities of parasitoids and predators, 

especially spiders that were present. Other ecosystem services, such as pollinator 

abundance was enhanced by F. esculentum, L. australis and M. satureioides. The native 

plants L. australis and M. satureioides were found to be attractive to native butterflies. 

Biological activity in the soil was lower around the exotic F. esculentum compared to all 

native plants.  

 

Woody perennial native vegetation adjacent to brassica fields was found to be donor 

habitat for natural enemies but the effect was overridden by pesticide use on heavily 

sprayed sites. Natural enemies especially ground active predators were uniformly in low 

abundance in crops with intense insecticide regimes. The effect of adjacent perennial 

vegetation on natural enemies, except canopy dwelling predators and large parasitoids, 

was only observed where pesticide use was low. The reduced impact of pesticides on the 

canopy dwelling predators including canopy dwelling Araneae and large parasitoids 

reflected their ability to rapidly recolonize a field. 

 

The flowering weeds, Sisymbrium officinale and Foeniculum vulgare were attractive to 

parasitoids when compared to common weedy grasses, whereas the grasses were more 

attractive for Coccinellidae. Higher P. xylostella parasitism in the brassica crop was 

observed adjacent to S. officinale. The abundance of ground dwelling predators such as 

Formicidae, Forficula sp., Araneae and Carabidae were not affected by adjacent weeds. 

However, the flowering weeds also attracted adult brassica insect pests and S. officinale 
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hosted their larvae. Most natural enemy populations were low within the brassica crop 

when compared to the weedy margins.  

These results have implications for designing conservation biological control and other 

complementary ecosystem services either in brassica or other cropping systems. This 

thesis identified several native plants that benefit parasitoids, although these were not 

selective. These results also are important to systems where the parasitoids D. rapae, 

Cotesia spp. and Diadegma spp. can be used. Native plants that provide resources to 

natural enemies and complementary ecosystem services such as enhancement of 

pollinators and wild butterflies were identified. This shows scope for farmers to take 

advantage of potentially multiple ecosystem services by incorporating native flowering 

plants into farming systems. This work highlights the importance of plant selection and 

the risk of trade-offs among ecosystem services. This research also highlights the need 

for reductions in pesticide use to assist conservation biological control.  
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Chapter 1. Introduction and Literature Review 

1.1 Conventional agriculture and the need for sustainability  

By 2050, overall food production will need to double to feed the projected human 

population of 9.73 billion (FAO, 2017). To meet these demands through higher crop 

yields there is growing pressure on agroecosystems. The ecological, socio-economic and 

environmental costs as a result of land expansion and use chemical pesticides to increase 

crop production are often high (Bommarco, Kleijn, & Potts, 2013). The challenge for the 

twenty-first century is to protect our ecosystems without reducing agricultural production 

(Garibaldi et al., 2019; Godfray et al., 2010). Agroecological based intensification is the 

way forward to sustainable agricultural production systems (Altieri & Nicholls, 2005; 

Mockshell & Kamanda, 2018; Pretty et al., 2018) that include effective pest management 

practices for crop protection.  

1.2 Sustainable pest management practices in agroecosystems 

Insect pest management needs to be effective and economic for agricultural production. 

To achieve this various techniques have been practiced by farmers since near the 

beginning of cropping (Pedigo, 1999). The use of synthetic chemical pesticides in pest 

management accelerated in 1940s and has been steady increasing (Schreinemachers & 

Tipraqsa, 2012). But pesticide usage has several negative externalities such as damage to 

environment (Pimentel, 2005), human health risks and ecosystem impacts (Margni, 

Rossier, Crettaz, & Jolliet, 2002). Pesticide use has also led to secondary pest outbreaks 

(Holt, Chancellor, Reynolds, & Tiongco, 1996), destruction of natural enemies and other 

beneficial organisms (Desneux, Decourtye, & Delpuech, 2007) and increasing  pest 

resistance (Georghiou & Saito, 1983). 

 

Integrated pest management (IPM), an ecological based approach is widely considered a 

better - though challenging to adopt - strategy for pest control. IPM combines  tactics 

such as physical, cultural, biological, genetic and selected chemical pest management 

tools to keep pests below economic threshold levels (Dent, 1995; Kogan, 1998). 

According to IPM principles, no single technique (including insecticide use) can be 

sufficient in managing insect pests; rather, integration of various techniques is essential 

(Barzman et al., 2015). Biological control is a key component of IPM (Van Driesche, 

1996). However, efforts to release natural enemies have been costly, difficult and often 

unsuccessful (Waterhouse & Sands, 2001). Conservation biological control addresses 
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many of the shortcomings of biological control, where measures are taken to enhance and 

protect natural enemies in their habitat to maximize their collective impact on pest 

populations (Gurr & You, 2016; Mkenda, Pandey, Johnson, & Gurr, 2020; Shields et al., 

2019).  

1.3 Conservation biological control and habitat management 

Conservation biological control involves techniques that protect and enhance natural 

enemies  through modification of environment  (DeBach & Rosen, 1991). The action of 

natural enemies is one of the reasons that many plant feeding insects are not economic 

pests (Flint & Dreistadt, 1998). For successful pest control, conservation of natural 

enemies is essential. This can be done through practices such as minimising or selective 

use of pesticides, use of insect growth regulators, artificial food sprays and habitat 

management. 

Habitat management for insect pest management is a technique to support the suppression 

of insect pests by top-down and/or bottom-up approaches (Figure 1.1). Some of these 

techniques are growing crops as in a polyculture, agroforestry, push-pull or intercropping 

system, as well as the use of flower strips, hedgerows and beetle banks (C. I. Nicholls & 

Altieri, 2004). Habitat management shares a top-down approach with conservation 

biological control (Figure 1.1), where vegetation management provide resources such as 

shelter, plant foods (pollen and nectar) and alternative prey/hosts to enhance natural 

enemies (Gurr, Wratten, Landis, & You, 2017; Landis, Wratten, & Gurr, 2000; Z.-X. Lu 

et al., 2014; Valentine, Gurr, & Thwaite, 1996). In top-down approach the enhanced and 

protected natural enemies mediate pest suppression through predation and parasitism. 
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Figure 1.1 Conservation biological control and habitat management are not synonymous 

they share the goals of pest suppression by top-down approach (Mkenda et al., 2020). 

 

1.4 How conservation biological control works through habitat management? 

Habitat management vegetation provides food such as nectar and pollen to enhance 

natural enemy performance (Wäckers & Van Rijn, 2005). Parasitoid wasps require plant 

foods (nectar) to increase their lifespan, host searching behaviour, and realized fecundity 

to enhance parasitism (Berndt & Wratten, 2005; Irvin et al., 2006; Wäckers, 2005; 

Wäckers & Van Rijn, 2012; Zhu et al., 2013). In the absence of food, parasitoid adults 

divert energy needed for survival and host searching by reducing their fecundity (Rivero 

& Casas, 1999). Similarly, plant foods (nectar and pollen) supplement or complement 

predator diets to keep them alive in the absence of prey and to enhance their performance 

(Amaral et al., 2013; Landis et al., 2000). Alternative prey or hosts in the habitat 

management vegetation can maintain natural enemy populations in the cropping 

environment even when pest populations are low in the crop (Gurr et al., 2017). The 

vegetation also provides shelter in adverse environmental conditions including over 

winter (Collins, Boatman, Wilcox, & Holland, 2003). In addition, it retains natural 

enemies nearby whenever fields are disturbed by agronomical practices (e.g., spraying 

chemicals, tillage, harvesting), for recolonization of the field later to suppress pest species 

(Schellhorn, Harmon, & Andow, 2000).  
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1.5 Brassica vegetables and pest management 

The vegetable industry is one of the important horticultural industries globally. In 

Australia the annual production value of the vegetable industry was of 4.1 billion dollars 

in 2017-2018 (Australian Bureau of Statistics, 2018). Among vegetables, brassicas are 

widely grown. The dominantly grown brassica vegetables are cauliflower (Brassica 

oleracea var. botrytis), cabbage (Brassica oleracea var. capitata), broccoli (Brassica 

oleracea var. Italica) and Brussels sprouts (Brassica oleracea var. gemmifera). These 

brassica crops are attacked by several insect pests. The most serious of these are 

diamondback moth (Plutella xylostella), cabbage white butterfly (Pieris rapae), cabbage 

aphid (Brevicoryne brassicae), cabbage centre grub (Hellula hydralis) which only attack 

crucifers but others like Helicoverpa spp,  Agrotis spp. and Myzus persicae attack 

crucifers along with other broad range of plants (Ekman, Tesoriero, & Grigg, 2014). To 

manage the insect pests farmers rely on chemical insecticides, although the exact amount 

of insecticides used is unknown, the overall trend of consumption is increasing (Radcliffe, 

2002). Previous studies in brassicas in Queensland, Australia found that farmers prefer 

scheduled application of broad-spectrum insecticides (Furlong, Zu-Hua, et al., 2004). 

However, resistance developed by P. xylostella against synthetic pyrethroids, carbamates, 

organochlorines and some organophosphates in different parts of Australia between 

1980s and 1990s (Baker, 2011) showed the importance of IPM in brassica vegetable crops 

(Schellhorn, Nyoike, & Liburd, 2009). IPM in brassicas emphasises the use of cultural 

control, biological control, crop monitoring and use of selective insecticides using 

thresholds before application (Cole, Page, Mills, & Horne, 2011; Heisswolf, Houlding, 

& Deuter, 2001). 

Australian farms harbour numerous natural enemies (predators and parasitoids) which 

vary across each cropping system. Some are generalists, attacking broad range of insects 

such as predators from Araneae and Coleoptera, whereas some has very specific host 

ranges, especially parasitoids. The predators and parasitoids reported in Australian 

brassica farms that are known to attack major brassica insect pest which can be utilised 

for conservation biological control that supports environment, human health and 

sustainability are listed in Tables 1.1 and 1.2. 
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Table 1.1 Predators of major brassica pest and pest taxa that they prey upon  
Order Family Predator taxa Pest taxa Reference 

Araneae Clubionidae Clubiona spp. P. xylostella, 

P. rapae  

1, 2, 4 

 Gnaphosidae  P. xylostella, 

P. rapae,  

1,2 

 Linyphiidae Erigone spp., Laetesia spp. P. xylostella   1 

 Lycosidae 

(wolf spider) 

Artoria spp., Artoriopsis sp., 

Lycosa spp., Pardosa spp. 

P. xylostella, 

P. rapae  

1, 2, 4 

 Miturgidae Cheircanthium spp., Miturga 

spp. 

P. xylostella  1, 4 

 Oxyopidae 

(Lynx spider) 

Oxyopes spp. 

 

P. xylostella 1, 4 

 Salticidae  P. xylostella 1, 4 

 Theridiidae Archaearanea spp.; 

Steadtoda spp.; Cryptachaea 

veruculata 

P. xylostella, 

P. rapae 

1,4 

 Eusparassidae Olios diana P. rapae 2 

Diptera Syrphidae Melangyna viridiceps, 

Simosyrphus grandicornis, 

Sphaerophoria macrogaster  

B. brassica 

P. rapae 

3 

2 

Hemiptera Miridae Deraeocoris signatus, 

Taylorilygus sp., 

Campylomma liebknechti 

P. xylostella 1, 4 

 Lygaeidae Dieuches notatus, Geocoris 

sp. 

P. rapae 2, 4 

 Nabidae Nabis kinbergii P. rapae 2, 4 

 Reduviidae Pristhesancus sp.  4 

 Anthocoridae Orius sp.  4 

Dermaptera Labiduridae 

(earwigs) 

Labidura truncate 

Nala lividipes 

P. rapae 2, 4 

 Forficulidae Forficula auricularia P. rapae 2 

Coleoptera Coccinellidae Coccinella transversalis, 

Harmonia conformis, 

H. octomaculata, 

Coelophora inaequalis, 

Diomus notescens, 

Hippodamia variegata, 

Stethorus sp. 

P. rapae, 

B. brassicae 

2, 3, 4 

 Carabidae  P. rapae 2 

 Staphylinidae  Thyreocephalus cyanopterus P. rapae 2 

 Elateridae Agrypnus spp. P. rapae 2 

 Tenebrionidae   2 

 Melyridae Dicranolaius bellulus  4 

 Cantharidae Chauliognathus lugubris  4 

Neuroptera Chrysopidae Mallada signata M. persicae 3 

 Hemerobiidae Micromus spp. P. rapae, 

M. persicae 

2, 3 

Hymenoptera Formicidae Pheidole spp.; Formica spp.; 

Iridomyrmex spp. 

P. rapae,  

P. xylostella 

5 

 

Reference from 1. (Furlong, Rowley, Murtiningsih, & Greenstone, 2014), 2. (Kapuge et al., 1987), as cited 

in (Waterhouse & Sands, 2001)), 3. (Carver, 2000, as cited in (Waterhouse & Sands, 2001)), 4. (Senior & 

Healey, 2011), 5. (Jones 1987, as cited in (Waterhouse & Sands, 2001)). 

 



6 

 

Table 1.2 Parasitoids of major brassica pest and pest taxa that they parasitise  
Order  Family Parasitoid taxa Pest taxa Reference 

Hymenoptera Trichogrammatidae Trichogramma pretiosum 

(egg) 

P. xylostella  1 

 Ichneumonidae Diadegma spp. (larval) P. xylostella 1,3  

 Ichneumonidae Diadromus collaris 

(pupal) 

P. xylostella 1 

 Braconidae Apanteles spp. (larval) P. xylostella 1,3 

 Braconidae Dolichogenidea 

laevigata 

P. xylostella 1,3 

 Braconidae Diaeretiella rapae B. brassicae, 

M. persicae 

2 

 Braconidae Cotesia spp. (larva)  P. 

xylostella, P. 

rapae 

4 

 Eulophidae Oomyzus sokolowskii 

(larval) 

P. xylostella 1 

 Chalcididae Brachymeria spp. 

(larval) 

P. xylostella, 

P. rapae 

3, 4 

 Chalcididae Antrocephalus sp. P. xylostella 3 

 Pteromalidae Pteromalus spp. (pupa)  P. 

xylostella, P. 

rapae 

3, 4 

Diptera Tachinidae Compsilura concinnata 

(pupa) 

P. rapae 5 

 Tachinidae Exorista flaviceps (larva) P. rapae 6 
 

References from 1. (Furlong et al., 2014) 2. (Carver, 2000, as cited in (Waterhouse & Sands, 2001)) 3. 

(Goodwin, 1979, as cited in (Waterhouse & Sands, 2001), 4. (Hassan, 1976, as cited in (Waterhouse & 

Sands, 2001) 5. (Hassan, 1976, as cited in (Waterhouse & Sands, 2001)), 6. (Rahman, 1970a, as cited in 

(Waterhouse & Sands, 2001)).  

 

In past two decades, there has been an increasing amount of research in habitat 

management for conservation biological control (Shields et al., 2019). For brassica 

vegetable crops, however, there is little research on the effects of habitat management for 

conservation biological control. Some examples include, the incorporation of the nectar 

providing plant Lobularia maritima (L.) in collards (Ribeiro & Gontijo, 2017) and 

broccoli (Brennan, 2016) which reduced the aphid population. Similarly, using corn 

flowers Centaurea cyanus in organic cabbage fields enhanced the predation and 

parasitism of egg and larvae of cabbage moth Mamestra brassicae leading to increased 

cabbage yields (Balmer et al., 2014; Balmer et al., 2013). Habitat management through 

nectar rich plant combined with herbivore-induced plant volatiles (HIPV) has also been 

practised in brassica vegetable to attract natural enemies through HIVP and provide 

reward through floral resources  (Simpson et al., 2011). In landscape scale field studies 

diversified and complex habitat harboured proportionally less brassica pest density 
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compared to simplified agroecosystems (Bianchi et al., 2005; Chaplin-Kramer & 

Kremen, 2012).  

1.6 Why native plants for habitat management? 

Highly attractive and nectar-rich strips of herbaceous exotic flowering plants such as 

alyssum (L. maritima), coriander (Coriandrum sativum), blue or purple tansy (Phacelia 

tanacetifolia) and buckwheat (Fagopyrum esculentum) are frequently used in habitat 

management in a range of crop systems (Fiedler, Landis, & Wratten, 2008). There is, 

however, growing interest in the use of plants that are native to a given area for habitat 

management. The use of native plant species offers the advantages that they are likely to 

be well adapted to local environment, avoid the risk of introducing an invasive plant, and 

may have a reduced need for water, nutrients, and pest control inputs (Landis, Gardiner, 

& Tompkins, 2012). Native plants may also be the focus of conservation efforts and will 

be more valuable than non-native species in an efforts to conserve or restore other native 

species including vertebrates (Fiedler et al., 2008; Isaacs, Tuell, Fiedler, Gardiner, & 

Landis, 2009; Landis et al., 2012) which themselves may serve as biological control 

agents (Gámez-Virués et al., 2007).  

The use of native plants in habitat management is impeded by a general lack of knowledge 

on their biology including their effects on key natural enemy species and pests. This lack 

is especially apparent in Australia, as no published information was found on assessing 

Australian native herbaceous floral resources for the benefit of natural enemies, although 

a few field studies have shown the benefits of native woody vegetation as habitat for 

natural enemies (Bianchi, Schellhorn, & Cunningham, 2013; Danne, Thomson, Sharley, 

Penfold, & Hoffmann, 2010; Retallack, Thomson, & Keller, 2019; Stephens, Schellhorn, 

Wood, & Austin, 2006; Wood et al., 2010). Functionally diverse vegetation compatible 

to agricultural landscapes and attractive to several groups of natural enemies can be 

implemented by identifying plants that can benefit different arthropod groups (Amaral et 

al., 2016; Balzan, Bocci, & Moonen, 2014; Retallack et al., 2019). Diverse vegetation 

with continuous availability of floral resource is found to be more attractive to beneficial 

insects compared to single species vegetation (Gill, Cox, & O'Neal, 2014), as species 

composition of vegetation likely to influence the composition of arthropod community 

(Fiedler & Landis, 2007b). Establishing plants does not always exclusively enhance 

beneficial arthropod foraging, there are cases of pest foraging in the floral and vegetative 

parts of plants (Fiedler & Landis, 2007a; Walton & Isaacs, 2011). Careful examination 
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of plants is required both in laboratory and field conditions before any recommendations 

are made. 

1.7 Habitat management and ecosystem services 

Ecosystem services are beneficial outcomes for humans that result from ecosystem 

functions, including provisioning, regulating, supporting and cultural services 

(Millennium Ecosystem Assessment, 2005). The economic value of ecosystem services 

is estimated to be $125 trillion/yr in 2011 worldwide (Costanza et al., 2014). Agriculture 

and natural ecosystems are interconnected in many ways. An agroecosystem is a managed 

ecosystem with a purpose to produce crop and animal products. The primary concern of 

management practices are provisioning services such as food and fiber production which 

in turn depend on other ecosystem services such as soil fertility, moisture, weed, disease 

and pest management. Agroecosystems comprise of 37.43 % of the earth’s land area 

(World Bank, 2016). The interplay of ecosystem services related with agroecosystems 

are illustrated in Figure 1.2. 

 

Agroecosystems that support ecosystem services in addition to crop production are 

gaining interest among researchers, farmers and policy makers (Schipanski et al., 2014). 

However, some management practices cannot provide multiple ecosystem services and 

economic return concurrently, there are trade-offs among services which is also termed 

as ecosystem disservices. Managing these trade-offs is a challenge in agriculture 

production systems (Power, 2010). The environmental impacts of agriculture include 

contamination of water, soil and environment by agrochemicals, loss of biodiversity, loss 

of beneficial species by non-target effects of pesticides and invasive species. All these 

arise as a consequence of seeking to maximize the provisioning ecosystem services of 

agriculture, but lead to an erosion of the supporting, regulating and cultural ecosystem 

services that include key phenomena upon which agricultural production rests (Fig 1.2) 

(Power, 2010). 
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Figure 1.2 Dynamics of different ecosystem services related with agroecosystems. 

 

A further key driver for the adoption of habitat management as a foundation to IPM is the 

provision of other ecosystem services such as pollination, weed suppression, soil activity 

and biodiversity conservation though insect pest management by enhancement of natural 

enemies are highlighted in many studies (Fiedler et al., 2008). Identification of such 

ecosystem services and service providers is essential to harness optimally the benefits 

provided by habitat management and for successful adoption of habitat management by 

farmers. For example the successful push-pull strategy which has been adopted by more 

than 125,000 East African farmers not only provides insect pest suppression but also 

helps in weed suppression and soil management (Khan, Midega, Hooper, & Pickett, 

2016). Similarly, a long term trial converting 3% or 8% of farmland into wildlife habitat 

promoted multiple ecosystem services such as conservation of wildlife, enhancement of 

beneficial insects such as pollinators and predators which lead to the enhancement of total 

crop yields compared to farms without such manipulation (Pywell et al., 2012; Pywell et 

al., 2015).  
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1.8 Potential complementary ecosystem services by habitat management 

1.8.1 Pollinator enhancement  

Pollination has been identified as an ecosystem service that improves crop production 

and biodiversity conservation. About 35 percent of food production depends on 

pollinators, especially fruits and vegetables (Klein et al., 2007) which can be promoted 

through provision of floral resources (nectar and pollen) and nesting sites in fields or 

farms threatened through land clearance and habitat loss (Carvell et al., 2011). 

Establishment of flower–rich habitats increases pollinator populations and activity in 

crops leading to increased yields and quality of harvest products (Carvalheiro et al., 2011; 

Pereira, Taques, Valim, Madureira, & Campos, 2015) .  

 

Pollinator visitation, abundance and richness varies with plant species (Potts, Vulliamy, 

Dafni, Ne'eman, & Willmer, 2003; Salisbury et al., 2015) as a result of difference in floral 

attractiveness (Barbir, Badenes-Pérez, Fernández-Quintanilla, & Dorado, 2015), quality 

(Fowler, Rotheray, & Goulson, 2016; E. Nicholls & Hempel de Ibarra, 2017), availability 

(Moquet, Bacchetta, Laurent, & Jacquemart, 2017) and accessibility (Mallinger & 

Prasifka, 2017) of nectar and pollen. Plant species native to the area with such 

characteristics helps to promote pollinators (Fukase & Simons, 2016; Tuell, Fiedler, 

Landis, & Isaacs, 2008).  

Wild and native pollinators play significant role in crop pollination (Garibaldi et al., 2013; 

Hogendoorn, Gross, Sedgley, & Keller, 2006; Williams et al., 2015; Winfree, Williams, 

Dushoff, & Kremen, 2007) and gain more benefits through native plants (Blaauw & 

Isaacs, 2014; Morandin & Kremen, 2013a; Moroń et al., 2009; Williams et al., 2015). 

Planting native flowers in near exotic species increases the benefits to these wild and 

native pollinator species which have been reported to be declining (M'Gonigle, Ponisio, 

Cutler, & Kremen, 2015; Potts et al., 2010).   

1.8.2 Enhancement of other wildlife 

Simple agricultural landscapes are not favourable to wildlife due to the lack of suitable 

hosts, shelter and floral resources (Pywell et al., 2004). Agricultural landscapes can be 

designed to better support wild biodiversity of many types (Scherr & McNeely, 2008). 

Habitat management for conservation biological control could be useful for enhancement 

of birds and butterflies (Pywell et al., 2012). Plants native to the land benefit native wild 
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species by increasing offspring survival (Jones, Rafter, & Walter, 2019) and providing 

foraging and sheltering habitat  (Narango, Tallamy, & Marra, 2017; Yoon & Read, 2016). 

1.8.3 Agricultural soil management 

Soil management is another ecosystem service essential for crop production. Many 

abiotic and biotic processes play key roles in managing soil. Among biotic processes, 

cover crops and intercrops have been practiced for soil nutrient enhancement, moisture 

retention, microbial properties, decreasing soil run-off and weed control (Blanco-Canqui 

et al., 2015). Plant communities significantly influence soil microbial communities 

(Finney, Buyer, & Kaye, 2017; Holland et al., 2016; Reininger, Martinez-Garcia, 

Sanderson, & Antunes, 2015) as well as other soil inhabiting invertebrates (Hedenec et 

al., 2014). Though there are no sufficiently well studied cases of native plants for soil 

management services in agriculture a few studies report use of native species in soil 

nutrient enhancement (Calegari, 2003) and weed suppression (Meng et al., 2016; Portz & 

Nonnecke, 2011).  

1.9 Indicators for assessing multiple ecosystem services  

Understanding and quantification of multiple ecosystem services is not an easy task. 

Identification of comprehensive indicators and complexity of links between indicators 

and services are some of the challenges (De Groot et al., 2010; Millennium Ecosystem 

Assessment, 2003; Van Oudenhoven, Petz, Alkemade, Hein, & de Groot, 2012). A 

consistent and comprehensive framework with a set of indicators provides structure to 

the research and enables better validation to facilitate the challenges (Van Oudenhoven 

et al., 2012). The framework can be developed and adapted according to the objective of 

the study to assess related ecosystem services. The phenomena based ecosystem services 

can be assessed by the use of ecological indicators, however the used indicators should 

be representative, clear and understandable enough to describe the services (Kandziora, 

Burkhard, & Müller, 2013). The sets of indicators (variables) should be appropriate to 

describe quantity and quality of ecosystem services, which cannot be assessed directly. 

Quantifiable indicators make results and information to compare easily. Based on 

literature following indicators were identified for interested ecosystem services for this 

study (Table 1.3).  
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Table 1.3 Indicators of ecosystem services that can be delivered by habitat management 

in an agroecosystem. 

Ecosystem 

service category 

Ecosystem 

services 

Potential indicator  

Regulating Pest 

management 

Abundance, richness of biological control agents 

(n), pest density (n/plant or area), crop damage 

(%), predation (%), parasitism (%), reduction in 

use of chemical method (n/per crop cycle) 

Supporting Pollination Pollinators distribution, abundance, diversity, 

visitation (n), crop yield (ton/ha) 

Supporting Soil fertility Nutrient contents, organic matter content (%), 

number of decomposers, microbial biomass, 

biological activity, soil properties 

Supporting Wildlife Wildlife distribution, abundance (n) and diversity 

 

1.10 Spatial movement of natural enemies from adjacent non-crop vegetation 

Natural enemies benefiting from the adjacent non-crop vegetation need to colonize crop 

field for biological control of crop pest. Many studies report movement of natural enemies 

from adjacent vegetation to crop field and vice versa (Duelli, Studer, Marchand, & Jakob, 

1990; Perović, Gurr, Simmons, & Raman, 2011; Rand, Tylianakis, & Tscharntke, 2006; 

Schellhorn, Bianchi, & Hsu, 2014; Thomson & Hoffmann, 2013). Different approaches 

are used to assess movement of natural enemies such as sampling of natural enemy 

abundance in different distances in the crop field (Thomson & Hoffmann, 2013), 

assessment of predation and parasitism (Baggen & Gurr, 1998; Bianchi et al., 2015), 

mark-capture technique (Heimoana et al., 2017; Perović et al., 2011) and assessment of 

gut content of predator (Heimoana et al., 2017). For planning effective conservation 

biological control through habitat management information on scale of effect (how long 

the supported natural enemy move from adjacent vegetation into the crop) is required.  

Natural enemy movement can be directed or random because there are several factors 

that influence in their movement. One of the important factors in insect movement is their 

dispersal mode (Northfield, Barton, & Schmitz, 2017). Natural enemies with walking and 

crawling dispersal modes can move short distances whereas flying and ballooning 

dispersal mode can rapidly move from a few metres to kilometres depending upon the 

insect size and wings strength (Bell, Bohan, Shaw, & Weyman, 2005; Schellhorn, 

Macfadyen, Bianchi, Williams, & Zalucki, 2008). Irvin, Hagler, and Hoddle (2018) 

reported movement of spiders, parasiotid (Anagrus erythroneurae), predatory thrips 

(Aeolothripidae) and minute pirate bugs (Anthocoridae) up to 36 m from buckwheat 

refuges over a six-day period. The movement of >100 m in 48 h from the refugee has 
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been observed for parasitoid (Diadegma semiclausum) (Schellhorn, Bellati, Paull, & 

Maratos, 2008). Prey or host availability is another important factor in natural enemy 

movement and has been observed in Coccinellids (Biddinger, Weber, & Hull, 2009; 

Holling, 1965; Smith, Hoffmann, & Thomson, 2015), Syrphidae (Noma & Brewer, 

2008), Araneae (Birkhofer, Entling, & Lubin, 2013) and parasitoids (Aartsma et al., 2019; 

Macfadyen & Muller, 2013).   

1.11 Factors affecting effective conservation biological control 

1.11.1 Pesticide use  

Some agricultural practices negatively affect the abundance and distribution of natural 

enemies compared to undisturbed adjacent non-crop vegetation (Attwood, Maron, House, 

& Zammit, 2008; Schmidt & Tscharntke, 2005; Wissinger, 1997). Most natural enemies 

complete their lifecycle in undisturbed non-crop vegetation rather than in highly 

disturbed crop field (Lee, Menalled, & Landis, 2001; Thorbek & Bilde, 2004). One of the 

major factors that affect natural enemies is pesticide use in crops. The active ingredients 

that kill insect pests can also kill or injure non-target predators and parasitoids this in turn 

leads to multiplication of several pests as there is no population control (Pimentel & 

Peshin, 2014). Non target impacts of pesticides also include reduce the food resources 

(prey/host) and disruptions in the behavioural and biological characteristics of natural 

enemy that also affect natural enemy abundance (Torres & Bueno, 2018). Judicious use 

of pesticides can help to conserve natural enemy populations. This can overcome the 

negative impacts of pesticide use such as increasing pest resistance and resurgence (Lou, 

Zhang, Zhang, Hu, & Zhang, 2013). Selective or reduced-risk chemicals that have 

minimum effect on natural enemy could be incorporated in biological control rather than 

blanket use of broad-spectrum pesticides (Gentz, Murdoch, & King, 2010; Wise, Jenkins, 

Vander Poppen, & Isaacs, 2010).  

1.11.2 Multi-trophic and multi-species interactions 

There has been increasing research in trophic interactions between plants, herbivores and 

natural enemies in the management of arthropod pests (Gardarin, Plantegenest, Bischoff, 

& Valantin-Morison, 2018; González-Chang, Wratten, Lefort, & Boyer, 2016). 

Manipulation of trophic level above and below the pest trophic level can affect population 

dynamics through direct and indirect interactions (Matson, Parton, Power, & Swift, 

1997). Provision of resources through habitat management to enhance natural enemy 

population (third trophic level) effect the population of herbivores through top down 
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effect (predation and parasitism). However, this may also divert natural enemies from the 

adjacent crop either through floral resources or the presence of alternate prey which may 

result reduced herbivore control (Wäckers, Romeis, & Van Rijn, 2007). Another 

mechanism that could effect on population dynamics of herbivores is through provision 

of floral resources is impact on fitness of herbivores that may increase the pest population 

in the adjacent crop (Wäckers et al., 2007; Winkler, Wäckers, Termorshuizen, & van 

Lenteren, 2010) and also fitness of hyper-parasitoids that may reduce the population of 

parasitoids that attack on insect herbivore (Araj, Wratten, Lister, & Buckley, 2009). 

Diverse assemblages of natural enemies are recommended in conservation biological 

control for pest suppression (Jonsson, Kaartinen, & Straub, 2017; Snyder, Snyder, Finke, 

& Straub, 2006). Creation of vegetation patches in crop fields may attract multiple species 

of predators and parasitoids. This may result both positive and negative effects on pest 

control (Snyder, 2019). This diversity of natural enemies can provide better control as an 

example of positive complementarity effect (Crowder & Jabbour, 2014; Petchey, 2003). 

This effect is possible if natural enemies have different feeding niches utilising different 

herbivore species and life stages (Finke & Snyder, 2008). Additionally, the presence of 

natural enemies in different space and time e.g. early and late season, diurnal and 

nocturnal feeding habits, help in creation of positive complementarity effects (Gagic et 

al., 2019; Snyder, 2019). Negative effects or interference is caused when natural enemies 

compete for the same food resources and also consume one-another (intraguild predation) 

(Muller & Brodeur, 2002; Polis, Myers, & Holt, 1989; Rosenheim, Kaya, Ehler, Marois, 

& Jaffee, 1995). However, most of these interaction studies are conducted in laboratory 

with one or two prey/natural enemy species. More information from the field experiments 

with complex of natural enemy and insect pests is required in this area (Snyder, 2019). 

1.12 Research Aim 

The aim of this thesis was primarily to assess Australian native plants for use in habitat 

management to support conservation biological control in a brassica crop system in 

temperate Australia. To achieve this aim, I posed questions in several directions based 

upon the important issues and knowledge gap along with the available resources and time 

period. 
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1.13 Research Questions 

1. Are there any Australian native plants that are available in temperate Australia 

that could benefit parasitoids of brassica pests without benefiting its principal pest 

P. xylostella?  

2. Can selected flowering native plants, established adjacent to a brassica crops, 

provide a biological pest control service along with other, complementary 

ecosystem services? 

3. Does established perennial woody native vegetation in the margin of a 

conventional (i.e., sprayed) brassica crop enhance natural enemy numbers within 

the crop? 

4. Can established flowering plants on brassica farms, present as ‘weeds’, promote 

conservation biological control? 

 

1.14 Research Objectives 

Based on the above question, the specific objectives were:  

1. To assess Australian native plants that are available in temperate Australia to 

determine whether they are likely to have effects on longevity of parasitoids of 

brassica without benefiting its principal pest P. xylostella. 

2. To assess the potential of selected flowering native plants, established adjacent 

to a brassica crops, on biological pest control service along with other 

complementary ecosystem services such as pollinator enhancement, benefit to 

native invertebrate biodiversity (particularly butterflies) and soil biological 

activity which is fundamental for sustainable agroecosystem.  

3. To assess the effect of adjacent established perennial woody native vegetation 

on natural enemies of insect pest within conventional commercial brassica crop 

fields of differing levels of pesticide toxicity loads. 

4. To assess the effect of established flowering weed plant species on conservation 

biological control. 
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Chapter 2 Effect of Australian native flowering plants on longevity of 

three parasitoids of the brassica pest and its major pest P. xylostella 

 

This chapter has been published, some minor modifications to the published manuscript 

have been made: 

Pandey, S., Rahman, A., Gurr, G.M., 2018. Australian native flowering plants enhance 

the longevity of three parasitoids of brassica pests. Entomologia Experimentalis et 

Applicata 166, 265-276. 

 

Parasitoid Diadegma semiclausum feeding on flower of Leptospermum cv. ‘Rudolph’. 
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2.1 Introduction 

Habitat management by flowering plants in agroecosystem require identification of plants 

that can benefit natural enemies (Gurr, Scarratt, Wratten, Berndt, & Irvin, 2004; Gurr et 

al., 2017; Landis et al., 2000; Z.-X. Lu et al., 2014). Various approach has been applied 

to identify flowering plants such as assessing longevity of natural enemies (Amaral et al., 

2013; Begum, Gurr, Wratten, Hedberg, & Nicol, 2006; Zhu et al., 2013), measuring 

flower attractiveness and nectar accessibility (Wäckers, 2004) and assessing flower 

visited by natural enemies (Jervis, Kidd, Fitton, Huddleston, & Dawah, 1993) for both 

predator and parasitoids. This assessment is useful in preliminary selection of flowering 

plants before incorporating them in fields.   

  

Brassicas are a major group of vegetable and oilseed crops and are attacked by various 

insect pests, including diamondback moth (Plutella xylostella) (L.) (Lepidoptera: 

Plutellidae), cabbage white butterfly (Pieris brassicae) (L.) (Lepidoptera: Pieridae), and 

cabbage aphid (Brevicoryne brassicae) (L.) (Hemiptera: Aphididae). Parasitoid wasps 

can play an important role in managing these pests but, to act as effective biological 

control agents, they require plant foods which increase their lifespan, host searching 

behavior, and realized fecundity (Berndt & Wratten, 2005; Irvin et al., 2006; Wäckers, 

2005; Wäckers & Van Rijn, 2012; Zhu et al., 2013). In the absence of food, parasitoid 

adults divert energy needed for survival and host searching by reducing their fecundity 

(Rivero & Casas, 1999). Proovigenic parasitoids reabsorb their eggs for their survival, 

whereas synovigenic parasitoids may mature fewer eggs in the state of food deprivation 

(Rivero & Casas, 1999). Food sources for parasitic wasps include plant nectars. Many 

studies have shown the importance of plant nectar on survival, host searching, and 

reproduction of parasitoids (Gillespie, Gurr, & Wratten, 2016; Z.-X. Lu et al., 2014; 

Wäckers, 2005; Zhu et al., 2013), the extent of which depends on flower attractiveness 

and nectar availability, suitability, and accessibility (Patt, Hamilton, & Lashomb, 1997; 

Wäckers, 2004; Wäckers & Van Rijn, 2012; Zhu et al., 2013).   

 

Nectar can also be exploited by pest insects (Balzan & Wäckers, 2013; Lavandero, 

Wratten, Didham, & Gurr, 2006; Wäckers et al., 2007). Many herbivores, including most 

pest Lepidoptera, feed on plant nectar as adults (Romeis, Stadler, & Wäckers, 2005; 

Wäckers et al., 2007). Accordingly, studies of the effects of nectar plants should include 

pests as well as natural enemies. Ideally plants should benefit natural enemies selectively 
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by denying benefit to the pest (Begum et al., 2006; Lavandero et al., 2006; Winkler, 

Wäckers, Kaufman, Larraz, & van Lenteren, 2009; Zhu et al., 2013). Such selectivity of 

plants depends on characteristics such as nectar accessibility, flower attractiveness, and 

differences in gustatory response (Baggen, Gurr, & Meats, 1999; Wäckers, 2005; 

Winkler, Wäckers, Stingli, & Van Lenteren, 2005; Zhu et al., 2013). 

 

Habitat management studies for conservation biological control frequently use non-native 

plant species such as alyssum (Lobularia maritima), coriander (Coriandrum sativum), 

purple tansy (Phacelia tanacetifolia), and buckwheat (Fagopyrum esculentum) (Fiedler 

et al., 2008). There is, however, growing interest in the use of plants that are native to a 

given area for habitat management. The use of native plant species offers the advantages 

that they are likely to be well adapted to local environment, avoid the risk of introducing 

an invasive plant, and may have a reduced need for water, nutrients, and pest control 

inputs. Native plants may also be the focus of conservation efforts and will be more 

valuable than non-native species in efforts to conserve or restore other native species 

including vertebrates (Fiedler et al., 2008; Isaacs et al., 2009; Landis et al., 2012) which 

themselves may serve as biological control agents (Gámez-Virués et al., 2007). The use 

of native plants in habitat management is impeded by a general lack of knowledge on 

their biology including their effects on key natural enemy species and pests. This lack is 

especially apparent in Australia, as no published information was found on assessing 

Australian native plant floral resources for benefits such as improving longevity, although 

a few field studies have shown the benefits of native vegetation as habitat for natural 

enemies (Bianchi et al., 2015; Danne et al., 2010; Stephens et al., 2006; Wood et al., 

2010).   

 

Accordingly, the aim of this work was to study a range of Australian native angiosperm 

species that represent common taxa in agricultural landscapes in temperate Australia, 

where most cropping takes place, to determine whether they are likely to have effects on 

longevity of P. xylostella and three common parasitoids: Diadegma semiclausum 

(Hellen) (Hymenoptera: Ichneumonidae), Cotesia glomerata (L.), and Diaeretiella rapae 

(McIntosh) (both Hymenoptera: Braconidae). These parasitoids attack the three brassica 

pests P. xylostella, P. brassicae, and B. brassicae, respectively. The presence of such 

plants in native vegetation landscape patches on or adjacent to farms could have positive 

effects for biological control if parasitoids were benefitted by them, or it could have 

negative effects if the plants provided nourishment to pests. Further, habitat interventions 
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based on establishing such plants on farms requires information on the relative benefit of 

each plant taxon to parasitoids and pests. Data on longevity of each species was used as 

an indication of more general benefit and thereby shed light on whether the native plants 

offered scope for use in habitat management programs or may need to be avoided when 

establishing brassica crops so that benefit to P. xylostella is avoided.  

2.2 Materials and methods 

Treatments consisted of floral shoots of 11 Australian native plant species, one non-native 

plant species (Table 2.1), and 10% vol/vol honey water solution. Floral shoots of seven 

native plants were collected from bushes and trees, floral shoots of three natives were 

obtained by growing them in the field, the remaining native and the non-native floral 

shoots were obtained from shade house grown plants on Charles Sturt University (CSU) 

located in Orange (33.2465°S, 149.1173°E), in southeast Australia. 

 

Study insects – the parasitoids D. rapae, D. semiclausum, and C. glomerata, and the pest 

P. xylostella – were collected from an organic cabbage field located at nearby Huntley 

(33.3688°S, 149.1318°E) and reared in the laboratory for regular supply of insects. 

Collection of larvae and pupae of P. xylostella and mummified cabbage aphid for D. 

rapae was in March-April 2016. Collection of D. semiclausum from larvae and pupae of 

P. xylostella, and C. glomerata from larvae of P. brassicae and C. glomerata mummies 

was in October 2016. Initial species identification was done by morphology and 

taxonomic key, later confirmed by DNA barcoding. Pest species were reared on potted 

cabbage plants (Brassica oleracea L. var. capitata, Brassicaceae) in separate cages, 

maintained at 25 ± 2 °C, 60 ± 10% RH., and natural light with day length ranging from 

12 to 14 h. Diaeretiella rapae was reared on B. brassicae, D. semiclausum on P. 

xylostella, and C. glomerata on P. rapae. 

2.2.1 Preparation of experimental materials  

Flowering stems were collected between 07:00 and 09:00 hours and taken directly to the 

laboratory, examined, and any arthropods present were removed. Flower stems were 

placed in 50-ml conical flasks filled with water to maintain turgidity. The mouth of each 

flask was covered with Parafilm to prevent test insects falling into the water. Flasks of 

shoots were prepared and placed singly inside experimental cages. Each experimental 

cage (Figure 2.1) was made of clear acetate cylinders (20 cm high, 10 cm diameter) with 

caps on the top and bottom. A 7-cm-diameter hole was cut in the top of each cage and 

covered with nylon mesh for ventilation and a small rectangular hole was cut in the side 



20 

 

of the cages to provide access. Flowering stems were replaced every 1-2 days. Water was 

provided in all treatments by a wet cotton swab. Each experiment had a control treatment 

with water only to provide a consistent baseline across all experiments. All cages were 

kept in a growth chamber at 22 °C, 70% RH, and L16:D8 photoperiod, in a randomized 

block design.  

 

Figure 2.1 Custom made plastic cage for longevity experiment. 
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Table 2.1 Observed flowering periods for Australian native plants at Orange, New South Wales (2016-2017). 

   Flowering time 

Plant species  Family  Common name  Ju  Au  Se  Oc  No  De  Ja  Fe  Ma  Ap  Ma  Ju  

Westringia fruticosa (Willd.) Druce  Lamiaceae  Coastal rosemary1             

Grevillea cv. ‘Bronze Rambler’  Proteaceae  Grevillea1             

Myoporum parvifolium R. Br.  Scrophulariaceae  Creeping boobialla1             

Lotus australis Andrews  Fabaceae  Austral trefoil2             

Leptospermum cv. ‘Rudolph’  Myrtaceae  Tea tree1             

Acacia baileyana F. Muell  Fabaceae  Cootamundra wattle1             

Callistemon citrinus (Curtis) Skeels  Myrtaceae  Bottlebrush1             

Eucalyptus radiata Sieber ex DC.  Myrtaceae  Narrow-leafed peppermint1              

Swainsona galegifolia (Andrews) R.Br.  Fabaceae  Smooth darling pea2             

Mentha satureioides R.Br.  Lamiaceae  Native pennyroyal2             

Brachyscome iberidifolia Benth.  Asteraceae  Swan river daisy3             

Fagopyrum esculentum Moench  Polygonaceae  Buckwheat3             

1Collected from bushes and trees. 

2Obtained by growing them in field. 

3Shade house grown (flowering time not shown). 
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2.2.2 Assessment of parasitoids and pest longevity  

The timing of flowering of these native species and insect availability prevented the 

synchronous testing of all insect species with all flowering species. Therefore, several 

independent experiments were conducted. All treatments were replicated at least 7× and 

up to 10×. For D. rapae each cage used four unsexed adults, for D. semiclausum and P. 

xylostella a pair (one male and one female) of adults was used, and for C. glomerata two 

unsexed adults were used. Survival was assessed daily, and the sex of each insect was 

determined using a stereomicroscope (10-20×) after its death for D. rapae and C. 

glomerata so that each sex could be analyzed separately. 

2.2.3 Statistical analysis 

The Shapiro-Wilk test (Razali & Yap, 2011; Shapiro & Wilk, 1965), numerical 

approaches (skewness and kurtosis indices), and the normal Q-Q plot-based graphical 

method were used to check the normality of the data, and found that the longevity data 

followed approximately the normal distribution. A two-way ANOVA was conducted to 

compare the main effects of plant species and sex, and their interaction effect on longevity 

of insects. Wherever unequal sample size occurred (i.e., unequal number of replications, 

or unequal number of males and females), estimated marginal means were computed and 

used to fit unbalanced designs models. For significant interaction effects, further analysis 

was carried out to find out the significant interaction group. Multiple comparisons were 

done based on estimated marginal means using Bonferroni adjustment for the P values. 

Survival analysis was performed using Kaplan-Meier estimates of the survival function 

of parasitoids D. rapae, D. semiclausum, and C. glomerata, and the pest P. xylostella to 

show the proportional survival over time (Kleinbaum & Klein, 2005). All statistical 

analyses were carried out with IBM SPSS Statistics v.24 (IBM, Armonk, NY, USA). An 

a priori α = 0.05 was employed for each statistical test. 

2.3 Results 

The Australian native floral resources enhanced the longevity of parasitoids D. rapae, D. 

semiclausum, and C. glomerata, and the pest P. xylostella, but the effect differed across 

floral species and sex. In the first experiment, longevity of D. rapae was enhanced by 

native plants Westringia fruticosa, Callistemon citrinus, Grevillea sp., Leptospermum sp., 

and Myoporum parvifolium, and by 10% honey water solution, compared to water only. 

However, D. rapae exposed to native Leptospermum sp. plus 10% honey water solution 

survived on average 3.4-3.8× longer compared to water only, whereas with other native 
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plants the survival was on average 1.7-2.9× higher. Survival of D. rapae was not extended 

by native Acacia baileyana compared to water only (Table 2.2, Figure 2.2 A,B). Overall, 

D. rapae females lived longer than males and no interaction between floral treatment and 

sex was observed (Table 2.2, Figure 2.2 A,B). In the second experiment, F. esculentum 

enhanced the longevity of D. rapae by 3.3× compared to water only. Females survived 

better than males, but an interaction effect between floral treatment and sex was not 

significant (Table 2.2, Figure 2.2 C,D). None of the native plants L. australis, S. 

galegifolia, M. satureioides, E. radiata, and B. iberidifolia enhanced the longevity of D. 

rapae in experiments three and four, compared to water, and no significant effect of sex 

or the interaction between floral treatment and sex was observed (Table 2.2). 

Table 2.2 Mean longevity (days) of parasitoids Diaeretiella rapae (sample sizes in 

parentheses). 

 Experiment    

Effect  1 2 3 4 

Treatment A. baileyana1 4.95 (20)ef 
   

 W. fruticosa 7.64 (16)cd 
   

 C. citrinus 10.55 (20)b 
   

 Grevillea sp. 8.5 (20)c 
   

 Leptospermum 

sp. 

12.56 (23)a 
   

 M. parvifolium 6.4 (20)de 
   

 L. australis 
  

4.32 (21)a 
 

 S. galegifolia 
  

3.56 (20)a 
 

 M. satureioides 
  

3.99 (19)a 
 

 E. radiata 
  

3.78 (19)a 
 

 B. iberidifolia 
   

3.8 (20) 

 10% honey 

water  

14.2 (20)a 
   

 F. esculentum 
 

11.76 

(17) 

  

 Water 3.7 (20)f 3.6 (24) 3.41 (24)a 3.29 

(24) 

 F 67.28 125.12 1.55 3.305 

 d.f. 7,143 1,37 4,93 1,40 

 P <0.001 <0.001 0.19 0.077 
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Sex Male 7.8 (79) 6.92 

(21) 

3.57 (52) 3.56 

(22) 

 Female 9.3 (80) 8.45 

(20) 

4.06 (51) 3.52 

(22) 

 F 21.78 4.36 3.42 0.022 

 d.f. 1,143 1,37 1,93 1,40 

 P <0.001 0.044 0.068 0.88 

Treatment*se

x 

F 1.80 2.49 1.28 0.022 

 d.f. 7,143 1,37 4,93 1,40 

 P 0.090 0.12 0.28 0.88 

Because of the unequal sample sizes estimated marginal means were calculated. Means 

within a column followed by the same letter are not significantly different (pairwise 

comparison of multiple treatments based on estimated marginal means: P>0.05). 
1See Table 2.1 for full species names. 
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Figure 2.2 Kaplan–Meier estimates of survival functions of Diaeretiella rapae (A) males 

and (B) females exposed to water (control), 10% honey water, and flowers of Acacia 

baileyana, Westringia fruticosa, Callistemon citrinus, Grevillea sp. Leptospermum sp., 

and Myoporum parvifolium, and (C) males and (D) females exposed to water (control) 

and flowers of Fagopyrum esculentum. 

 

For D. semiclausum, the native plants M. parvifolium and Grevillea sp., non-native F. 

esculentum, and 10% honey water solution enhanced the longevity in experiment one. 

Survival of D. semiclausum was on average 8.2 and 9.7× higher on F. esculentum and 

10% honey water solution, respectively, compared to water only, whereas Grevillea sp. 

and M. parvifolium extended survival by 3.5-4.3× (Table 2.3, Figure 2.3 A,B). Overall, 

D. semiclausum females survived longer than males and no significant interaction 

between floral treatment and sex was observed (Table 2.3, Figure 2.3 A,B). In experiment 

two, the native plants L. australis and M. satureioides enhanced survival on average by 

2.3 to 4.2× compared to water only, whereas S. galegifolia and E. radiata displayed no 

significant effect (Figure 2.3 C). No significant effect of sex or interaction between floral 

treatment and sex was observed (Table 2.3). In experiment three, no effect on longevity 

was observed by native B. iberidifolia compared to water only, nor a significant effect of 
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sex or their interaction (Table 2.3). 

 

Table 2.3 Mean longevity (days) of parasitoids Diadegma semiclausum and Cotesia 

glomerata (sample sizes in parentheses). 

 D. semiclausum  C. glomerata 

Effect Exp. 1 Exp. 2 Exp. 

3 

 Exp. 1 Exp. 2 

Treatment Grevillea sp. 10.35 

(20)b 

   18.36 

(16)a  

 

 M. parvifolium1 12.44 

(20)b 

   12.78 

(16)b  

 

 L. australis 
 

5.52 

(19)b 

   5.12 

(18)bc 

 S. galegifolia 
 

3.25 

(20)bc 

   3.92 

(19)c 

 M. satureioides 
 

10.35 

(20)a 

   9.88 

(20)b 

 E. radiata 
 

3.3 

(19)bc 

    

 B. iberidifolia 
 

 3.05 

(20) 

   

 10% honey 

water  

28.1 (20)a    16.47 

(15)ab  

 

 F. esculentum 23.81 

(15)a 

    31.16 

(13)a 

 Water 2.9 (20)c 2.45 

(20)c 

2.7 

(20) 

 2.68 

(16)c 

2.5 

(20)c 

 F 65.27 27.33 4.04  36.468 56.913 

 d.f. 4,85 4,88 1,36  3,55 4,80 

 P <0.001 <0.00

1 

0.05

2 

 <0.00

1 

<0.00

1 

Sex Male 13.9 (47) 4.44 

(48) 

2.8 

(20) 

 11.9 

(24) 

8.58 

(35) 

 Female 17.1 (48) 5.5 

(50) 

2.95 

(20) 

 13.25 

(39) 

12.45 

(55) 

 F 8.17 3.58 0.74

3 

 1.25 10.657 

 d.f. 1,85 1,88 1,36  1,55 1,80 

 P 0.005 0.062 0.39  0.27 0.002 

Treatment*se

x 

F 0.0799 1.101 0.08

3 

 0.496 1.85 

 d.f. 4,85 5,102 1,36  3,55 4,80 

 P 0.53 0.37 0.78  0.69 0.13 

Because of the unequal sample sizes estimated marginal means were calculated. Means 

within a column followed by the same letter are not significantly different (pairwise 

comparison of multiple treatments based on estimated marginal means: P>0.05). 
1See Table 2.1 for full species names. 
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Figure 2.3 Kaplan–Meier estimates of survival functions of D. semiclausum(A) males 

and (B) females exposed to water (control), 10%honeywater, and flowers of Grevillea 

sp., M. parvifolium, and F. esculentum, and (C) sexes combined (no significant difference 

in mean longevity between sexes) exposed to water (control) and flowers of L. australis, 

S. galegifolia, M. satureioides, and E. radiata. 

 

Longevity of C. glomerata was affected by Grevillea sp., M. parvifolium, and 10% honey 

water solution in experiment one. Survival of the parasitoid was on average 4.7-6.9× 

higher on M. parvifolium, 10% honey water solution, and Grevillea sp., compared to 

water only (Table 2.3, Figure 2.4 A). An effect of sex was not significant, nor an effect 

of the interaction between floral treatment and sex (Table 2.3). In experiment two, 

parasitoid survival was increased by 12.5× by F. esculentum compared to water only, 

whereas survival was 4× higher when the parasitoid was exposed to floral shoots of M. 

satureioides. Survival of C. glomerata was not extended by L. australis and S. galegifolia 

flowers compared to water only. Females survived longer than males and no significant 

interaction between floral treatment and sex was observed (Table 2.3, Figure 2.4 B, C). 
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Figure 2.4 Kaplan–Meier estimates of survival functions of C. glomerata (A) sexes 

combined (no significant difference in mean longevity between sexes) exposed to water 

(control), 10% honey water, and flowers of Grevillea sp. and M. parvifolium, and (B) 

males and (C) females exposed to water (control) and flowers of L. australis, S. 

galegifolia, M. satureioides, and F. esculentum. 

 

Longevity of P. xylostella was affected by plant treatments in experiments one and two. 

In experiment one, the native plants M. parvifolium, W. fruticosa, and Grevillea sp., and 

10% honey water solution extended the survival of P. xylostella by 2-3× compared to 

water only, whereas native A. baileyana did not affect the survival (Figure 2.5A). No 

significant effect of sex or the interaction between floral treatment and sex was observed 

(Table 2.4). In experiment two, both M. satureioides and F. esculentum increased survival 

of P. xylostella by 4-6× compared to water only (Figure 2.5 B, C). Although no overall 

sex effect was observed, the interaction of sex and floral treatment had a significant effect: 

male P. xylostella benefited more by F. esculentum than female P. xylostella (Figure 2.5 

B, C). 
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Figure 2.5 Kaplan–Meier estimates of survival functions of P. xylostella (A) sexes 

combined (no significant difference in mean longevity between sexes) exposed to water 

(control), 10% honey water, and flowers of A. baileyana, W. fruticosa, Grevillea sp., and 

M. parvifolium, and (B) males and (C) females exposed to water (control) and flowers of 

M. satureioides and F. esculentum. 

 

Table 2.4 Mean longevity (days) of brassica pest P. xylostella (sample sizes in 

parentheses). 

 Experiment  

Effect  1 2 

Treatment A. baileyana1 18.5 (14)c 
 

 W. fruticosa 40.7 (14)ab 
 

 Grevillea sp. 47.2 (14)a 
 

 M. parvifolium 31.7 (14)b 
 

 M. satureioides 
 

55.28 (19)a 

 10% honey water  44.3 (20)a 
 

 F. esculentum 
 

61.51 (20)a 

 Water 15.85 (20)c 12 (20)b 

 F 27.99 74.24 

 d.f. 5,84 2,53 
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 P <0.001 <0.001 

Sex Male 31.36 (48) 45.76 (30) 

 Female 34.72 (48) 40.1 (29) 

 F 2.44 2.41 

 d.f. 1,84 1,53 

 P 0.12 0.13 

Treatment*sex F 1.038 3.38 

 d.f. 5,84 2,53 

 P 0.40 0.041 

Because of the unequal sample sizes estimated marginal means were calculated. Means 

within a column followed by the same letter are not significantly different (pairwise 

comparison of multiple treatments based on estimated marginal means: P>0.05). 
1See Table 2.1 for full species names. 

 

2.4 Discussion 

A significant proportion of the native Australian plant species offered food resources to 

adult parasitoid wasps which increased their longevity. This important finding has 

important implications for their effects on biological control in adjacent crops. Literature 

shows that increased reproductive lifespan enhances fecundity as well as host parasitism 

in general (Benelli et al., 2017; Heimpel & Jervis, 2005) as well as specifically for D. 

rapae (Jamont, Crépellière, & Jaloux, 2013; Tylianakis, Didham, & Wratten, 2004), D. 

semiclausum (Winkler, Wäckers, Bukovinszkine-Kiss, & van Lenteren, 2006; Yang, 

Chu, & Talekar, 1993), and C. glomerata (Hasan & Ansari, 2010).  

 

The extent of longevity benefit to parasitoids varied depending upon the flower species 

and interplay between flower species and parasitoid species. This suggests that the 

variability depends on various factors, including flower attractiveness, nectar 

accessibility, nectar suitability, insect morphology, and its gustatory response (Jervis, 

1998; Patt et al., 1997; Vattala, Wratten, Phillips, & Wäckers, 2006; Wäckers, 2004; 

Wäckers & Van Rijn, 2012; Winkler, Wäckers, Stingli, et al., 2005). Access to the flowers 

of Leptospermum sp. increased the survival of D. rapae females as much as the honey 

water solution. Callistemon citrinus, Grevillea sp., W. fruticosa, and M. parvifolium did 

not increase the survival of D. rape to the same extent as the honey water solution and 

Leptospermum sp. but increased parasitoid survival 2-3× more than water only. Similarly, 

D. semiclausum survived 2-5× longer with L. australis, Grevillea sp., and M. parvifolium 
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though 9.7-fold longer longevity was achieved in 10% honey water solution, compared 

to water only. In the case of C. glomerata, a 4-7-fold increment in mean survival occurred 

with native plants, but a maximum of 12.5-fold increment occurred with the non-native 

plant F. esculentum that is frequently used in conservation biological control. Variation 

in survival between plants could be due to differences in nectar concentration (Azzouz, 

Giordanengo, Wäckers, & Kaiser, 2004; Siekmann, Tenhumberg, & Keller, 2001) and 

sugar composition (Adler & Irwin, 2012; Barker & Lehner, 1974; Nicolson & Thornburg, 

2007; Wäckers, 2005). Wäckers (2001) tested 14 naturally occurring sugars on longevity 

of C. glomerata and showed higher longevity with solutions of sucrose, glucose, or 

fructose, compared to other sugars. Honey contains high proportion of fructose, glucose, 

and sucrose (Ball, 2007) as does the nectar of F. esculentum (Vattala et al., 2006; 

Wäckers, Lee, Heimpel, Winkler, & Wagenaar, 2006). Wäckers (2001) reported that 

presence of unsuitable sugars reduced the lifespan of parasitoids relative to water. 

Importantly, however, this effect is not consistent among parasitoid species; the sugars 

suitable for one species may be unsuitable for others (Wäckers, 2001).  

 

One of the native plants, M. satureioides, increased the longevity of D. semiclausum and 

C. glomerata by 3-4-fold but did not increase the longevity of D. rapae. As D. 

semiclausum and C. glomerata have on average a wider head than D. rapae (Kant, Minor, 

& Trewick, 2012; Winkler et al., 2009) accessibility could not be the cause. Plant aroma 

could be an explanation as Mentha spp. contain various essential oils such as menthol, 

cineole, limonene, α-pinene, and β-caryophyllene, which are used as insect repellents 

(Nerio, Olivero-Verbel, & Stashenko, 2010) and may be especially repellent to D. rapae. 

There is evidence that access to nectar alone does not assure an increase in longevity if 

flowers are not visited by insects (Lavandero et al., 2006; Wäckers, 2004) and a plant 

repellent to one insect may not lead to the same response in others (Wäckers, 2004). 

 

The non-native, nectar-rich F. esculentum increased longevity of all three parasitoid 

species. This is consistent with other studies with D. rapae (Araj & Wratten, 2015), D. 

semiclausum, and C. glomerata  (Winkler et al., 2009) or other parasitoids (Balzan & 

Wäckers, 2013; Berndt, Wratten, & Hassan, 2002; Vattala et al., 2006). Depending upon 

the parasitoid species, F. esculentum increased the longevity by a factor of 3-12.5. The 

flower of F. esculentum is characterized by a wide and shallow corolla making nectaries 

accessible to most insects (Vattala et al., 2006) even those with short mouth parts and 

large body size (Jervis et al., 1993).  
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Overall, female parasitoids lived longer than males for all three species in all treatments. 

Perhaps, females live longer than males because they may resorb eggs, as no hosts were 

provided for parasitization. Egg resorption has been found to increase life expectancy in 

most female parasitoids (Rivero & Casas, 1999).  

 

Four of the plant species in the present study – S. galegifolia, B. iberidifolia, A. baileyana, 

and E. radiata – did not increase the survival of parasitoids. The cause might be 

inaccessibility of nectar, from S. galegifolia (Fabaceae) with its closed floral structure 

(pea like) and B. iberidifolia (Asteraceae) with its deep corolla. Nectaries of Asteraceae 

flowers are located at the base of narrow tubular corollas (Patt et al., 1997). Acacia 

baileyana may lack floral nectar, as the secretion of floral nectar is not common in Acacia 

species (Stone, Raine, Prescott, & Willmer, 2003). In the case of E. radiata the quality of 

nectar is likely the cause, as the congeneric E. oreades did increase the longevity of D. 

semiclausum up to 12 days when floral resource was provided for 9 days (S. Pandey, 

personal observation). Though exact information on nectar composition of this species is 

not available, the ratios of sucrose, glucose, and fructose are known to vary among 

Eucalyptus species (Davis, 1997; Morrant, Petit, & Schumann, 2010).  

 

A key issue in conservation biological control programs is the provision of food 

resources. Nevertheless, the haphazard use of nectar plants to provide food resources to 

natural enemies may enhance pest survival and reproduction. In the present study, plants 

that increased parasitoid longevity also increased P. xylostella longevity. For lepidopteran 

adults, floral nectar is thought to be the main source of food for which they have 

specialized mouth parts (Krenn, 2010). All tested flower species were accessible to P. 

xylostella; adults lived 2-6× longer when exposed to any of the flowering plants, 

compared to water controls. The finding that all native Australian plants benefitted P. 

xylostella adults has important and previously unrecognized implications for the possible 

enhancement of this major pest in crops located close to areas of native vegetation. 

Similar results were obtained in a study of non-Australian plants by Winkler et al. (2009) 

who reported an increase in longevity of P. xylostella by F. esculentum and all other 

plants that benefited D. semiclausum and C. glomerata. Further, this pest exploited 

flowers of more species than did its parasitoid D. semiclausum in the laboratory and 

visited a wider range of plant species with hidden and exposed nectaries than did P. 

brassicae and P. rapae in the field (Winkler, Wäckers, Buitriago, & van Lenteren, 2005; 
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Winkler et al., 2009). 

 

Another concern in conservation biological control through habitat management is the 

availability of floral resources when the natural enemies are active and mobile. The tested 

plants in this experiment flowered from winter to autumn, but most of them flowered 

during spring and summer when brassica crops are grown in the study region and both 

pest and natural enemies are active (S. Pandey, personal observation). Biological and 

ecological studies on these insect parasitoids indicate that they are active during late 

spring to summer when temperature starts rising after winter (Fei, Gols, & Harvey, 2014; 

Kant et al., 2012; Yang et al., 1993). The pest P. xylostella has a wider temperature range, 

from 8 to 33 °C (Shi, Li, & Ge, 2012), so is active for a longer period of time. 

 

None of the Australian native plants in the present study were suitable to parasitoids only, 

without benefiting the pest P. xylostella. Among the tested plants, only A. baileyana did 

not increase the longevity of P. xylostella but neither did it benefit D. rapae, the only 

parasitoid against which it was tested. 

2.5 Conclusions 

Generally, survival time of parasitoids is reduced when deprived of food because they 

eclose with limited carbohydrate (sugar, glycogen) reserves to fulfil their energy demands 

and require frequent feeding to survive (Steppuhn & Wackers, 2004). The increase in 

survival is important in successful biological control as it may lead to increase in 

reproductive lifespan and fecundity. Plant nectar plays an important role in survival, 

fecundity, and host searching capability of natural enemies leading ultimately to enhance 

biological pest management. However, there is a risk of corresponding increases in 

herbivore fitness (Balzan & Wäckers, 2013; Lavandero et al., 2006; Winkler et al., 2009). 

Our results highlight that Australia’s native flora should be further explored in habitat 

management studies to increase the survival of parasitoids. However, careful screening 

is necessary before recommendations can be made for habitat management. Food plants 

that only benefit parasitoids should be recommended in habitat management. In cases 

where selective food plants that only benefit parasitoids cannot be identified, as in the 

present study, relative differences in survival of pests and parasitoids can be used as 

selection criteria. This finding is, however, based on only laboratory assessment of 

longevity so needs to be extended to field studies that assess effects on pest densities and 

crop damage.   
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Chapter 3 Assessment of Australian native plants established adjacent 

to a brassica crop on conservation biological control and other 

complementary ecosystem services  

 

This chapter has been published, some minor modifications to the published manuscript 

have been made: 

Pandey, S.; Gurr, G.M. Conservation biological control using Australian native plants 

in a brassica crop system: seeking complementary ecosystem services. Agriculture, 

Ecosystems & Environment 2019, 280, 77-84, doi:10.1016/j.agee.2019.04.018. 

 

 

 

 

Schematic diagram showing creation of habitat can support different ecosystem service 

provider.
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3.1 Introduction 

Farming is a key factor in shaping terrestrial landscapes and causing biodiversity losses 

(Foley et al., 2011). Meeting future needs for agricultural commodities is likely to involve 

expansion of agricultural land and increased use of inputs such as chemical fertilizers and 

pesticides to raise per unit area productivity (de Schutter, 2011). Both expansion and 

intensification scenarios result in negative externalities such as loss of natural habitat and 

associated biodiversity (Geiger et al., 2010; Millennium Ecosystem Assessment, 2005; 

Sands, 2018), decrease pollinator and other beneficial insects (Arce et al., 2017; Encinas-

Viso, Revilla, & Etienne, 2014; Park, Blitzer, Gibbs, Losey, & Danforth, 2015), decrease 

in the quality of soil (Marin, Andrades, Inigo, & Jimenez-Ballesta, 2016) and water 

(Novotny, 1999; Y. Wang, Bian, Wang, & Nie, 2016; Z. Wu, Liang, & Zeng, 2016). A 

potential alternative is ecological intensification; using ecosystem services to promote 

per unit area productivity, avoiding the need to increase inputs (Bommarco et al., 2013; 

Pretty et al., 2018). 

 

An example of ecological intensification is habitat management for enhancement of 

natural enemies through provision of shelter, nectar, alternate hosts and pollen (Fiedler et 

al., 2008; Gurr et al., 2017; Gurr & You, 2016). A case of successful habitat management 

is the push-pull strategy which has been adopted by more than 125,000 East African 

farmers and shows that insect pest suppression can be complemented by the delivery of 

other ecosystem services including weed suppression, nitrogen fixation, provision of 

forage, and improving incomes (Khan et al., 2016). Reductions in arable land area or 

additional labour costs can be offset by improvements in long term crop yields (Midega, 

Bruce, Pickett, & Khan, 2015; Pywell et al., 2012; Pywell et al., 2015). Agroecosystems 

that deliver multiple ecosystem services are a fundamental part of sustainable 

intensification of agriculture (Pretty et al., 2018). Designing such agroecosystems 

requires knowledge of the ecological interactions that can deliver ecosystem services.  

 

Habitats can affect crop pests at different scales, ranging from within a crop, to whole 

farm (Amaral et al., 2013; Blaauw & Isaacs, 2015; Gurr & You, 2016; Silveira, Berti 

Filho, Pierre, Peres, & Louzada, 2009), to the wider landscape (Bianchi, Goedhart, & 

Baveco, 2008; Chaplin-Kramer, de Valpine, Mills, & Kremen, 2013; Fiedler et al., 2008; 

Tscharntke et al., 2007). Habitat management at the farm scale is mostly practiced by 

individual farmers but area-wide cooperation of multiple stakeholders is required for 



40 

 

increasing biodiversity at a landscape scale. Local crop diversification and non-crop 

vegetation play important role in regulating pest control and may mask the effect of the 

landscape structure in pest suppression (Karp et al., 2018). This highlights the importance 

of local habitat management for managing natural enemy and pest populations. 

 

Among local scale habitat management studies, a small range of nectar-rich  plants 

species has dominated work in multiple continents, including buckwheat (Fagopyrum 

esculentum) (Fiedler et al., 2008). In contrast, native plant species that are well adapted 

to local environmental conditions have been the subject of far less research (Fiedler et al., 

2008). This is despite the potential advantages that they can be equally attractive to 

beneficial insects, carry minimal risk of becoming invasive weeds and help in native 

biodiversity restoration (Fiedler et al., 2008; Isaacs et al., 2009; Pandey, Rahman, & Gurr, 

2018; Tscharntke et al., 2012).  Accordingly, the aim of this research was to assess the 

potential of Australian native plants established adjacent to a brassica crop on biological 

pest control service as a result of enhancement of natural enemies in comparison with 

naturally occurring weedy grass vegetation (control) and buckwheat (positive control). In 

addition to pest control service, our interest was also on assessment of other, 

complementary ecosystem services such as pollinator enhancement, benefit to native 

invertebrate biodiversity (particularly butterflies) and soil biological activity which is 

fundamental for sustainable agroecosystem.  

3.2 Materials and methods 

3.2.1 Sites and plants 

The experiment used a randomized complete block design with four replications at 

Orange (33.2465° S, 149.1173° E), in south east Australia. Experimental plots were 5 × 

5 m2 of cabbage plants with a central circular patch 1.5 m diameter for treatment plants 

(Figure 3.1). Each plot was 5 m from adjacent plots. The Australian native plants M. 

satureioides R. Br. (Lamiaceae), S. galegifolia (Andrews) R. Br. (Fabaceae), and L. 

australis Andrews (Fabaceae) were selected based on their seed availability, ability to 

grow well in the area, synchronized blooming period and flowering time (summer season) 

coinciding with the cropping season. Those plants were also tested in longevity 

assessment (Chapter 2), two of the native flower species enhanced the survival of brassica 

parasitoids.  
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Figure 3.1 Field layout 

 

Seedlings were raised in a glasshouse until 3-4 months old and planted into the centre of 

each plot in early October 2016 (Spring). Regular hand weeding and watering was carried 

out to aid plant establishment. Flowering commenced in late spring (November) see Table 

2.1 (Chapter 2). A second planting (2-month-old seedling) took place in October 2017 to 

boost plant density for S. galegifolia and L. australis.  Fagopyrum esculentum Moench 

was directly seeded in treatment patches in 10th of December 2017 as this is a fast-

growing plant. The weedy control plot contained several grass species that naturally grew 

at the site. This was predominantly (90%) summer grass Digitaria cilians (Retz.) Koeler; 

with other annual and perennial grass species.  

One-month-old cabbage (Brassica oleracea L. var. capitata, Brassicaceae) seedlings 

were planted in each plot (around the flowering plants) with a spacing of 50 x 60 cm on 

the 7th December 2017. A synthetic NPK fertilizer had been applied pre-planting and urea 

was applied post planting as side dressing. Regular watering and weeding were carried 

out evenly on all treatment plots. Inter-plot areas were mowed to avoid presence of 

flowering weeds. All treatment plots were managed identically, and no pesticides were 

applied. Cabbages were harvested for assessment mid-February 2018.  

3.2.2 Phenology of flowers 

Plants in each treatment were observed at 3-4-day intervals until the first initiation of the 

flowers. Flowering of M. satureioides started at the end of December 2017 and continued 
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until March 2018. Flowering of L. australis and S. galegifolia started at the beginning of 

January 2018 and continued until early March and mid-February respectively, to ensure 

regular flowering the old flowering stalks were regularly hand trimmed. For F. 

esculentum, the first flower was observed in mid-January 2018 and continued until the 

end of February 2018.  

3.2.3 Assessment of biological pest control service  

Larval parasitism P. xylostella was assessed using infested sentinel potted plants arranged 

in similar fashion in each treatment plots (Figure 3.2). In each treatment plot, three pots 

containing single cabbage plants (1.5-month-old) each infested with 15 2nd-3rd instar P. 

xylostella larvae from the laboratory colony were placed adjacent to flowering plants and 

among the growing cabbages. After 2 days, larvae were recovered from the potted plants 

and reared separately in a plastic jar (D = 6.7, H = 7.5), covered with fine net cloth for 

aeration. Cabbage leaves were provided twice a day during larval growth and monitored 

subsequently until the emergence of a parasitoid or adult P. xylostella. Parasitism rates 

were calculated by dividing the number of parasitoids emerged by the initial number of 

recovered P. xylostella larvae. Similarly, parasitism of P. rapae was assessed by 

collecting the larvae from the treatment plots and rearing them in cages (BugDorm-

4S3030) of size 32.5 × 32.5 × 32.5 cm on mustard seedlings. The larvae of P. rapae were 

collected from the cabbage plants excluding the tagged cabbage plants used for pest 

abundance assessment. Parasitism rate was calculated by dividing the number of 

parasitoids emerged by the number of collected larvae. Parasitism assessment was 

conducted two times during the flowering period of treatment plants, in cupping stage 

and post cupping (after 15 days of first observation) of cabbage crop for both P. xylostella 

and P. rapae.  
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Figure 3.2 Sentinel plants infested with 2nd-3rd instar P. xylostella larvae to assess 

parasitism.  

 

Pest and natural enemy density were assessed on cabbage plants and the central, treatment 

plants. Five randomly selected cabbage plants in each plot were searched, and the number 

of pest and natural enemies present were counted. Sampling took place in the early 

flowering stage of all the treatment plants, in cupping stage of cabbage plants and at 

maturity. After harvest, the plants were cut from the base and kept in plastic bag and 

counted for the number of pests and natural enemies. Cabbage aphids, Brevicoryne 

brassicae (L.) (Hemiptera: Aphididae) were counted individually in cupping stage as they 

were sparsely distributed and after harvest aphid patches were hand brushed onto a white 

sheet and counted. Flowering plants were sampled using a vacuum sampler (STIHL BG 

75, Norfolk, VA) of each patch for 30 sec on three sample dates (30 Jan, 6 Feb and 13 

Feb 2018) between 10:30 to 11:30 am during calm and sunny periods. Arthropods 

collected into a plastic jar fitted on the intake of the vacuum sampler were frozen 

immediately for later identification to functional groups of herbivores, natural enemies 

and others. 

3.2.4 Assessment of flower visiting insects 

Assessment of flower visiting insects was performed according to method of Frankie et 

al. (2005) and carried out weekly for four weeks (20, 29 January, 4 February and 10 
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February). Each flowering plot was observed for 5 minutes. Insects including native and 

exotic pollinators, pests or natural enemies visiting the flowers were identified in situ or 

collected with sweep net for further identification.  

3.2.5 Assessment of soil biological activity  

Soil biological activity was measured by two widely used and internationally 

standardised rapid ecosystem assessment methods (ISO, 2014; OECD, 2006). The leaf 

litter decomposition method uses a nylon litterbag 6 cm2 with a mesh holes 2 mm in size 

to assess and compare leaf litter decomposition in each treatment (Figure 3.3). The mesh 

size is small enough to minimize litter loss and allow the entry of microfauna and 

mesofauna. Each litterbag was filled with a two-gram sample of oven dried (60 °C for 48 

h) chopped (~2cm) cabbage leaf litter and secured with a staple. In each treatment plot 

six litterbags were placed horizontally in the upper 5 cm of the soil at the flowering stage 

of treatment plants. The litter bags (3 on each occasion) were collected after 15 and 25 

days of exposure. Afterwards, litterbags were cleaned to remove soil and roots and the 

remains were air dried (45 °C for 48 h) in paper envelopes and weighted to assess mass 

loss. 

 

Figure 3.3  The leaf litter decomposition bag 

The bait lamina method (Kratz, 1998) is where bait filled laminas are exposed to soil and 

removal of bait reflects the feeding activity of soil organisms. Bait lamina are made of 
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PVC strips (1 mm × 6 mm × 160 mm) with sixteen 1 mm diameter holes at 5 mm 

intervals and filled with a wet mix bait material consisting of cellulose (Sigma-Aldrich, 

St. Louis, MO), bran flakes, and activated charcoal (70:27:3 w/w) (Figure 3.4). In each 

plot, fifteen bait lamina strips were inserted vertically into the soil with the help of 

stainless-steel knife, within the central area of flowering plants or control vegetation. The 

upper hole of the lamina was matched to the surface of the soil. Initial observation was 

made at 7 days with five exposed laminas, but the percentage of bait removed were below 

50%, so the period was extended further, and observation were made 14 and 21 days of 

exposure. At the end of each exposure period bait lamina probes were carefully removed 

from each plot, stored in a plastic bags and scoring performed. Feeding activity was 

recorded as 0 = without perforation, 1 = complete perforation and 0.5 = partial perforation 

(André, Antunes, Gonçalves, & Pereira, 2009).  

 

Figure 3.4 Bait lamina after exposure to soil. 

3.2.6 Data analysis 

Most data were analysed using generalized linear mixed models (GLMM). Binomial 

logistic regression was used for assessment of larval parasitism of P. xylostella and P. 

rapae considering position of sentinel pots as random factor. To deal with over dispersed 

data of pest and natural enemy counts in adjacent cabbage crop, vacuum sampling counts 

of herbivores and natural enemies in each treatment plots and counts of flower visiting 

insects, negative binomial distribution with logit link function was used with block as 
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random effect. For pest and natural enemy counts in cabbage crop, each growth stage was 

analysed separately. For vacuum sampling and flower visiting insect counts, weekly 

sampling date was used as repeated measurement. For soil biological activity assessment, 

two-way ANOVA with blocks and treatments as a fixed factor was used followed by 

Tukey HSD post-hoc test for significant treatment effect (p < 0.05). All statistical 

analyses were carried out with IBM SPSS Statistics v.24 (IBM, Armonk, NY, USA). An 

a priori a = 0.05 was employed for each statistical test.  

3.3 Results 

3.3.1 Biological control of pests 

3.3.1.1 Parasitism of pest larvae 

A significant treatment effect was observed in larval parasitism of P. xylostella in the 

cupping stage of cabbage growth (F4, 50 = 3.52, P = 0.013). Higher parasitism was found 

in M. satureioides plots compared to weedy control, with M. satureioides as effective as 

F. esculentum (Figure 3.5). Parasitoid species that emerged from sentinel P. xylostella 

larvae were mostly Diadegma sp. (92.9 %) with some Oomyzus sp. For the other pest 

lepidopteran, P. rapae, larval parasitism did not differ among treatments at either crop 

growth stage. Only Cotesia sp. emerged from P. rapae larvae. 

 

Figure 3.5 Parasitism rates (mean ± SE) of P. xylostella larvae on sentinel bait plants 

exposed to different plant treatments in the cupping stage of cabbage plants. 
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3.3.1.2 Pest and natural enemy abundance on brassica plants 

Significantly lower numbers of P. rapae eggs were observed on cabbage plants of the F. 

esculentum and L. australis treatments compared to M. satureioides in the cupping stage 

of the cabbage crop (F4, 95 = 2.547, P = 0.044) (Figure 3.6 A), but not at the later date 

(results not presented). Significantly lower numbers of B. brassicae were observed in M. 

satureioides compared to the weedy control in the cupping stage of crop growth (F4, 95 = 

2.512, P = 0.047) (Figure 3.6 B). No significant treatment effects were observed in the 

abundance of P. rapae and P. xylostella larvae for either growth stage. Hellula hydralis, 

Spodoptera litura and Chrysodeixis spp. larvae and egg masses were observed but their 

numbers were too low to include in an analysis. 
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Figure 3.6 Abundance (mean ± SE) of P. rapae eggs (A) and B. brassicae (B) in early 

season assessment of cabbage crops planted around different plant treatments. 

Densities of the natural enemy assemblage on cabbages differed markedly (F 4, 95 = 4.040, 

P = 0.005) in the harvest stage of the crop; highest in the M. satureioides and L. australis 

treatments and significantly lower in the weedy control and other treatment. Spiders were 

the most abundant taxon and these were significantly (F 4, 95 = 3.643, P = 0.008) more 

numerous in the M. satureioides treatment whereas Coccinellidae were more numerous 

in the L. australis treatment (F 4, 95 = 3.857, P = 0.006) (Figure 3.7).  

 

Figure 3.7 Abundance (mean ± SE) of total predators, spiders and Coccinellidae at the 

harvest stage of cabbage planted around different plant treatments. 
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3.3.1.3 Pest and natural enemy abundance on treatment plants  

In total, 8881 individuals were collected including 970 herbivores, 1225 natural enemies 

and 6686 others. The herbivores were Cicadellidae leaf hoppers (46.29%), Lygaeidae 

(17.01%), Aphididae (10.3%), Miridae (9.17%), Thripidae (6.6%), Gryllidae (4.02%), 

Chrysomelidae (2.47%), Pyralidae (1.65%) and Plutellidae (1.23%). Hymenopteran 

parasitoids (74.53%) were the most abundant group of natural enemies, followed by 

Arachnida (18.61%) and Coccinellidae (6.61%). Other insects included Drosophilidae 

(69.21%) followed by Sciaridae (23.97%), Formicidae (2.61%), Cecidomyiidae (1.54%) 

and native bees (1.07%).  

No significant treatment effect was observed in abundance of total herbivores (F 4, 55 = 

1.792, P = 0.144). However, the abundant Cicadellidae leafhopper was affected by 

treatment plants (F 4, 55 = 2.553, P = 0.049), highly attracted to L. australis compared to 

the weedy control.  

Natural enemy response to treatment plants was strong (F 4, 55 = 3.784, P = 0.009), higher 

numbers of natural enemies were observed on M. satureioides and L. australis compared 

to the weedy control. A similar pattern followed for parasitoid effects (F 4, 55 = 13.509, P 

< 0.001) (Figure 3.8). The most abundant predator taxon, spiders, responded strongly to 

treatment plants (F 4, 55 = 5.711, P = 0.001). Higher number of spiders were observed in 

L. australis, S. galegifolia and M. satureioides compared to weedy control (Figure 3.8). 

This was consistent with the results from cabbage plant visual observation for M. 

satureioides. In contrast, this pattern was not observed in L. australis and S. galegifolia 

plots as the numbers of spiders were fewer on brassica plants and higher on flowering 

plants. The numbers of coccinellids were significantly higher in M. satureioides 

compared to weedy control (F 4, 55 = 13.671, P < 0.001) (Figure 3.8). 
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Figure 3.8 Abundance (mean ± SE) of parasitoids, spiders and Coccinellidae captured 

through 30 second vacuum sampling across different plant treatments. The number of 

individuals were mean of three different dates. 

 

3.3.1.4 Attraction of exotic P. rapae and P. xylostella adult in treatment flower 

During flower visiting insect assessment, the adult exotic pest butterflies were also 

assessed. The number of adult P. rapae visitations varied by flowering plants (F 2, 45 = 

5.684, P = 0.006). Higher number of P. rapae adults were observed in M. satureioides 

compared to F. esculentum, no difference observed between F. esculentum and L. 

australis (Figure 3.9). No P. rapae adults were observed in the weedy control or S. 

galegifolia.  Only two adult P. xylostella visited F. esculentum.  
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Figure 3.9 Abundance (mean ± SE) of adult P. rapae in different treatment flowering 

plants. Five-minute observation was done in each week. The number of individuals were 

mean of four weeks observation. 

 

3.3.2 Pollinator enhancement  

A diverse range of pollinators visited flowers, chiefly Apis mellifera, Megachile spp., 

Exoneura sp., Lasioglossum sp., Aporinellus sp., Polistes dominulus, Abispa ephippium, 

Radumeris tasmaniensis, Cerceris sp. and Syrphus spp. Total visitation numbers differing 

strongly among flower treatments with in S. galegifolia being least attractive (Figure 3.10, 

F 3, 60 = 8.139, P < 0.001).  The most abundant pollinator, domesticated honeybee, Apis 

mellifera, was significantly more strongly attracted to the exotic plant, buckwheat, (F 3, 

60 = 23.391, P < 0.001) whilst the most abundant native bee, Megachile spp., was not 

observed in buckwheat (Figure 3.10). Significantly less Megachile spp were observed in 

M. satureioides and S. galegifolia compared to L. australis (F 2, 45 = 24.87, P < 0.001, 

Figure 3.10).  
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Figure 3.10 Abundance (mean ± SE) of total pollinator, A. mellifera and Megachile spp. 

in different treatment flowering plants. Five-minute observation was done in each week. 

The number of individuals were mean of four weeks observation. 

 

3.3.3 Promotion of native butterflies  

Butterflies were considered separately from the preceding pollinator taxa because they 

lack specialised pollen collection adaptations and, perched on long legs, tend to be 

inefficient pollinators. No butterflies were observed in the weedy control or S. galegifolia 

and numbers on the remaining treatments differed strongly (F 2, 45 = 8.791, P = 0.001). 

Lotus australis and M. satureioides were more frequently visited than the exotic plant, F. 

esculentum (Figure 3.11).  The most abundant native butterfly was Zizina labradus which 

was highly attracted to L. australis. 
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Figure 3.11 Abundance (sum) of native butterfly species in different treatment flowering 

plants during four weekly sampling. Five-minute observation was done in each week. 

 

3.3.4 Soil biological activity 

Mean mass loss from litter bags was significantly lower in F. esculentum at both 15 and 

25 days of exposure compared with other treatments (Table 3.1). Using the bait lamina 

method, F. esculentum also showed lower soil biological activity with lower percentage 

of bait consumption. The percentage of bait eaten was more than 50% in all treatment 

plots except F. esculentum in 14 days of exposure, but no significant difference was 

observed among treatments. After 21 days of exposure bait consumption was still below 

50% in F. esculentum but significantly higher bait consumption was observed in S. 

galegifolia and weedy control compared to F. esculentum.  
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Table 3.1 Litter mass loss (mean ± SE) and bait consumption (mean ± SE) after 

different days of exposure of litter filled decomposition bag and baits filled lamina in 

soil having different plant treatments. 

Plant 

treatment 

Mean litter mass loss (g) Mean bait consumed (%) 

 after 15 days after 25 days after 14 days after 21 days 

Control 1.69 ± 0.074a 1.85 ± 0.044a 74.69 ± 8.34a 93.44 ± 1.66a 

M. satureioides 1.71 ± 0.057a 1.78 ± 0.022ab 56.25 ± 9.74a 67.5 ± 0.919bc 

S. galegifolia 1.64 ± 0.047ab 1.84 ± 0.039a 55 ± 10.21a 70.62 ± 9.4b 

F. esculentum 1.51 ± 0.025b 1.68 ± 0.025b 45.94 ± 10.14a 48.44 ± 13.7c 

L. australis 1.79 ± 0.068a 1.88 ± 0.046a 53.12 ± 7.09a 69.22 ± 3.99bc 

F 3.70 4.141 1.929 5.427 

d.f. 4,12 4,12 4,12 4,12 

P 0.035 0.025 0.170 0.010 

Means within a column with different letters differ significantly (P < 0.05). 

3.4 Discussion 

This study revealed strong differences between interventions in the strength of multiple 

ecosystem services provided by Australian native flowering plants in a brassica 

production system. For biological pest suppression, M. satureioides was clearly the most 

effective, increasing larval parasitism of the key pest, P. xylostella, lowering the number 

of B. brassicae and supporting higher numbers of natural enemies compared to the weedy 

control. Notably, it was more effective than the exotic plant, F. esculentum, which is 

widely used in conservation biological control studies in various countries (Irvin et al., 

2006; Lee & Heimpel, 2005; Philips, Kuhar, & Herbert, 2014). The natural enemy 

numbers were significantly lower in F. esculentum flower and in adjacent brassicas of F. 

esculentum plot than in M. satureioides although comparable strength of effect was 

observed for these treatments for enhancement of larval parasitism of P. xylostella and 

reduction of B. brassicae population. Another native L. australis enhanced natural enemy 

number including parasitoids as much as M. satureioides, but this effect did not cascade 

to result in pest suppression. This might be because an earlier laboratory study suggested 

less benefit from L. australis to the adult longevity of two important brassica pest 

parasitoids D. semiclausum and C. glomerata compared to F. esculentum, M. satureioides 

(Pandey et al., 2018).  The third native treatment plant, S. galegifolia, appeared to be 

inferior for promoting biological pest suppression although vegetation attracted higher 

spider densities compared to weedy control and F. esculentum. Previous study has 
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reported no any effect of S. galegifolia in increasing the survival of pest parasitoids D. 

rapae, D. semiclausum and C. glomerata (Pandey et al., 2018). 

Agroecological interventions including attempts to suppress pest arthropods carry a risk 

of promoting ecosystem dis-services (Qureshi, Midmore, Syeda, & Reid, 2010; Winkler 

et al., 2010). In present study, higher leafhopper numbers were evident in the L. australis 

treatment. Though these herbivores are not generally considered severe pests of brassicas 

they can cause cosmetic damage to brassica varieties used for fresh salad (Ekman et al., 

2014). A potentially more serious ecosystem dis-service is suggested by the fact that M. 

satureioides, L. australis and F. esculentum flowers attracted adult P. rapae. Higher 

number of P. rapae eggs were observed in M. satureioides plot and adult P. xylostella 

were observed feeding the nectar of F. esculentum. Nectar feeding by pest Lepidoptera 

can exacerbate crop damage by attracting adult pests (Winkler et al., 2010) and enhancing 

their longevity and fecundity (Baggen & Gurr, 1998). A response to this is to seek 

‘selective’ food plants that make available floral rewards such as nectar only to ecosystem 

service providers such as parasitoids while denying access to pests by virtue of features 

such as floral architecture, colour, taste and smell (Baggen et al., 1999; Winkler, Wäckers, 

Stingli, et al., 2005; Zhu et al., 2013). This may not, however, be essential. Despite, 

attraction of adult P. rapae, and higher number of eggs in M. satureioides, no difference 

was observed in larval population compared to other treatment, which suggest higher 

larval predation in M. satureioides.    

In our pollinator study, we found the nectar rich shallow flower of F. esculentum attracted 

higher number of honeybees compared to other treatments but not significantly different 

than M. satureioides. Attraction of honey bees to F. esculentum has been reported by 

several previous studies (Campbell, Irvin, Irvin, Stanley-Stahr, & Ellis, 2016; 

Jacquemart, Gillet, & Cawoy, 2007). In contrast, native bees especially Megachile spp., 

were most strongly attracted to native plant flowers. The Megachilidae are known to 

forage on flowers of Fabaceae (Haider, Dorn, Sedivy, & Müller, 2014), the family to 

which S. galegifolia and L. australis belong though M. satureioides (a Lamiaceae) was 

also visited. No Megachile spp. visits were recorded to F. esculentum. Generally habitat 

management by flowering plants supports pollinators (Wratten, Gillespie, Decourtye, 

Mader, & Desneux, 2012), but the present results highlight the major effects of plant 

identity and the species-specific preferences of pollinator species. Clearly it is too 

simplistic to assume that a single plant species will be ideal for all taxa of arthropod 
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pollinators (P. L. Wu et al., 2018), or even that native plants consistently favour native 

pollinators (Salisbury et al., 2015). 

The response of native butterflies to the treatment plants exhibited similar taxon-to-taxon 

specificity to that observed for pollinators. The most abundant butterfly, Z. labradus, was 

strongly attracted to L. australis, visiting F. esculentum and M. satureioides less 

frequently. Literature show larvae of Z. labradus like to feed on young leaves, flower-

buds and seedpods of L. australis (Braby, 2016) that might cause adult to visit the flower 

frequently. Two other native butterflies, Vanessa kershawi and Jalmenus villida, in 

contrast, were absent from flowers of L. australis and were most frequent on M. 

satureioides. These latter two native butterflies are common butterfly species of Australia 

with larval host range of family Asteraceae for V. kershawi and, for J. villida, to 

Scrophulariaceae, Convolvulaceae, Compositae, Verbenaceae, Porulacaceae, and 

Gentianaceae (Braby, 2016). Flowers of S. galegifolia were not visited by any of the 

native butterflies.   

Regarding soil biological activity, all native plants were comparable to the weedy control 

treatment whilst F. esculentum significantly slowed soil activity. A possible explanation 

for this might be the roots of F. esculentum produce several allelopathic phenolic 

compounds (Kalinova, Vrchotova, & Triska, 2007; Uddin, Li, Won, Park, & Pyon, 2012) 

that are inhibitory to soil fauna and microbes (Pascual-Alvarado, Cuevas-Reyes, 

Quesada, & Oyama, 2008). Fagopyron esculentum has, for example, been reported to 

retard the development, weight gain and survival of soil inhabiting scarab beetle larvae 

(Sukovata, Jaworski, Karolewski, & Kolk, 2015).  Whilst these allelopathic effects could 

be advantageous to crop growth by delivering ecosystem services such as suppression of 

plant pathogens and weeds, it is also possible that dis-services such as suppression of soil-

dwelling natural enemies occurs. Certainly, the present results suggest a trade-off because 

decomposition and associated release of nutrients from organic matter is suppressed.  

3.5 Conclusions 

The sustainability of agroecosystems depends to a large extent on the effects of its 

management practices on service provider species. The present study establishes that 

native Australian plants can provide multiple ecosystem services as effectively as an 

exotic plant species (F. esculentum) and in some cases better. Importantly, the identity of 

the plant species used in habitat management has a large effect on ecosystem service 

strength with no one species superior in all regards. A positive effect of M. satureioides 

https://en.wikipedia.org/wiki/Scrophulariaceae
https://en.wikipedia.org/wiki/Convolvulaceae
https://en.wikipedia.org/wiki/Compositae
https://en.wikipedia.org/wiki/Verbenaceae
https://en.wikipedia.org/w/index.php?title=Porulacaceae&action=edit&redlink=1
https://en.wikipedia.org/wiki/Gentianaceae
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on natural enemy densities, pest parasitism and reduction in B. brassicae population in 

early growth stage showed that this species merits further evaluation for use in 

conservation biological control, performing at least as strongly as F. esculentum, a species 

widely favoured in earlier studies for natural enemies enhancement (Manandhar & 

Wright, 2016; Philips et al., 2014). Whilst M. satureioides was attractive to pollinators in 

general and to A. mellifera, it was significantly less attractive to native bees Megachile 

spp. Lotus australis was a more attractive native plant than M. satureioides to Megachile 

spp. and native butterflies whilst S. galegifolia was not visited at all by native butterflies. 

All native plants led to higher levels of soil biological activity than buckwheat, but these 

were comparable to the grassy control treatment so do not constitute an enhancement-

generating intervention. Overall this study demonstrates clearly that the ecosystem 

services generated by habitat management involving nectar producing plants are not 

restricted to biological control of pests and that Australian native plants merit further 

testing for this use. In particular, M. satureioides appears to have useful properties. 

Importantly, however, there appear to be significant trade-offs such that no one plant is 

likely to be optimal for all ecosystems services and this will require that land managers 

make decisions based on prioritised needs for various services. 
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Chapter 4 Effect of adjacent established perennial woody native 

vegetation on abundance of natural enemies in conventional brassica 

fields 

This chapter has been submitted, some minor modifications to the submitted manuscript 

have been made: 

Pandey, S., Johnson, A. C., Xie, G., and Gurr, G.M. 2019. Pesticide regime can negate 

the positive influence of native vegetation on natural enemy abundance in adjacent crop 

fields. Scientific Reports (submitted) 

 

 

One of the field sites where the study was conducted 

 

 

 

 



59 

 

4.1 Introduction 

Crop fields surrounded by non-crop vegetation such as hedgerows, shelterbelts, bushland, 

forest and riparian vegetation have the benefit of pest control service provided by 

enhanced populations and diversity of natural enemies compared to fields with no 

bordering non-crop vegetation (Bianchi, Booij, & Tscharntke, 2006; Chaplin-Kramer et 

al., 2013; Heimoana et al., 2017; Landis & Marino, 1999; Morandin, Long, & Kremen, 

2014). Non-crop vegetation can protect and enhance natural enemies through the 

provision of appropriate microclimates and overwintering sites for shelter and food in the 

form of nectar, pollen or alternative hosts (Gurr et al., 2017; Shields et al., 2019). 

Perennial vegetation provides a continuous stable habitat for natural enemies that can 

colonize or reinvade the more disturbed environments such as crop fields (Asbjornsen et 

al., 2014; Schellhorn et al., 2014).  Integrated pest management in crops can be benefited 

by the movement of natural enemies from the surrounding vegetation to crop fields for 

pest population suppression (Heimoana et al., 2017; Macfadyen et al., 2015; Perović et 

al., 2011).   

Non-crop vegetation does not always increase natural enemy abundance or provide 

biological pest control service in adjacent crop fields (Tscharntke et al., 2016). There are 

several factors that potentially account for this, such as absence of effective natural 

enemies in the region, insufficient or inefficient source habitat or disruptive agricultural 

practices (Karp et al., 2018; Tscharntke et al., 2016). Chemical pesticide use on crop 

fields in particular can interrupt the biocontrol service provided by natural enemies 

adjacent to non-crop vegetation (Gagic et al., 2019; Jonsson et al., 2012; Zhu et al., 2018). 

Increased agricultural pesticide use in cropping systems is hostile for natural enemies and 

low abundance of natural enemy populations results in ineffective biological control 

(Bommarco, Miranda, Bylund, & Björkman, 2011; Mansfield, Dillon, & Whitehouse, 

2006; Thomson & Hoffmann, 2006; Whitehouse, Sial, & Schmidt, 2018). However, 

population recovery of natural enemies in crop fields is possible as a result of immigration 

from nearby non-crop vegetation (Duffield, Jepson, Wratten, & Sotherton, 1996; 

Heimoana et al., 2017). Reduced or selective insecticide use in cropping systems can 

enhance natural enemy populations which in turn can suppress crop pests (Y. H. Lu, Wu, 

Jiang, Guo, & Desneux, 2012; Torres & Bueno, 2018). A review by Bommarco et al. 

(2013) identified that perennial vegetation can be incorporated into agricultural systems 

to provide a diverse habitat for natural enemies which can result in the suppression of 

pest populations, and reduced environmental impacts due to decreased use of chemical 
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pesticides as well as enhanced or stabilized yields. Currently, the effect of interactions 

between non-crop vegetation and pesticide use on natural enemy activity in crop fields is 

poorly understood (Zhu et al., 2018).  

Agricultural landscapes often include portions of perennial non-crop vegetation, some of 

which is remnant natural vegetation and some intentionally established to manage soil 

erosion, salinity or other agri-environmental benefit. The inclusion of non-crop native 

vegetation in agricultural landscapes has been recommended for biodiversity 

conservation of native flora and fauna (Burghardt, Tallamy, & Gregory Shriver, 2009; 

Chrobock, Winiger, Fischer, & van Kleunen, 2013; Gill et al., 2014; Landis et al., 2012). 

But few studies have explored perennial woody Australian native vegetation in 

commercial agricultural fields for its role in enhancing natural enemy populations and 

pest control (Bianchi et al., 2015; Morandin et al., 2014; Retallack et al., 2019; Shields, 

Tompkins, Saville, Meurk, & Wratten, 2016; Thomson & Hoffmann, 2010; Thomson & 

Hoffmann, 2013), despite the well-known benefits shown in laboratory and small field 

trial studies (Fiedler et al., 2008; Isaacs et al., 2009; Pandey & Gurr, 2019; Pandey et al., 

2018).  

This study aimed to assess the spatial scale of benefits from adjacent perennial woody 

native Australian vegetation on natural enemies of insect pest within brassica crop fields 

of differing levels of pesticide toxicity loads. Brassicas are a major global vegetable crop 

with usually high chemical pesticide use due to high pest pressures and consumer demand 

for damage free products. Broad-spectrum pesticides, with major effects on natural 

enemies, are slowly being replaced with other compounds that pose a lower risk to natural 

enemies (Furlong, Shi, Liu, & Zalucki, 2004; Zalucki, Adamson, & Furlong, 2009). 

Frequency of application can also vary markedly, leading to large differences in exposure 

to toxins over the course of a growing season. To assess the combined effect of adjacent 

perennial native vegetation and pesticide toxicity load, we selected brassica fields 

adjacent to native vegetation that used chemical pest management. We hypothesized that 

the benefit of adjacent vegetation on natural enemy will be higher close to the vegetation 

compared to distant from it in all fields irrespective of different toxicity loads. To achieve 

this hypothesis observations were made on the abundance of natural enemies at different 

distances from the perennial vegetation across time intervals. Field applications of 

pesticides from land preparation to last observation date were recorded to calculate the 

pesticide toxicity load on each field. 
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4.2 Materials and Methods 

4.2.1 Study sites 

The study sites consisted of four commercial brassica fields in Central West New South 

Wales, Australia (Figure 4.1). This represented all available fields that met criteria for 

them to test the central hypothesis that pesticide load mediated the extent of benefit from 

adjacent woody vegetation. Accordingly, sites had semi-natural woody perennial native 

vegetation along one border with the opposite side of the field comprised of an unsealed 

farm road and another brassica crop. Fields were 3-4 ha in extent to allow for 

measurement of potential gradients in arthropod abundance in transects from the wooded 

margins. All four sites were in simple landscapes dominated by other commercial, 

conventionally managed crop fields. Each field contained a summer-autumn grown 

brassica vegetable crop (Brassica oleracea var. botrytis) that was managed by the farmer 

with conventional pesticides. Perennial woody native vegetation at all four sites consisted 

of Eucalyptus-dominated shelterbelts, with an understory of self-sown Cynodon dactylon, 

Digitaria spp., Paspalum dilatatum, Microlaena stipoides, Aristida spp., Bothriochloa 

spp., Rubus sp., Foeniculum vulgare, Conium maculatum, Datura stramonium, Portulaca 

oleracea, Verbena bonariensis, Chondrilla juncea, Sisymbrium officinale and 

Chenopodium album. 

 

Figure 4.1 Map of study sites in Central West New South Wales, Australia. 
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4.2.2 Pesticide use 

All crops were managed by the farmer and for each site a ‘cumulative pesticide toxicity 

score’ was calculated to measure pesticide load covering the time from field preparation 

to the last date of data collection. Crops were sprayed in response to Plutella xylostella, 

Pieris rapae, Hellula hydralis, other lepidopteran pests and aphids. Spraying was 

performed based on visual observation of pest infestation. All growers decided their 

pesticides based upon their experience and consultation with pesticide supplier for 

targeted pests. Sprayed data was collected from the pesticide application records provided 

by the farmers. Scores were calculated by multiplying a modified toxicity rating given to 

each chemical by the number of applications which was summed to give a ‘cumulative 

pesticide toxicity score’ by following (Markó et al., 2017; Thomson & Hoffmann, 2006). 

This approach has been found to be reasonable comparison of pesticide loads in fields 

with same type of crop and similar soil properties (Ockleford et al., 2017). The toxicity 

rating of each chemical was based on the International Organization for Biological 

Control (IOBC) Pesticide Side Effect Database (http://www.iobc-wprs.org), which 

divides the acute toxicity of pesticides for non-target organisms into four risk categories 

from harmless (1) to harmful (4) (Table 4.1). This was modified by changing the scores 

to 0-3 to include only the influence of chemical pesticides that harm natural enemies 

(Thomson & Hoffmann, 2006). We also considered application rate a.i./ha for toxicity 

rating of each pesticide. For example, Methomyl 500 g/ha was given maximum score of 

3, while Methomyl 90 g/ha was rated 2. These a.i./ha of farms were compared with a.i./ha 

of IOBC database. Along with IOBC database different peer-reviewed research papers 

that considered natural enemies-insecticide toxicity were considered (Deekshita, Rao, 

Rani, & Kumari, 2017; Elzen, Elzen, & King, 1998; Galvan, Koch, & Hutchison, 2006; 

Leggett, 1990; Wanumen, Carvalho, Medina, Viñuela, & Adán, 2016). Sampling of 

natural enemies was always carried out after the minimum waiting period of three days 

after each pesticide application. 

http://www.iobc-wprs.org/
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Table 4.1 Insecticides and fungicides applied during the growing season (Dec 2016 to May 2017) and the toxicity as determined by IOBC and modified 

toxicity rating for each site (F1-F4). 

Pesticide 

name 

Active ingredients Application dose a.i./ha  Application 

frequency (f) 

IOBC 

Toxicit

y 

Modifie

d 

toxicity 

(t) 

    F1 F2 F3 F4   

Maldison Maldisona 300 ml/ha 150 g/ha 2    4 3 

Movento Spirotetramat 200 ml/ha 48 g/ha 2    1 0 

Delfin Bacillus thuringiensis subspecies 

kurstaki 

500 g/ha 500 g/ha 3    1 0 

Orthene Acephatea 700 g/ha 679 g/ha 1    4 3 

Belt Flubendiamide 100 ml/ha 48 g/ha  2   1 0 

Lorsban Chlorpyrifosa 2 l/ha 1000 g/ha  2   4 3 

Lannate Methomylb 2 l/ha 500 g/ha  4   4 3 

Lannate  Methomylb 400 ml/ha 90 g/ha   1  3 2 

Durivo Thiamethoxam and 

Chlorantraniliprole 

30 ml/1000 plants (seedling 

drench) 

30 

ml/1000 

plants 

  1  1 0 

Success Spinetoram 400 ml/ha 48 g/ha   2 1 1 0 
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Proclaim Emamectin benzoate 250 g/ha 11 g/ha   2  2 1 

Cropro 

Buzzard 

Alpha cypermethrinc 400 ml/ha 40 g/ha 2  1  4 3 

Gemstar Polyhedrosis virus 500 ml/ha 500 ml/ha   3  1 0 

Dipel Bacillus thuringiensis subspecies 

kurstaki 

2000 g/ha 2000 g/ha   1   0 

Dimethoate Dimethoatea 755 ml/ha 300 g/ha    1 4 3 

Avatar Indoxacarb 200 g/ha 60 g/ha    2 3 2 

Transform Sulfoxaflor 400 ml/ha 96 g/ha    1 3 2 

Bravo Chlorothalonil 3 l/ha 2160 g/ha    1 1 0 

Polyram Metiram 3 kg/ha 2100 g/ha    1 3 2 

Cumulative 

Pesticide 

Toxicity Score 

(CPTS) = 

Ʃ(f ×t) 

    

 

 

15 

 

 

 

18 

 

 

 

7 

 

 

 

11 

  

a Organophosphate, b Carbamate, c Pyrethroid
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4.2.3 Study design 

In each field, three transects, 40 m apart, were established perpendicular from the woody 

vegetation edge towards the opposite edge of the field, 140 – 180 m away depending on 

the size of each field (Figure 4.2).  Each transect had 11 sample points, at 1, 5, 10, 20 and 

50 m from both edges plus one sample point in the field centre. The relative abundance 

of canopy level and ground level natural enemies was assessed at each point with a yellow 

sticky traps (17 × 10 cm) (Bugs for Bugs, Australia) mounted on a wooden stake at 

canopy level and two round pitfall traps (12.5 cm deep and 8.5 cm diameter) in the 

ground. Pitfall trapping is the most common sampling method for ground dwelling 

arthropods in cultivated land to measure their activity (McCravy, 2018). Similarly, yellow 

sticky trapping is widely used for parasitic hymenopteran, reflecting efficacy and low 

cost (Larsen, Minor, Cruickshank, & Robertson, 2014; McCravy, 2018). Pitfall traps 

were constructed from two cups, the outer cup flush with the soil and inner cup inserted 

into that was filled with ~250 ml of diluted ethylene glycol with a few drops of detergent. 

The traps were protected from rain and sun with a cover made from a plastic plate and 

wooden skewers. Traps were left in place for four days and then collected for 

quantification and identification of natural enemies. Natural enemy monitoring/sampling 

was carried out four times from 30 days after crop planting-out at each site and at 

approximately 15 days intervals taking into consideration the constraint of re-entry 

periods after pesticide applications. The last observation was made two weeks before crop 

harvest. 

Arthropods collected in pitfall traps (two pitfall traps at each distance for each transect 

make one composite sample) were placed in a separate plastic container and labelled. 

Each yellow sticky trap was labelled and wrapped in plastic food wrap. The arthropods 

from the pitfall traps (ground active predators) were cleaned, counted, identified to a 

family level and placed in ethyl alcohol filled glass vial for further inspection within 48 

hours from collection. Yellow sticky traps were initially placed in freezers and all-natural 

enemies (canopy active) was later identified to superfamily to genus level except the most 

abundant small parasitoids. Parasitoids were identified by following (Goulet & Huber, 

1993). A stereo-binocular dissecting microscope (10-20 x) (Leica, SE305-A, 

Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) was used for counting and 

identification of natural enemies. 
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Figure 4.2 Study design 

 

4.2.4 Statistical analysis 

A generalized linear mixed model (GLMM) was used to model the effect of perennial 

native vegetation on natural enemy abundance at different distances into brassica field 

with different pesticide load. The calculated cumulative pesticide ‘toxicity score’ 

represents the pesticide use in each field, a higher score represents a higher pesticide 

toxicity load. The independent variables for the models were the toxicity score 

(categorical with four levels-toxicity score 18, 15, 11 and 7), distance into the field from 

the perennial native vegetation (treated as a continuous variable) and their interactions. 

The response variables were counts of predators (ground active and canopy active), large 

parasitoids, small parasitoids and the taxonomic groups Araneae (canopy active and 

ground active separated), Carabidae, Dermaptera, Formicidae and Staphylinidae.  We 

constructed separate models for each response variable with all independent variables and 

their two-way interaction terms. Field was treated as a random effect factor with transect 

and observation point identity nested within. All temporal replicates were treated as 

repeated measurement with an autoregressive covariance structure. For all response 
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variables, a negative binomial distribution showed better fit in comparisons with Poisson 

distribution (according to Akaike information criterion corrected (AICc) for sample size) 

(Burnham, Anderson, & Huyvaert, 2011). The statistical package IBM SPSS Statistics 

v.24 (IBM, Armonk, NY, USA) was used for the statistical analysis. 

4.3 Results 

4.3.1 Natural enemies in brassica fields 

A total of 14,459 natural enemies were caught; 11,123 in sticky and 3,336 in pitfall traps. 

Predators made up 34.7% (5,018) and parasitoids 65.3% (9,441) of the natural enemies. 

Predators were more numerous in pitfall traps (66.5%) compared to sticky traps (33.5%). 

All the parasitoids were caught on sticky traps. The most abundant predators, Araneae, 

Formicidae, Dermaptera, Staphylinidae and Carabidae, comprised 30.1%, 25.76%, 

12.95%, 12.77% and 9.3 %, respectively, of total predators. Within Carabidae 95% 

specimens were full winged and small (<9mm, length of the body excluding head). Lower 

numbers were Coccinellidae (205), Syrphidae (75), Dolichopodidae (49), Melyridae (34), 

Cantharidae (32), Hemerobiidae (31), Vespidae (14), Nabidae (11) and Cicindelinae (2). 

Parasitoids comprised of large parasitoids [Diadegma spp. (153), Cotesia spp. (5), other 

Ichneumonoidea (12)] and small parasitoids [Aphidiinae (80) and other small parasitoids 

(9191)]. Due to the difficulty in identification of minute specimens to superfamily level 

on sticky cards, they were scored as other small parasitoids.  

4.3.2 Effect of pesticide load and perennial native vegetation on natural enemies 

The number of ground active predators were significantly fewer in the fields with the 

relatively higher toxicity score of 18 and 15 compared to the field with the toxicity score 

of 7 (Table 4.2). Note that the base level for toxicity score in all models was set to the 

lowest score. The spatial effect of adjacent perennial native vegetation on ground active 

predators within brassica crop fields was only observed in the field with relatively low 

toxicity score of 7. The number of ground active predators was higher adjacent to native 

perennial vegetation and decreased by 0.5% for every 1 m increase in distance within 

brassica crop from woody perennial native vegetation (Table 4.2, Figure 4.3). However, 

the spatial effect of adjacent vegetation was not observed in the fields with toxicity scores 

of 18, 15 and 11. The number of ground active predators were uniform within crops. 

The major ground active taxa affected by toxicity score were Formicidae, Dermaptera, 

Araneae and Carabidae (Table 4.2). The Dermaptera found to be more sensitive to 

pesticide toxicity score compared to other ground active taxa (Table 4.2). The spatial 
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effect of adjacent perennial native vegetation on these taxa were observed in the fields 

with toxicity score 7 and 11. The number of Formicidae, Dermaptera and Araneae were 

decreased by 0.6%, 0.5% and 0.4% respectively for every 1 m increase in distance within 

brassica crop in field with relatively low toxicity score of 7 (Table 4.2, Figure 4.3). 

Similarly, the number of Araneae and Carabidae decreased by 0.4% for every 1 m 

increase in distance within brassica crop in the field with toxicity score of 11 (Table 4.2, 

Figure 4.4). 

The number of total canopy active predators did not vary with distance from native 

perennial vegetation within brassica crop and nor they were affected by different level of 

pesticide toxicity score. Similar result was observed for abundant canopy active Araneae. 

For Staphylinidae (caught in both pitfall and sticky trap), in contrast to other natural 

enemies, lower numbers were observed adjacent to woody perennial native vegetation in 

the field with the highest toxicity scores of 18, 15 and 11 and the number increased by 

0.9%, 0.5% and 1% for every 1m increase in distance towards the control (Table 4.2; 

Figure 4.5). A significantly reduced number was observed in the fields with toxicity 

scores of 18 and 11 compared field with pesticide toxicity score of 7 (Table 4.2). 

The number of parasitoids were not affected by the level of field pesticide toxicity score, 

even higher number of large parasitoids was observed in the field with relatively higher 

toxicity score (Table 4.2). However, the number of small parasitoids decreased by 0.4% 

and 0.7% for every 1 m increase in distance from woody perennial native vegetation in 

the field with toxicity scores of 7 and 11(Table 4.2; Figure 4.3 and 4.4). 

 

Table 4.2 Variables explaining the abundance of natural enemies and their taxonomic 

groups in brassica fields. Shown are parameter estimates and 95% confidence intervals 

(CI) on a natural logarithm scale with P values obtained from Wald z-statistics. The base 

level for toxicity score in all models set to be relatively lower toxicity score of 7 and only 

those statistically significant predictor terms were presented with the parameter estimates. 

 

Response variable Estimate lower 

95% CI 

upper 

95% CI 

Z P 

Predator (ground active)      

intercept 2.790 1.992 3.588 6.870 <0.0001 

toxicity score-18 -1.964 -3.108 -0.819 -3.371 0.001 

toxicity score-15 -1.513 -2.651 -0.376 -2.614 0.009 

toxicity score-7 × distance -0.005 -0.007 -0.004 -6.740 <0.0001 

Formicidae      
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intercept 1.912 1.198 2.625 5.263 <0.001 

toxicity score-18 -1.857 -2.894 -0.820 -3.518 <0.001 

toxicity score-15 -2.124 -3.171 -1.077 -3.987 <0.001 

toxicity score-7 × distance -0.006 -0.009 -0.004 -4.699 <0.001 

Dermaptera      

intercept 1.641 1.189 2.092 7.138 <0.001 

toxicity score-18 -4.653 -6.134 -3.172 -6.173 <0.001 

toxicity score-15 -1.925 -2.650 -1.200 -5.213 <0.001 

toxicity score-11 -1.871 -2.600 -1.143 -5.048 <0.001 

toxicity score-7 × distance -0.005 -0.007 -0.003 -6.032 <0.001 

Araneae (ground active)      

intercept 0.430 -0.110 0.970 1.565 0.118 

toxicity score-18 -1.462 -2.340 -0.583 -3.269 0.001 

toxicity score-7 × distance -0.004 -0.007 -0.002 -3.427 0.001 

toxicity score-11 × distance -0.004 -0.006 -0.002 -3.304 0.001 

Carabidae      

intercept 0.275 -0.230 0.781 1.071 0.285 

toxicity score-18 -1.029 -1.815 -0.244 -2.574 0.01 

toxicity score-11 × distance -0.004 -0.008 -0.000 -2.230 0.026 

Staphylinidae      

intercept 0.547 -0.062 1.155 1.766 0.078 

toxicity score-18 -2.5 -3.561 -1.438 -4.626 <0.001 

toxicity score-11 -1.04 -1.938 -0.140 -2.271 0.024 

toxicity score-18 × distance 0.009 0.004 0.014 3.609 <0.001 

toxicity score-15 × distance 0.005 0.001 0.008 2.738 0.006 

toxicity score-11 × distance 0.010 0.006 0.014 4.54 <0.001 

Large parasitoids      

intercept -4.329 -6.505 -2.153 -3.909 <0.001 

toxicity score-18 3.207 0.834 5.579 2.655 0.008 

toxicity score-15 3.590 1.227 5.953 2.985 0.003 

Small parasitoids      

toxicity score-7 × distance -0.004 -0.006 -0.003 -5.851 <0.001 

toxicity score-11 × distance -0.007 -0.009 -0.005 -6.668 <0.001 
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Figure 4.3  Spatial distribution of the ground active predator [y = exp(-0.005x + 2.790)], 

small parasitoids [y = exp(-0.004x + 2.877], Formicidae [y = exp(-0.006x + 1.912], 

Dermaptera [y = exp(-0.005x + 1.641], and ground dwelling Araneae [y = exp(-0.004x + 

0.430] in brassica crops adjacent to perennial native vegetation in field with relatively 

lower toxicity score of 7. The equation used for drawing the curves are based on the 

model fitting outcomes. The mathematical function exp() is the exponential function 

which is defined as exp(1) ≈ 2.718 (the base number of the natural logarithm). 

 

 

Figure 4.4 Spatial distribution of the small parasitoids [y = exp(-0.007x + 2.207)], ground 

dwelling Araneae [y = exp(-0.004x + 1.138)] and Carabidae [y = exp(-0.004x + 0.359)] 
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in brassica crops adjacent to perennial native vegetation in field with toxicity score of 11. 

The equation used for drawing the curves are based on the model fitting outcomes. The 

mathematical function exp() is the exponential function which is defined as exp(1) ≈ 

2.718 (the base number of the natural logarithm). 

 

 

Figure 4.5 Spatial distribution of the Staphylinidae in brassica crops adjacent to perennial 

native vegetation in the fields with toxicity score of 11 [y = exp(0.01x - 0.492), 15 [y = 

exp(0.005x - 0.02)] and 18 [y = exp(0.009x - 1.953)]. The equation used for drawing the 

curves are based on the model fitting outcomes. The mathematical function exp() is the 

exponential function which is defined as exp(1) ≈ 2.718 (the base number of the natural 

logarithm). 

 

4.4 Discussion 

We found that the abundance of ground active predators and constituent taxa were highly 

reduced in the fields with relatively higher pesticide toxicity scores. In the fields with 

relatively lower toxicity score, the presence of adjacent perennial native vegetation 

influenced in-field spatial distribution of total predators and constituent taxa. The 

abundance of natural enemies was higher adjacent to perennial native vegetation in the 

field with lower toxicity score whereas in the fields with relatively higher toxicity score 

no variation in numbers were observed according to the distance from perennial native 

vegetation. Importantly, however, intense insecticide use appeared to over-ride the 

benefits of adjacent woody vegetation in the fields with relatively higher toxicity score to 

the extent that in-crop abundance of these natural enemies close to the woody vegetation 

were as low as in remote parts of the field.  
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Generally, the presence of non-crop vegetation close to crops is widely observed in 

agroecosystems to offer potential support to natural enemies and biological pest control 

(Alignier et al., 2014; Blaauw & Isaacs, 2015; Heimoana et al., 2017; Schellhorn et al., 

2014; Woodcock et al., 2016). However, inconsistent effects have also been reported in 

other studies (Blitzer et al., 2012; Jonsson et al., 2012; Parry et al., 2015) and a recent 

meta-analysis confirmed inconsistency in the response of natural enemy abundance as 

well as pest suppression and crop yield (Karp et al., 2018). Field management practices 

such as use of chemical pesticides have been proposed as one of the factors likely to 

account for the range of observed responses (Begg et al., 2017; Tscharntke et al., 2016) 

and the present study provides support for this effect. The woody vegetation in the present 

study is likely to have provided resources (e.g., alternative foods) and served as donor 

habitat for enemies, we cannot discount other effects such as prey/host density within the 

crop.  

There are few studies of the role of non-crop vegetation on natural enemies in fields with 

pesticide sprayed crops (Lee et al., 2001; Zhu et al., 2018). The former of those studies 

suggested that refuge habitats can buffer the negative effects of insecticide use on carabid 

beetles in a temperate system but indicated that insecticide impact should be minimized 

during the period of carabid emergence to increase their activity in crops. The later study 

found, in sub-tropical rice, that the strong benefits to natural enemies of strips of 

flowering sesame were negated by insecticide application to the rice crop. This high level 

of disruption is likely to be accounted for by spatial scale. The crop margin flower strips 

in Zhu et al. (2018) were narrow and immediately adjacent to the sprayed crop so as not 

effective as a complete, spray-drift-free refuge for natural enemies. In the present study, 

the perennial woody vegetation present on one edge of all fields extended for at least 30 

m from the crop margin. This, together with the height and structural complexity of the 

woody vegetation, would have greatly reduced the extent to which crop spraying 

impacted natural enemies in the woodland, allowing it to serve more effectively as a 

refuge for, and source of, natural enemies. However, the adjacent crop fields in this study 

presented a hostile environment for natural enemies due to the use of broad-spectrum 

insecticides such as organophosphates, carbamates and pyrethroids. Earlier studies have 

demonstrated impacts, including residual effects of these broad spectrum insecticides on 

predators such as beetles (O’Neal, Mason, & Isaacs, 2005), spiders (Maloney, 

Drummond, & Alford, 2003), ladybugs and other predators (Roubos, Rodriguez-Saona, 

Holdcraft, Mason, & Isaacs, 2014). Consistent with this, studies have concluded that 

pesticide toxicity is a major factor in disruption to biological control in crop fields despite 
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the potential support of natural vegetation (Gagic et al., 2019; Geiger et al., 2010; Jonsson 

et al., 2012). 

Contrary to other predatory taxa, Staphylinidae were less abundant in the crop edges close 

to woody vegetation than in more remote areas of the field. A possible reason for this 

might be the higher rates of intra-guild predation suffered by these small beetles in area 

of the crop close to perennial vegetation that were heavily populated by ground active 

insect predators. Intra-guild predation is known to be suffered by small coleopterans 

exposed to ground-active spiders and larger coleopterans (Birkhofer, Fliessbach, Wise, 

& Scheu, 2008; Prasad & Snyder, 2006). An additional reason might be that prey 

availability is higher distant from the perennial native vegetation where other ground 

active predators are less abundant. 

In contrast to ground active predators, the abundance of canopy active predators including 

canopy active Araneae and parasitoids (large and small) were not affected by toxicity 

score of the fields, the field with relatively higher toxicity score has even higher numbers 

of large parasitoids. This could be because of their dispersal mode, an important factor in 

driving how natural enemies are affected by non-crop vegetation and crop management 

practices (Gagic et al., 2019; Sorribas, González, Domínguez-Gento, & Vercher, 2016). 

Another possibility could be higher activity of female parasitoids searching for food and 

host in the field. Parasitoids that may originate from woody vegetation can easily fly over 

the field after the pesticide effect is reduced. Similarly, canopy-active spiders may arrive 

in crops by ‘ballooning’ on silken threads (rather than walking from adjacent donor 

habitat), a dispersal mode likely to readily carry them over large distances. Despite this 

dispersal mode and not being affected by toxicity score, small parasitoids abundance was 

higher in the crop adjacent to perennial vegetation than more remote from this source 

habitat in fields with lower toxicity score. 

4.5 Conclusions 

Perennial vegetation has a good potential as a donor habitat for natural enemies in crops, 

however this can be negated by pesticide use. The abundance of ground active predators 

was markedly decreased in fields with higher levels pesticide use and the benefits 

provided by adjacent vegetation were evident only under conditions of low pesticide 

toxicity score. For the more vagile canopy dwelling predators and parasitoids, pesticide 

regime had a weaker effect on abundance, but a spatial effect of adjacent vegetation was 

evident only for small parasitoids. These results highlight the need for a nuanced 

approach to providing recommendations for conservation biological control. Whilst 
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providing donor habitats in farmlands and moderating insecticide regimes are useful first 

approximations for promoting natural enemies in crop fields, there is a strong need to 

consider key ecological traits – especially those relating to dispersal capacity of key 

natural enemies – when planning conservation biological control interventions. 
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Chapter 5 Assessing flowering weedy vegetation for conservation 

biological control in a brassica crop system 

 

 

 

Weedy Foeniculum vulgare in field site. 
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5.1 Introduction 

Natural enemies are valuable component of biological control in agroecosystems. 

Intensive agriculture is often characterised by monocultures that do not favour natural 

enemies due to a lack of resources such as food, shelter and alternate hosts (Chaplin-

Kramer, O’Rourke, Blitzer, & Kremen, 2011; Östman, Ekbom, & Bengtsson, 2001). 

Conservation biological control refers to enhancement and protection of natural enemies 

which then act against insect pests. Various measures are implemented for this including 

habitat management through establishment of flowering plants (Pandey & Gurr, 2019; 

Wäckers & Van Rijn, 2012) and creating overwintering refuges (MacLeod, Wratten, 

Sotherton, & Thomas, 2004). These measures can provide natural enemies food resources 

such as nectar and pollen, alternate hosts and prey as well as a less disturbed and 

chemical-free environment for shelter (Gurr et al., 2017; Shields et al., 2019). The 

addition of resources from flowering vegetation to an agroecosystem improves the 

survival, reproduction and host searching behaviour of natural enemies and can lessen 

the need for costly mass releases (Wäckers & Van Rijn, 2012). The presence of flowering 

plants has been shown to improve the performance of natural enemies with higher 

abundance of predator, parasitoids and increased predation and parasitism (Amaral et al., 

2013; Bianchi et al., 2008; Blaauw & Isaacs, 2015; Hogg, Nelson, Mills, & Daane, 2011).  

Identification of attractive, selective and resource-rich flowering plants is important in 

habitat management (Gardarin et al., 2018). Agricultural landscapes contain of many 

flowering plant species, but not all these species are attractive to or provide resources to 

natural enemies. Some of species do not produce nectar or does not produce quality 

nectar, while others may have flower structures that can limit resource uptake (Jervis, 

1998; Wäckers & Van Rijn, 2012). A recent meta-analysis found plant species in 

Apiaceae, Brassicaceae, Polygonaceae, Boraginaceae, Solanaceae, and Rosaceae families 

are attractive to parasitoids and tended to increase their longevity compared to other plant 

species families (Russell, 2015). There are flowering plant species that are attractive to 

predatory insects such as hoverflies, lacewings and coccinellids by providing nectar and 

pollen (Colley & Luna, 2000; Gonzalez et al., 2016). However, flowering plants may also 

attract and provide resources to insect pests either through floral resources (Winkler et 

al., 2009) or vegetative parts (Tiwari, Dickinson, Saville, & Wratten, 2018). 

Patches of flowering vegetation for conservation biological control can have mixed 

results, sometimes increasing the activity of predator and parasitoids in crop field while 

others show limited or no effect (Fonseca, Lima, Lemos, Venzon, & Janssen, 2017). 
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Natural enemies feeding or sheltering in adjacent vegetation must disperse into the crops 

from the foraging vegetation to prey on crop pests for biological control also termed as 

spill-over/movement effect (Schellhorn et al., 2014). The vegetation should act as an 

exporter of natural enemies not a concentrator (Chisholm, Gardiner, Moon, & Crowder, 

2014; Morandin & Kremen, 2013b; Morandin et al., 2014). However, there are several 

factors that affect in movement of natural enemies from the adjacent vegetation to crop 

field. These include a crop environment toxic to natural enemies through repeated use of 

harmful chemical insecticides that can cause direct mortality, reduced food resources 

(prey/host) or disrupt behavioural and biological process of natural enemy (Torres & 

Bueno, 2018).   

Habitat management sometimes is implemented by establishing flowering plants adjacent 

to crop fields. Managing pre-existing non-crop flowering species, in contrast, could be a 

more feasible and low-investment option if they are found to be effective in enhancing 

biological control (Funayama, Komatus, Sonoda, Takahashi, & Hara, 2015). This study 

aimed to quantify the effect of naturally growing flowering plant species, Foeniculum 

vulgare Mill. (Apiaceae) and Sisymbrium officinale (L.) Scop (Brassicaceae) on 

biological control in a brassica crop system. Brassicas are a major global vegetable crop 

challenged by complex of insect pest species, including diamondback moth (Plutella 

xylostella), cabbage white butterfly (Pieris rapae) and aphids. The flowering species were 

selected due to their dominance in the study area. These plants are considered mostly to 

be weeds and are often growing across open spaces near the farm roads and field margins 

of brassica crops. Literature also shows flowers of this plant species are attractive to 

parasitoids and predators. Accordingly, the research objective of this study was to 

determine the effect of these established flowering weed species on conservation 

biological control in commercial conventionally managed brassica field. We measured 

the abundance of natural enemies, brassica insect pests and parasitism of P. xylostella. 

We also assessed the extent to which natural enemies that provide biological pest control 

can disperse into crops from the boundary treatment patches.  

5.2 Materials and Methods 

5.2.1 Study sites 

This research was conducted in Central West NSW, Australia. The field was 5-hectare 

(~250 m running north-south × 200 m running east-west) with a Brassica oleracea var. 

capitata crop. The crop was managed by the host farmer. The crop was sprayed using 
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synthetic chemical insecticides in response to P. xylostella, P. rapae, other lepidopteran 

pests and aphids. The site was selected as for its existing vegetation patches. The 

vegetation was predominantly self-sown wild fennel F. vulgare and common hedge 

mustard S. officinale with a few other flowering plant species. Four single species patches 

of each species were made by manually removing other flowering vegetation. All four 

patches of S. officinale were located on the eastern side of the field with two F. vulgare 

patches were on the western side and two F. vulgare patches on the southern side. Each 

patch was on average 2–3 m2 area with a minimum separation of 20 m from the adjacent 

patches. The area between patches were made flower free by chopping them with hedge 

cutter. The vegetation on the northern side of the field was made up of a mixture of grass 

species (Figure 5.1).  

 

Figure 5.1 Field layout. 

5.2.2 Natural enemies and brassica pests in field perimeter   

The relative abundance of natural enemies and brassica pests in the flowering weeds 

perimeter against grassy control were sampled three times by yellow sticky trap (17 × 10 

cm) (Bugs for Bugs, Australia) suspended on a wooden stake at canopy level and one 
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round pitfall trap (12.5 cm height and 8.5 cm diameter) in the ground at weekly intervals 

from 35 days after brassica transplanting which coincided with the flowering stage of the 

S. officinale and F. vulgare. Pitfall traps were constructed from two cups, the outer cup 

flush with the soil and inner cup filled with ~250 ml of diluted ethylene glycol with a few 

drops of detergent inserted into the outer cup. The traps were protected from rain and sun 

with a cover made from a plastic plate and wooden skewers. Traps were left in place for 

four days and then collected for quantification and identification of natural enemies. 

Arthropods collected from the pitfall traps were placed in separate plastic containers and 

labelled. Each yellow sticky trap was labelled, wrapped in plastic food wrap and placed 

in freezers for later identification. The arthropods from the pitfall traps were cleaned, 

counted, identified to family to genus level. Arthropods from sticky trap were identified 

directly from sticky card from family to species level except the most abundant small 

parasitoids. A stereo-binocular dissecting microscope (10-20 x) (Leica, SE305-A, 

Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) was used for counting and 

identification of natural enemies. 

Additional brassica pest sampling in the flowering weeds and grassy control were 

conducted by visual samples at 35 days after crop trans-planting. For F. vulgare and S. 

officinale, the stems and leaves of five random plants from each patch were observed and 

the number of brassica pests were recorded and for grassy control a 30 × 30 cm quadrat 

was marked in each patch and observed. For aphid abundance sticky card catch count 

were considered, however, treatment patches were checked for aphid types. Along with 

visual observation, flower visitation of F. vulgare and S. officinale by adult P. rapae and 

P. xylostella adults were recorded by spending 5 minutes observing each patch at 35 days 

after crop trans-planting. Adult P. rapae are easily visible while P. xylostella observations 

were done by walking around the patches for 5 minutes. 

5.2.3 Natural enemies and brassica pests in crop fields  

To determine the effect of flowering weeds on natural enemies and brassica insect pests 

in adjacent brassica fields, a yellow sticky trap and round pitfall trap was deployed  20 m 

into the crop interior parallel to weedy patches (detail methodology of insect sampling 

and processing by both traps is provided in 5.2.2).  In addition, visual observation of five 

random brassica plants 20 m into the crop interior were performed to record the number 

of brassica pests and predators.  
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5.2.4 Biological control services 

To determine the effect of flowering weeds on biological pest control service, P. 

xylostella larvae was used as sentinel host. Within each weedy patch perimeter, three 

sentinel plants each infested with 10 second- and third-instar P. xylostella larvae were 

placed at 35 and 50 days after brassica transplanting during flowering stage of the S. 

officinale and F. vulgare. After 4 days, larvae were recovered from the sentinel plants 

and placed in plastic jars (D = 6.7 cm, H = 7.5 cm) and taken to the laboratory. In each 

jar cabbage leaves were provided twice a day to allow larval growth and development. 

Larvae were monitored until the emergence of parasitoids or adult P. xylostella. 

Parasitism rates were calculated by dividing the number of emerged parasitoids by the 

number of recovered larvae from which any adult P. xylostella or parasitoid emerged.  

To assess parasitism 20 m into the crop interior parallel to weedy patches ten P. xylostella 

larvae and pupae were collected from crop plants at each replication at 35 and 50 days 

after brassica transplanting. Both larvae and pupae were included due to insufficient 

numbers of each life stage to create a full sample. The ratio of larvae to pupae for each 

treatment patch was approximately 3:1. The parasitism rate was estimated by dividing 

the number of emerged parasitoids by the total number of hosts from which any P. 

xylostella adult or parasitoid emerged.  

5.2.5 Data analysis 

Data was analysed using Generalized Linear Mixed Model (GLMM) with negative 

binomial distribution for count data. Replicated flowering weed and control patches were 

used as random factors, data of each week were used as repeated measurement. Auto-

correlation matrix was used as a structure for repeated measurement. The explanatory 

variables were flowering weed F. vulgare, S. officinale and grassy control; location (field 

perimeter and crop interior) and their two-way interaction. All explanatory variables were 

treated as categorical variable. The response variables were count of major natural enemy 

group and brassica insect pest caught in both sticky and pitfall trap. The pest abundance 

data from the sample plant observation in crop interior and flower visitation by P. rapae 

and P. xylostella adult in flowering weeds were analysed by using a generalized linear 

model (GLM) with negative binomial distribution and log link function. For binomial 

data such as parasitism, binary logistic regression was used with replicated treatment 

patches as random effects and data of different weeks as repeated measurement with auto-
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correlation matrix. All statistical analyses were carried out with IBM SPSS Statistics v.24 

(IBM, Armonk, NY, USA). An a priori a = 0.05 was employed for each statistical test. 

5.3 Results 

5.3.1 Natural enemy abundance in flowering weeds perimeter and crop field 

Sticky trap sampling revealed flowering weeds F. vulgare and S. officinale attracted 

higher numbers of total parasitoids, however the number of parasitoids was significantly 

reduced 20 m into the brassica crop field (Table 5.1; Figure 5.2). The number of brassica 

pest parasitoids (that include Diadegma spp. and D. collaris, Cotesia spp., and 

Aphidiinae) were not affected by treatment, location or their two-way interaction.  

Diomus spp. made up 63.8% of the total number of Coccinellidae caught. In the grassy 

control, F. vulgare and S. officinale, Diomus spp. was 72.2%, 52.8 % and 54.8 % of total 

Coccinellidae. Coccinellidae were less attracted to F. vulgare and S. officinale than to 

grassy control, however this effect did not translate into the crop interior. The number of 

Coccinellidae reduced significantly 20 m into crop interior adjacent to grassy control 

whereas the number of Coccinellidae 20 m into crop interior was enhanced by S. 

officinale (Table 5.1; Figure 5.3). The number of Syrphidae, Vespidae and Dolichopodid 

fly were not affected by flowering weeds or location.
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Table 5.1 Variables explaining the abundance of natural enemies (in taxonomic groups) caught in both sticky and pitfall trap. Shown are parameter 

estimates and 95% confidence intervals (CI) on a natural logarithm scale with P values obtained from Wald z-statistics. The base level for treatment 

patches and location in all models set to be grassy control and field perimeter.  Only those statistically significant explanatory variables were presented 

with the parameter estimates. 

Response variable Explanatory variables Estimate  lower 95% CI upper 95% CI Z P 

Total parasitoids       

 Intercept  3.390 3.008 3.772 17.736 <0.001 

 F. vulgare 1.088 0.558 1.617 4.098 <0.001 

 S. officinale 1.493 0.965 2.022 5.646 <0.001 

 location  -0.238 -0.781 0.306 -0.873 0.386 

 F. vulgare × location -1.079 -1.841 -0.317 -2.827 0.006 

 S. officinale × location -1.252 -2.010 -0.494 -3.297 0.002 

Coccinellidae       

 Intercept  2.604 2.34 2.867 19.718 <0.001 

 F. vulgare -1.144 -1.55 -0.737 -5.619 <0.001 

 S. officinale -1.161 -1.569 -0.754 -5.692 <0.001 

 location  -0.758 -1.149 -0.367 -3.868 <0.001 

 S. officinale × location 1.110 0.532 1.688 3.834 <0.001 

Formicidae       

 Intercept 3.673 3.251 4.094 17.390 <0.001 

 location  -2.116 -2.732 -1.5 -6.854 <0.001 

Forficula sp.        

 Intercept 1.484 1.107 1.862 7.843 <0.001 

 location  -1.775 -2.449 -1.101 -5.250 <0.001 

Araneae       

 Intercept 0.724 0.281 1.167 3.258 0.002 

 location  -1.483 -2.187 -0.778 -4.199 <0.001 

Carabidae       

 Intercept 0.278 -0.078 0.634 1.555 0.124 

 location  -1.412 -2.023 -0.802 -4.613 <0.001 
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Figure 5.2 Abundance of total parasitoids at field perimeter and crop interior for 

flowering F. vulgare, S. officinale and grassy control. Estimated mean and 95% CI of 

three sampling date from the model is presented. Date is used as repeated measurement 

in the model. 
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Figure 5.3 Abundance of Coccinellidae at field perimeter and crop interior for flowering 

F. vulgare, S. officinale and grassy control. Estimated mean and 95% CI of three sampling 

date from the model is presented. Date is used as repeated measurement in the model. 

 

Formicidae made up 77.8 % of total ground dwelling predators. Formicidae, Forficula 

sp., Araneae and Carabidae numbers did not differ significantly between flowering weeds 

and grassy control. However, their number reduced significantly in crop interior (Table 

5.1; Figure 5.4). In visual observation of five random brassica plants, the number of 

natural enemies were very few, a total of eight spiders, three Coccinellidae, two syrphid 

larvae and six parasitised aphid mummies were observed in two sampling dates.  
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Figure 5.4 Abundance (mean ± SE) of Formicidae, Forficula sp., Araneae and Carabidae 

at field perimeter and crop interior. The mean is of F. vulgare, S. officinale and grassy 

control because no significant difference in abundance was observed between flowering 

weeds and grassy control. 

 

5.3.2 Brassica insect pests in flowering weeds perimeter and crop field 

The species of aphids F. vulgare harboured was M. persicae, whilst the grassy weed 

control treatment harboured cereal aphid Rhopalosiphum padi, and S. officinale 

harboured B. brassicae and M. persicae. The numbers of winged aphids caught on sticky 

cards were not affected by treatment at field perimeter or crop interior. Significantly 

higher number of winged aphids were recorded within the brassica crop compared with 

the field perimeter (z = 4.983, P <0.001). Aphid numbers on brassica plants in crop 

interior also did not vary among treatments when direct counting was performed. The 

mean number (pooled over treatments) of aphids (M. persicae and B. brassicae) was 1.35 

± 0.466 (mean ± SE) per plant.    

The number of P. xylostella adults caught on sticky traps both in the field perimeter and 

crop interior were not affected by treatment. The number of P. xylostella adults was 

higher in the crop interior than field perimeter (z = 4.93, P <0.001). The number of P. 

xylostella larvae and pupae in brassica sample plants in crop interior did not vary among 
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treatments when direct counting was performed. The mean number (pooled over 

treatments) of both larvae and pupae (combined) was 1.3 ± 0.218 (mean ± SE) per plant. 

Adult P. xylostella more frequently visited the flowers of S. officinale compared to F. 

vulgare (χ2 = 4.334, P = 0.037) (Figure 5.5). Being a member of Brassicaceae family, S. 

officinale also harboured P. xylostella larvae and pupae. The mean number of both larvae 

and pupae (combined) was 1.65 ± 0.243 (mean ± SE) per plant. 

The catch of P. rapae was too low on sticky traps to analyse. In direct counting of brassica 

sample plants in crop interior, the number of P. rapae eggs and larvae did not vary in 

crop interior being adjacent to different treatment patches. The mean number (pooled 

over treatments) of P. rapae eggs was 2.9 ± 0.326 (mean ± SE) per plant and P. rapae 

larvae was 0.416 ± 0.126 (mean ± SE) per plant. Adult P. rapae visited both S. officinale 

and F. vulgare, however, more frequent visitation was observed to the flowers of S. 

officinale (χ2 = 46.531, P < 0.001) (Figure 5.5). In sample plant observation of S. 

officinale, the mean number of P. rapae eggs was 2.6 ± 0.319 (mean ± SE) and larvae 

was 2.6 ± 0.319 (mean ± SE) per plant.  

 

Figure 5.5 Relative abundance (mean ± SE) of P. rapae and P. xylostella adult visiting 

flowering weed S. officinale and F. vulgare in 5 minutes observation. 
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 5.3.3 Biological control services 

Parasitism of P. xylostella was highest in crop interior adjacent to S. officinale compared 

to control (F1, 21 = 6.703, P = 0.017) (Figure 5.6), no significant difference was observed 

between S. officinale and F. vulgare. No significant difference in parasitism was recorded 

among treatment patches when sentinel larvae were placed in field perimeter. The 

parasitoids that caused the highest rate of larval or pupal parasitism of P. xylostella in 

crop were Diadegma spp. (n = 33) followed by D. collaris (n = 9) then Cotesia sp. (n= 2) 

which was equal to Oomyzus sokolowskii (two brood size of 7 and 10 was observed). 

Diadegma spp. was only the parasitoid that caused parasitism in sentinel larvae in the 

field perimeter.  

 

Figure 5.6 Parasitism (mean ± SE) of P. xylostella larvae and pupae in crop interior 20 

m away from the adjacent weedy patches. 

 

5.4 Discussion 

The naturally growing flowering plants S. officinale and F. vulgare were more attractive 

to parasitoids compared with the naturally growing grasses beside the brassica crop. Plant 

species from both Apiaceae (F. vulgare) and Brassicaceae (S. officinale) families are 

known to be attractive to parasitoids and can increase parasitoid longevity (Russell, 2015) 

and have been recommended in habitat management for conservation biological control 

(Wäckers & Van Rijn, 2012). 
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Higher natural parasitism of P. xylostella larvae and pupae within the brassica crop 

adjacent to S. officinale indicates a beneficial role of this plant when sited beside brassica 

crop. However, this effect was not observed when sentinel larvae of second- and third-

instar P. xylostella were located nearby S. officinale. The factors that made this difference 

could be availability of right host age within brassica crop adjacent to S. officinale 

because parasitism is highly affected by host age for all these three larval or pupal 

parasitoids (Diadegma spp., D. collaris and Cotesia spp.) observed in brassica field 

(Nofemela & Kfir, 2008; Saini, Sharma, & Chandel, 2019; X. G. Wang & Liu, 2002). 

The number of parasitoids (Diadegma spp., D. collaris and Cotesia spp.) attacking P. 

xylostella larvae and pupae also did not vary among treatment patches. This could be 

because of their high dispersal capability, movement of > 100 m in 48 h from the refugee 

has been observed for Diadegma semiclausum (Schellhorn, Bellati, et al., 2008). The 

dispersal of natural enemies is an important trait in conservation biological control to 

determine the spatial effect of the adjacent vegetation (Northfield et al., 2017). There 

were no significant differences between host populations (larvae and pupae of P. 

xylostella) among treatment patches within brassica crop, another important factor 

affecting in parasitism (Green, 2009).   

Generalist predators have a broad range of diet and habitat preferences (Amaral et al., 

2013; Kotze et al., 2011; Maloney et al., 2003). The availability of food resources and 

favourable habitat for Formicidae, Forficula sp. Araneae and Carabidae in all adjacent 

treatment patches could be the reason for the similarity in numbers of these ground 

dwellers. However, Coccinellidae species were more attracted to the grasses than the 

Apiaceae or Brassicaseae species. Coccinellidae numbers are highly influenced by the 

prey abundance (Amaral et al., 2013; Biddinger et al., 2009; Smith et al., 2015) but in 

this case there was no difference in the abundance of prey (aphids) present to explain the 

different in numbers of these natural enemies. The possibility could be a difference in 

prey preference as the grasses harboured Rhopalosiphum spp. which was not observed in 

the flowering weeds. The abundant Diomus spp. is reported to have different prey 

preference to other Coccinellidae (Hopkinson, Kramer, & Zalucki, 2016; Jaworski, 

Bompard, Genies, Amiens-Desneux, & Desneux, 2013; Sloggett & Majerus, 2000).  

Habitat management carries the risk of providing floral and vegetative food resources to 

insect pests (Hatt et al., 2015; Winkler et al., 2010) as evidenced in this study. This can 

be prevented by use of selective plants (Begum et al., 2006; Géneau, Wäckers, Luka, 

Daniel, & Balmer, 2012). Such selectivity depends on characteristics such as nectar 
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accessibility, flower attractiveness, and differences in gustatory response (Wäckers & 

Van Rijn, 2005; Winkler, Wäckers, Stingli, et al., 2005; Zhu et al., 2013) and sometimes 

environmental condition (Winkler et al., 2009). Winkler et al. (2009) found an adult P. 

rapae butterfly was unable to feed on several exposed floral nectar sources at 45 ± 5% 

RH field conditions. The likelihood of finding selective plants that are best for the 

complex of insect pest and natural enemies is low. A multitrophic approach in gathering 

evidence for conservation biological control is important to prevent exacerbating the pest 

problem (Gurr et al., 2017; Wäckers et al., 2007). However, most multitrophic studies 

only consider single species rather than multitrophic interaction in community level of 

major herbivore and natural enemies (Gardarin et al., 2018).   

Abundance of natural enemies was lower in the crop interior than in field perimeter. This 

could be due to disruptive in-crop activities such as spraying (Karp et al., 2018; 

Tscharntke et al., 2016). Chemical pest management has a well-known negative impact 

on the abundance of natural enemy populations in crops (Gagic et al., 2019; Jonsson et 

al., 2012; Zhu et al., 2018). This might be because of the direct mortality of natural 

enemies or reduced food resources (prey/host) or disrupt behavioural and biological 

process of natural enemies (Torres & Bueno, 2018). Insect pest management options that 

are less harsh to natural enemies need to be employed so conservation biological control 

can be effective in suppressing pests in crop (Gentz et al., 2010; Torres & Bueno, 2018).  

5.5 Conclusions 

The use of existing vegetation would reduce establishment costs of habitat management. 

Identification of existing non-crop vegetation and its role in supporting natural enemy 

numbers is an important process.  This study found both S. officinale and F. vulgare were 

attractive to parasitoids. The presence of S. officinale enhanced parasitism of P. xylostella 

within the adjacent brassica crop. However, the flowering weeds also attracted adult P. 

xylostella and P. rapae which highlight the importance of a multitrophic approach to plant 

screening for habitat management. For Coccinellidae, the non-flowering grasses were 

more attractive than the flowering weeds.  
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Chapter 6 General Discussion and Conclusion 

The major aim of this thesis was to assess the use of Australian native plants for habitat 

management to support conservation biological control in brassica crop systems. To 

achieve this aim, several questions were posed. The first question was, are there any 

Australian native plants that are available in temperate Australia that could benefit 

parasitoids of brassica pests without benefiting its pest P. xylostella (Chapter 2). The 

second question was, can selected flowering native plants established adjacent to a 

brassica crop provide biological pest control service along with other complementary 

ecosystem services (Chapter 3). Conservation biological control has many forms, two of 

which include avoiding the use of pesticides that are harmful to natural enemies and 

altering habitats around farms to benefit natural enemies. However, avoiding the pesticide 

use is challenging in conventional farming systems so the third question was, does 

established perennial woody native vegetation in the field margin of conventional 

commercial brassica crop fields enhance natural enemies within brassica crop (Chapter 

4). Habitat management can involve the planting of plants adjacent to crop fields that 

provide resources to natural enemies (Landis et al., 2000) but these types of interventions 

can be costly and take land area out of production. Employing pre-existing non-crop 

species, in contrast, may be a more feasible and a low-investment option than adding new 

plants to an agroecosystem. So, the last question was, are there any established flowering 

plants around brassica fields that can provide resources to natural enemies (Chapter 5). 

The following sections summarise the main findings in relation to existing knowledge 

and consider the contribution of each stage of the work to the overall aims. In addition to 

that the limitation and future research direction of these studies are discussed. 

 

6.1 Australian native plants enhanced the longevity of three brassica pest 

parasitoids 

Chapter 2 of this thesis identified seven Australian native plant species that enhanced 

longevity of one or more parasitoid species that are natural enemies of brassica pests. The 

increase in longevity is an important factor for successful biological control as it leads to 

an increase in reproductive lifespan and fecundity of parasitoids (Benelli et al., 2017; 

Heimpel & Jervis, 2005). This is the first published research that examined native 

Australian plants to assess parasitoid longevity for conservation biological control. 

Native plants Leptospermum cv. ‘Rudolph’ and C. citrinus enhanced longevity of the 

aphid parasitoid D. rapae as much as did the frequently used non-native F. esculentum. 
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However, none of the plant species provided a selective benefit to the parasitoid D. 

semiclausum compared with its host P. xylostella. There have been studies that report P. 

xylostella exploiting flowers of more species than did its parasitoid D. semiclausum and 

visited a wider range of plant species with hidden and exposed nectaries (Winkler, 

Wäckers, Buitriago, et al., 2005; Winkler et al., 2009). In this context, either we need to 

avoid these native plants for habitat management in brassicas or further examine these 

flowering plants in real field conditions where biotic and non-biotic interactions 

manipulate the natural enemy and pest populations and influence crop damage (Gardarin 

et al., 2018; Perović et al., 2018). On the other hand, these native plants can be used in 

other cropping systems where the parasitoid D. rapae attacks the generalist pest Myzus 

persicae (Blande, Pickett, & Poppy, 2007) and Cotesia and Diadegma spp. attack several 

other lepidopteran pests. However, careful assessment of flowering plants in the context 

of each crop system including herbivores is required.   

6.2 Provision of conservation biological control and other complementary 

ecosystem services by Australian native plants in brassica system 

Habitat management that delivers multiple ecosystem services to agroecosystems are a 

fundamental part of ecological intensification of agriculture (Bommarco et al., 2013; 

Pretty et al., 2018). The need for intervention strategies to promote multiple ecosystem 

services rather than focusing on pest suppression in isolation is obvious but often 

neglected among researchers (Fiedler et al., 2008; Jonsson, Wratten, Landis, & Gurr, 

2008; McDonough, Hutchinson, Moore, & Hutchinson, 2017). Chapter 3 of this thesis 

found some plants are comparatively more useful than others in delivering some 

ecosystem services. Land managers will need to make decisions based on prioritised 

needs for these services. 

 

Regarding biological pest control services, indicators including increased natural enemy 

abundance, higher larval parasitism of P. xylostella and reduced density of B. brassicae 

shows that native M. satureioides had the most comprehensive positive effects compared 

to grassy control in brassica crop system. However, this plant species attracted adult pest 

P. rapae and the adjacent cabbage foliage held high densities of this pest’s eggs but, 

reflecting high densities of parasitoids and predators, larval densities of P. rapae were 

not elevated compared to other treatments. This result highlights that to improve 

suppression of the insect pest complex through conservation biological control, 

understanding of underlying multi-species and multi-trophic interactions is required 
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(Crowder & Jabbour, 2014; Shennan, 2008; Snyder, 2019). Presence of functional 

diversity including specialists and generalists with minimal antagonistic interactions is 

required for biological control of multiple herbivore species (Gardarin et al., 2018; 

Gontijo, Beers, & Snyder, 2015). However, functional diversity may not work effectively 

for all herbivores. In that case, other approaches like use of selective insecticides, insect 

growth regulators, mating disruptors or use of entomopathogens could be incorporated 

for successful pest management (Gentz et al., 2010; Torres & Bueno, 2018). Regarding 

pollinator enhancement, the study found two native plants L. australis and M. 

satureioides supported a higher abundance of natural enemies and attracted pollinators as 

much as non-native F. esculentum. The native pollinator Megachile spp. was highly 

attracted to L. australis. Retaining and enhancing pollinators in agroecosystems supports 

the pollination of the crops (Feltham, Park, Minderman, & Goulson, 2015; Morandin & 

Kremen, 2013b). In the current scenario of global pollinator declines, conservation of 

both native and domesticated pollinators is vital for food production and security (Potts 

et al., 2010). Establishment of plants that support dual ecosystem services through 

conservation of pollinators and natural enemies has been found to be useful in 

agroecosystem for sustainable food production (Bommarco et al., 2013; Burkle, Delphia, 

& O'Neill, 2017). 

  

Regarding promotion of native butterflies, two Australian native plants L. australis and 

M. satureioides were highly visited by native butterflies. Higher visitation by native Z. 

labradus, was observed in L. australis while two other native butterflies, V. kershawi and 

J. villida frequently visited on M. satureioides. Creation of native flowering vegetation is 

recommended for conservation of native butterflies and promotion of ecosystem 

functioning (Burghardt et al., 2009; Jones et al., 2019). The native butterflies observed 

were abundant species that exhibited taxon-to-taxon specificity as evident in other studies 

(Harris, Braman, & Pennisi, 2016). There are many factors that affect visitation by 

butterflies such as types of plant, availability of floral nectar, flower architecture and 

competition with other visitors (Jain, Kunte, & Webb, 2016; Majewska, Sims, Wenger, 

Davis, & Altizer, 2018).  

 

Finally, soil biological activity, a proxy for soil-associated ecosystem services identified 

that F. esculentum significantly reduced soil biological activity. The presence of 

allelopathic phenolic compounds in the roots of F. esculentum (Kalinova et al., 2007; 

Uddin et al., 2012) might be a cause of inhibited activity of soil fauna and microbes 
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(Pascual-Alvarado et al., 2008). Whilst these allelopathic effects could be advantageous 

to crop growth by delivering ecosystem services such as suppression of plant pathogens 

and weeds (Khanh, Chung, Xuan, & Tawata, 2005; Sturm, Peteinatos, & Gerhards, 2018), 

it is also possible that dis-services such as suppression of soil-dwelling natural enemies 

occurs. Certainly, the present results suggest a trade-off because decomposition and 

associated release of nutrients from organic matter is suppressed.  

6.3 Conservation biological control by adjacent Australian woody native 

vegetation in brassica crops  

One way to assess conservation biological control using native vegetation is situating the 

crop field near established vegetation. This avoids the cost and time required for plant 

establishment. Chapter 4 of this thesis assessed established woody native vegetation in a 

conventional brassica crop system for its effect on abundance of natural enemies as a 

proxy for biological pest control service. The findings suggest that incorporation of 

perennial woody vegetation for biological pest control service is futile unless a reduction 

in pesticide use intensity is made in the adjacent crop, especially in case of ground active 

predators. Previous work has also reported enhanced egg predation in unsprayed crops 

with semi-natural field margins but no biocontrol benefit was observed in adjoining 

sprayed fields (Gagic et al., 2019). Selective or reduced-risk chemicals that have 

minimum effect on natural enemy could be incorporated in decision making for 

conservation biological control (Torres & Bueno, 2018). Ground active predators 

including Araneae, Carabidae, Dermaptera and Formicidae were significantly reduced in 

fields with higher pesticide use. The spatial effect of adjacent perennial vegetation on 

natural enemy (except canopy dwelling Araneae and large parasitoids) was only observed 

in fields with lower pesticide use. Pesticide impact was lower on canopy dwelling 

Araneae and parasitoids which reflects their dispersal ability. Similar observations were 

made by Markó et al. (2017) for canopy dwelling coccinellids indicating that there was 

continuous recolonization from the surrounding vegetation. Identification of functional 

groups that are highly affected by pesticide use and understanding their dispersal traits is 

important in conservation biological control.  

6.4 Established flowering weeds could be an alternative of native flowering plants 

for conservation biological control 

 



94 

 

Having considered flowering native plant species in Chapter 3, and established woody 

native vegetation in Chapter 4, I was also interested in the possible contribution of 

established flowering vegetation in brassica fields. Chapter 5 of this thesis assessed the 

existing naturalised flowering weeds S. officinale and F. vulgare in a brassica crop system 

for biological pest control services. This study also undertook examination of flowering 

vegetation with consideration of multitrophic interactions for conservation biological 

control as suggested in Chapter 3. This study was conducted in conventional brassica 

field with chemical pest management, therefore the full, potential effect of visiting adult 

pests in the adjacent brassica crop and the increased larval/pupal densities and pest 

damage was difficult to record. For ground dwelling predators, having flowering weeds 

did not favour numbers significantly compared to the grassy control treatment. The role 

of floral resources is less obvious for groups of natural enemies that do not feed on them, 

however vegetation cover and its structure can effect on their populations (Balzan, Bocci, 

& Moonen, 2016; Diehl, Wolters, & Birkhofer, 2012).  

6.5 Conclusions 

Brassica vegetables are an example of a crop system with high levels of disturbance. They 

are of short duration, heavily sprayed and tilled regularly creating an extremely hostile 

environment for natural enemies. So, in a context of conservation biological control, 

potentially a minor modification could have a huge impact. This includes the creation of 

habitat near the crop fields and adoption of crop management that favour natural enemies. 

These studies support the use of locally adapted native plants in brassica production 

system where resources are scarce for natural enemies for biological control. The 

literature shows that selective plants that only benefit parasitoids need to be incorporated 

in the field for conservation biological control (Gardarin et al., 2018) but in fields where 

complexes of pests and natural enemies exist, it is difficult to find plants that selectively 

benefit parasitoids. Thus, careful field observation is required to monitor the pest level in 

implementation of these vegetation considering multispecies and multitrophic 

interaction.  

 

Habitat management is not a stand-alone pest management practice; rather an important 

component of integrated pest management that includes different other pest management 

practices. Habitat management that provide a pest control service along with other 

complementary ecosystem services would attract organic and IPM farmers. In the case of 

commercial conventional farms, creation of vegetation near the farm will support natural 
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enemy abundance that may prey on pests when small adjustment in spraying can be done 

e.g. moving from harsher chemical to selective options. For environmentally friendly 

farming, it is important to consider both within field management and its adjacent 

vegetation.  

6.6 Limitations of the study 

In Chapter 2, the unavailability of some flowers for longevity assessments (those 

collected from bushes and trees) limited the assessment of all three parasitoids with all 

12 native flowers. For instance, parasitoids D. semiclausum and C. glomerata were 

assessed against Leptospermum sp. and C. citrinus for 17 and 11 days respectively but 

after that fresh flowers were scarce and were dropped from the experiment. Knowledge 

of exact flower phenology helps to reduce this limitation however, the phenology is 

highly dependent on climatic factors (Zhang et al., 2018). 

 

In Chapter 3, the assessment of multiple ecosystem services, inclusion of more 

experiments such as pollination with sentinel flowering plants, soil testing before and 

after planting of treatment plants, collection of soil arthropods from soil core would have 

provided more information. However, time and resource limitations reduced the scope 

for wider assessment of parameters. In Chapter 4, the study was limited to only four 

brassica fields. This limitation was caused by the selection criteria of having perennial 

woody native vegetation along one border with the opposite side of the field comprised 

of an unsealed farm road and another brassica crop and the limited number of brassicas 

grown in the Central West area of NSW.  Higher number of fields with different pesticide 

toxicity scores would have given stronger statistical power. In Chapter 4, another 

limitation was that time did not allow for more comprehensive sampling to include pest 

(prey/host) in the brassica crop. This information would have supported discussion of  

prey/host dynamics as a partial explanation of natural enemy patterns (Holling, 1965).  

 

In Chapter 5, the study was done in only one brassica field with adjacent S. officinale and 

F. vulgare. Although study was replicated by creating the patches of these flowering 

weeds, observations in multiple fields would have been desirable had resources allowed.  

However, even with this limitation some interesting results were observed in the 

experiment which could be extended in future research. Fine scale taxonomic resolution 

and correct identification of trophic level of collected arthropod samples is another 

limitation of all field studies restricted by time and cost.  



96 

 

 

6.7 Future research direction 

Australian native plants show some promise for use in habitat management for 

conservation biological control. A multi-year, multi-location study would be a path to 

better determine the effects of multiple ecosystem services provided by these and other 

native species. The native plants M. satureioides and L. australis show potential in a 

wider range of cropping system especially the perennial and drought tolerant M. 

satureioides in perennial agroecosystems. The leguminous L. australis could work in 

cropping rotation as it provides extra nitrogen to the soil in annual rotations. Other plant 

benefits include the traditional use of M. satureioides for relief of cold and flu symptoms, 

as an insect repellent and fragrant culinary ingredient (Clarke, 2015; Savigni, 2016). 

Molecular techniques could also be employed to examine multi-trophic interactions. 

Given the promising results from these native species there are around 21,000 flowering 

native plant species in Australia (Chapman, 2009) that are suited to a wide range of 

climatic and geographic conditions which are waiting to be explored for their habitat 

management potential.  
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