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ABSTRACT 

 

Classical biological control is an important component of pest management, and has proven to 

be a highly cost effective long term method and often considered the only way to establish and 

maintain a self-sustaining reduction of insect pest populations.  However, concern exists in 

regards to the risks that new biological control agents pose to non-target species in the country 

of introduction, and increasing attention is being paid to the estimation of such risk. Most 

countries have developed regulations in order to improve decision making in relation to the 

introduction of biological control agents, and the scientific community continue to discuss what 

laboratory host testing methods and/or guidelines should be followed to best predict the 

ecological host ranges of proposed biological control agents.  

In this study, I used the lepidopteran pest Uraba lugens Walker (Lepidoptera: Nolidae) 

and the parasitoid Cotesia urabae Austin & Allen (Hymenoptera: Braconidae) as a  

host-parasitoid model system to conduct retrospective post-release assessments of the host 

range of C. urabae and verify predictions made from host specificity testing prior to release in 

New Zealand. Firstly, while investigating methods to improve mating success in the laboratory, 

C. urabae males were proven to be attracted to odour volatiles of virgin females but not mated 

females in a Y-tube olfactometer, suggesting the importance of sex pheromones. Male mating 

success was highest in the presence of a male competitor, and larger males had greater mating 

success than smaller males when paired with a single conspecific female. 

Secondly, investigations on C. urabae odour attraction revealed that females respond 

to chemical cues specific to the host plant and target host larvae but not to target larval frass, 

and were significantly more attracted to odours of the entire target plant-host complex. In 

addition, the attraction of C. urabae to the odours of three non-target species (Pseudocoremia 

suavis, Nyctemera annulata, and Tyria jacobaeae) and their host plants was tested. I found that 
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C. urabae females are attracted to the odours of the non-target larvae in the closely-related 

Erebidae family when tested on their own and when feeding on their host plants, but not to 

their non-target host plants alone. In a multiple comparison bioassay where these non-targets 

feeding on their corresponding host plants were tested simultaneously with the target host, C. 

urabae was significantly more attracted to odours of its target plant-host complex. 

Additionally, when Cotesia urabae females were given prior exposure and the opportunity to 

oviposit within either non-target Erebidae species, no increase in the attraction towards the 

non-target plant-host complexes was detected, suggesting that associative learning is unlikely 

to increase non-target attack. The use of Y-tube and 4-way olfactometers to assess odour 

attraction towards non-targets and their plant-host complexes is a novel way to increase 

knowledge on potential ecological host range during host specificity testing of potential 

biological control agents. 

Retrospective laboratory host specificity testing of C. urabae was conducted to evaluate 

the potential risk posed to the rare endemic Nolid moth Celama parvitis, the sole representative 

of the same family as the target in New Zealand. A high level of developmental failure of C. 

urabae within C. parvitis was observed, which confirms this non-target species as an unsuitable 

physiological host. However, behavioural observations suggest that host deprivation and prior 

non-target host experience may play an important role in increasing C. urabae responsiveness 

to non-target species, in this case C. parvitis. Additional retrospective post-release assessments, 

involving laboratory bioassays and multiple choice testing under semi-field conditions using 

field cages, was conducted to assess potential non-target impacts of C. urabae on P. suavis, N. 

annulata, and T. jacobaeae. Laboratory testing and rearing proved N. annulata to be a suitable 

physiological host of C. urabae although poorer compared to the target host U. lugens. The 

field-cage experiments suggest that the probability of non-target impacts of C. urabae on N. 

annulata in the field are likely to be low, but this has the potential to be higher in December 
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which is the time of year between U. lugens larval generations and when N. annulata larvae 

are present in New Zealand. 

The research presented in this thesis reveals the importance of conducting behavioural 

studies and the value of continued retrospective host-range assessment to improving risk 

assessment of parasitoids introduced as biological control agents. Furthermore, this thesis 

highlights the benefits that can be obtained by gaining knowledge of odour attraction in 

parasitoids to assist in more accurately predicting the host ranges of candidate biological 

control agents. 

 

 

 

 

  

v 
 



 

 

 

 

 

 

 

When he wins a battle, the warrior celebrates. 

This victory has cost him anxious moments, nights racked with doubt,  

endless days of waiting.  

Since ancient times, celebrating a triumph has been part of the ritual of life itself:  

Celebration is a rite of passage. 

His companions see the warrior of light's joy and think: ‘Why is he doing that? He might be 

disappointed in his next battle. He might draw down on himself the wrath of his enemy’. 

But the warrior knows why he is celebrating.  

He is savouring the best gift that victory can bring: Confidence. 

He celebrates yesterday's victory in order to gain more strength for tomorrow's battle. 

 

 

 

-The Manual of the Warrior of Light- 

by Paulo Coelho 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1. BIOLOGICAL CONTROL OF INSECT PESTS 

The presence of invasive insect pests and pathogens has been negatively affecting natural 

ecosystems, along with the agriculture and forestry industries worldwide for many years (Oerke 

& Dehne 2004, Ciesla 2011). These invaders often establish viable populations and breed at 

high rates, displacing native species and altering ecosystem functioning (Brooks et al. 2004, 

Thuiller et al. 2007). The number of invasions is increasing globally at a rapid rate (Hobbs et 

al. 2006), and as a result, research is increasingly focused on the factors that help invasive 

species to spread and their effects on biodiversity and the economy. For example, shifts in the 

number of breeding cycles in the Mountain pine beetle, Dendroctonus ponderosae Hopkins 

(Coleoptera: Scolytidae), in British Columbia - Canada, have resulted in serious outbreaks 

causing high mortality in trees and enormous losses to the forest industry (Kurz et al. 2008). In 

Canada, the increase in the distribution of the gypsy moth, Lymantria dispar Linnaeus 

(Lepidoptera: Erebidae), to the regions of Ontario and near-by provinces, has resulted in serious 

defoliation of host trees by this lepidopteran pest (Régnière et al. 2009). Reducing the spread 

and impact of invasive insect pests, will have direct economic benefit to agricultural and 

forestry industries.  

 The application of chemical pesticides is a universally used weapon to control and 

suppress invasive insect species and limit the growth of their populations, thus, reducing the 

damage they can cause to natural ecosystems, crops and forestry plantations (Rechcigl & 

Rechcigl 2000). However, the growing concern over pesticide use has prompted research into 

alternative and sustainable methods for plant protection. The use of Integrated Pest 

Management (IPM) to minimise pesticide applications is now a common practice in agriculture 

and forestry and describes the strategy of using an array of pest management tactics (e.g. 
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biological, chemical, cultural and mechanical) to reduce potential losses incurred by insect 

pests (Ciesla 2011). In this regard, biological control has been shown to be an important facet 

of pest management, and has proven to be a highly cost effective long term method of pest 

control and often considered the only way to establish and maintain a self-sustaining reduction 

of insect pests (Greathead 1995, Bale et al. 2008, Clercq et al. 2011).  

More than 5000 introductions of more than 2000 species of arthropod biological control 

agents have been conducted internationally in the last 100 years (Clercq et al. 2011), and 

successful pest suppression has frequently been reported (Ryan 1990, Neuenschwander 2001, 

Gilbert et al. 2003, Van Driesche et al. 2003, Van Driesche et al. 2010, Clercq et al. 2011). For 

example, mortality of spruce trees (Picea spp.) in the UK, Turkey, Georgia and Western Europe 

caused by the invasive beetle Dendroctonus micans Kugelann (Coleoptera: Scolytidae), has 

been successfully reduced by the introduction of the predatory beetle Rhizophagus grandis 

Gyllenhal (Coleoptera: Rhizophagidae,) which has significantly reduced the populations of D. 

micans and lowered spruce tree mortality in most locations (Dajoz 2001, Gilbert et al. 2003). 

In Africa, biological control of cassava mealybug, Phenacoccus manihoti Matile-Ferrero 

(Hemiptera: Pseudococcidae), commenced with the parasitoid wasp Apoanagyrus lopezi De 

Santis (Hymenoptera: Encyrtidae), and has resulted in measurable economic benefits 

(Neuenschwander 1996). Moreover, the introduction of A. lopezi against P. manihoti did not 

lead to extermination of native predators and parasitoids, and still has a significant impact on 

P. manihoti even when it is readily attacked by hyperparasitoids (Neuenschwander 2001). 

 The biological control of insect pests can take many forms depending on factors such 

as the origin of the natural enemy, its relationship with the pest, and also the role played by the 

people involved (Hajek 2004, Van Driesche et al. 2008). For example, conservation biological 

control involves the manipulation of the invaded environment to attract and retain a diversity 

of natural enemies (Barbosa 1998). Augmentative biological control involves releases of 
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natural enemies, which can be inundative or inoculative, to enhance effectiveness of naturally 

occurring natural enemies (Hoy, 2008). When an infested area is flooded with mass-produced 

biocontrol agents, this is called inundative biological control. The biocontrol agents released 

by this method are expected to have an immediate impact on the targeted pest population 

(Eilenberg et al. 2001). Inoculative biological control is similar to inundative biological control, 

however in this method the biocontrol agents are expected to establish and control the pests for 

an extended time, but not permanently (Eilenberg et al. 2001). Classical biological control 

involves the release of a biological control agent (BCA) to establish it permanently in the new 

environment, and often natural enemies that have co-evolved with the pest in its native range 

are used in this method (Eilenberg et al. 2001). The research presented in this thesis deals 

exclusively with the classical biological control approach for the control of insect pests using 

parasitoids, the most commonly used organisms for classical biological control.  

 

1.2. NON-TARGET EFFECTS AND RISK ASSESSMENT OF BIOLOGICAL 

CONTROL AGENTS 

Among the thousands of arthropod BCAs introduced into new areas during the last century, 

many were known to be generalists (i.e. polyphagous species with broad prey/host and 

ecological ranges), which by definition, lack high levels of host and habitat specificity 

(Howarth 2000, Van Driesche & Reardon 2004). Today, the usual recommendation is to avoid 

such polyphagous species since they carry a greater chance of direct and indirect non-target 

effects (Louda et al. 2003). However, it may be impossible to guarantee that a particular 

parasitoid will only attack those host species which have already been experimentally shown 

to support its development. Often nothing is known about the proposed BCA’s host range, and 

basic research on the biology and ecology of these species must be undertaken to prove that 

they are safe for introduction into a novel environment containing entirely novel potential 
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hosts. Nonetheless, investigating the literature is certainly a good starting point in the process 

of host range assessment of BCAs to evaluate potential non-target effects (Strand & Obrycki 

1996, van Lenteren et al. 2006). 

Even though successful biological control introductions have been reported worldwide 

(Ryan 1990, Gilbert et al. 2003, Van Driesche et al. 2003), concern exists in regards to the 

potential risks that new BCAs might pose. These are described as ‘non-target effects’, 

influencing species other than the targeted pest species (e.g. any native species or other 

introduced beneficial species) in the country of introduction (Follett & Duan 2000, Mack et al. 

2000, Sheppard et al. 2003, Eilenberg 2006). The risks of non-target impacts have been the 

focus of discussion surrounding the environmental safety of biological control for many years 

(Howarth 1991, Simberloff & Stiling 1996a, Louda et al. 2003, Barratt et al. 2010, Barratt 

2011), and increasing attention is being paid to the estimation of such risk (Barratt et al. 2000, 

Louda et al. 2003, Barratt et al. 2010). 

Reports of attacks on non-target species by introduced insect BCAs in the field have 

increased significantly over the last 30 years and are of concern (Pimentel et al. 1984, Howarth 

1991, Simberloff & Stiling 1996b, Follett & Duan 2000, Louda et al. 2003, Babendreier et al. 

2005). However, there appear to be few rigorous studies that have demonstrated that such 

attacks have had population impacts (e.g. reduced abundances or caused extinctions) of native 

non-target species (Hopper 1998).  For example, Gagné and Howarth (1985) proposed that the 

extinction of at least 15 native lepidopteran species in Hawaii was caused by the introduction 

of predators and parasitoids as BCAs. This may be the case with the generalist Tachinid fly, 

Lespesia archippivora Riley (Diptera: Tachinidae), which was introduced to control 

armyworm species (e.g. Pseudaletia unipuncta, Spodoptera spp.) and was later reported 

attacking the now extinct Hawaiian native noctuid Agrotis crinigera Butler (Lepidoptera: 

Noctuidae) (Funasaki et al. 1988).  However, studies that document evidence for non-target 
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effects of introduced arthropods suggests that a high frequency of attack, or a measureable 

impact on the abundance of non-target populations, are rare (Funasaki et al. 1988).  

Introduced BCAs have also been found to interfere with natural enemies or other 

previously established BCAs, thus disrupting existing controls (Goeden & Louda 1976, 

Howarth 1991). In New Zealand the introduction of the egg-larval parasitoid wasp Copidosoma 

floridanum Ashmead (Hymenoptera: Encyrtidae) has displaced native Trichogrammatoidea 

spp. parasites as the main controller of the lepidopteran pest Chrysodeixis eriosoma Doubleday 

(Lepidoptera: Noctuidae) (Roberts & Cameron 1989). Similarly, the braconid Microctonus 

aethiopoides Loan (Hymenoptera: Braconidae), was introduced as a BCA for the forage pest 

Sitona discoideus Gyllenhal (Coleoptera: Curculionidae) in New Zealand, and now it has been 

confirmed attacking more than ten non-target weevils in the field including the weed BCA 

Rhinocyllus conicus (Froehlich) (Barratt et al. 1997). Non-target parasitism levels found in the 

field ranged from 1.6 to 71.4%, where the highest parasitism was found for the native weevil 

lrenimus aemulator Broun (Coleoptera: Curculionidae) (Barratt et al. 1997).  

Host specificity testing is commonly used as a key tool for biological control risk 

assessments (van Lenteren et al. 2003, Van Driesche & Reardon 2004, Babendreier et al. 2005, 

Bigler et al. 2006), and in most countries where thorough risk assessments are required, host 

specificity is often estimated by the combination of observations and experimental work 

conducted in the BCA’s native range (Van Driesche & Reardon 2004, Babendreier et al. 2005). 

In the past, host specificity studies were conducted for only 1.5% of entomophagous BCAs 

introduced before 1999 in Europe before their release (Lynch et al. 2001). Hence, most of the 

non-target effects and environmental damage that biological control practices might have 

caused in the past, are likely to be the result of programmes that based their selection of BCAs 

only on efficacy data and chance of establishment success, but without conducting thorough 

host specificity tests prior to release (Simberloff & Stiling 1996a). More recently, host 
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specificity tests which focus on potential non-target hosts have become a globally common 

practice for arthropod biological control programmes (Babendreier et al. 2005). 

To ascertain biosafety of biocontrol agents most countries have started developing 

regulations and have implemented guidelines for safe practice of biological control and to 

improve decision making in relation to the introduction of BCAs (Sheppard et al. 2003, 

Babendreier et al. 2006, Barratt 2011), thereby reducing environmental risk and increasing 

public confidence in biological control. A starting point towards an international regulation for 

safe practice of biological control was adopted in 1995 by the FAO Code of Conduct for the 

Import and Release of Exotic Biological Control Agents (Schulten 1997), where one of the 

objectives of the Code was to provide a standard for those countries that lack adequate 

legislation and procedures to regulate importation and to assess risks related to BCAs. A 

revised version of this Code has extended its range from classical biological control to 

inundative biological control, native natural enemies, microorganisms and other beneficial 

organisms, and it also includes evaluation of environmental impacts (IPPC 2005). The Code 

may be seen as a first attempt to globally harmonise regulation of BCAs, and will certainly 

continue to provide guidance to countries that are still developing their own legislation for safe 

practice of biological control.  

In New Zealand, the Environmental Protection Authority (EPA) (formerly 

Environmental Risk Management Authority) is the government agency responsible for 

conducting strict regulatory functions concerning environment management, and an 

application must be presented for evaluation to the EPA before the importation or release of 

any new organism intended to be introduced into the New Zealand environment. Such 

applications must demonstrate that the proposed BCA poses a minimal risk and that it can be 

imported into quarantine (Barratt & Moeed 2005). Then, to get approval for the release of the 

proposed BCA, additional evidence must be provided to show that specific native and 
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beneficial organisms will not be at risk. Similarly, a number of other countries (e.g. Australia, 

Canada, South Africa, and members of the EU) have also implemented specific legislation 

regarding the potential risks associated with the introduction of BCAs, but often their 

regulatory processes are less strict compared to the New Zealand system (Sheppard et al. 2003, 

Bigler et al. 2005, Barratt et al. 2006).  

 

1.3. HOST RANGE ASSESSMENT OF PARASITOIDS 

The use of laboratory-based host specificity tests have, relatively recently, become a common 

practice when predicting host ranges of parasitoid BCAs (e.g. Goldson et al. (1992), Neale et 

al. (1995), Duan and Messing (2000), Porter (2000), Sands and Van Driesche (2000), 

Babendreier et al. (2003a), Berndt et al. (2007), Rowbottom et al. (2013)). However, even 

though important advances have been made in the last decades for improving the predictability 

of host specificity testing results (Babendreier et al. 2005, Briese 2005, van Lenteren et al. 

2006), no single test is able to predict the ecological host range of a candidate BCA.  

A common and effective way to evaluate the host range of a parasitoid BCA is to expose 

it to a number of potential host species (Babendreier et al. 2005, Bigler et al. 2006, van Lenteren 

et al. 2006). The ultimate goal of conducting host specificity tests is to identify the ecological 

(syn. ‘realised’) host range of a proposed parasitoid BCA, which is defined as “the current and 

evolving set of species used for the parasitoid for its successful reproduction in the field” 

(Onstad & McManus 1996, Follett & Duan 2000). However, the direct evaluation of a 

parasitoid’s ecological host range can be very challenging and often impractical due to the 

effort needed to obtain sufficiently large samples of non-target species in a particular habitat 

or region to do the assessment. Therefore, a common practice to assess the host range of 

parasitoid BCAs is to evaluate their physiological (syn. ‘fundamental’) host ranges (McEvoy 

1996, Sands & Van Driesche 2000, Babendreier et al. 2005, van Lenteren et al. 2006), which 
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is the set of host species that can support the development of a parasitoid regardless of the 

likelihood of its attack in the field (Onstad & McManus 1996, Follett & Duan 2000). 

Physiological host range tests of candidate parasitoid BCAs are based solely on laboratory 

observations of parasitism success, and species identified as physiological hosts in the 

laboratory may not be hosts in the field, since a potential host and parasitoid species may not 

co-occur naturally in space and time, or because natural behaviours may avert contact with one 

another (Strand & Obrycki 1996).  

The selection of the non-target host species to conduct host specificity testing is often 

based primarily on phylogenetic affinity with the target host (van Lenteren et al. 2003, 

Babendreier et al. 2005, van Lenteren et al. 2006). However, it has also been suggested to 

consider ecological similarity (e.g., common habitat or feeding niche) between the potential 

non-target and the target host (Messing 2001, Kuhlmann et al. 2006) since parasitoids may 

accept hosts based on certain microhabitat features (Duan & Messing 1996, Duan et al. 1997, 

Babendreier et al. 2003b). Once a non-target species list has been created, a number of filters 

are often applied to de-prioritise species (Kuhlmann et al. 2006). This de-prioritising can 

remove for example, those species that do not overlap spatially or temporally with the target 

host, or those that are difficult to obtain and rear. As a result, the final list obtained is a test list 

where priority can be given to non-target host species that have the most biological and 

ecological attributes in common with the target host. 

Physiological host range tests can be conducted with the selected non-target species 

following simplified designs. These laboratory tests are often conducted in small arenas (e.g. 

Petri dishes) or cages containing the BCA and the non-target host species (Babendreier et al. 

2005, van Lenteren et al. 2006). A number of host specificity test designs are commonly used, 

such as no-choice, sequential no-choice, and multiple choice tests (Babendreier et al. 2005, 

Withers & Mansfield 2005, van Lenteren et al. 2006). No-choice tests are commonly used to 
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maximise the probability of attack, thus, to determine the widest range of potential hosts the 

parasitoid might attack and/or successfully complete development in (Babendreier et al. 2005). 

In contrast, choice tests can additionally provide information on host preferences, especially in 

the presence of the target host (Withers & Browne 2004, Babendreier et al. 2005). It is common 

to see that a number of studies use either no-choice or choice tests when doing laboratory host 

specificity testing to assess host ranges. However, there is a growing number of studies that are 

now combining laboratory test methods (Goldson et al. 1992, Porter 2000, Froud & Stevens 

2004) and, if possible, also incorporating field studies to make comparisons with laboratory 

studies (Barratt et al. 1997, Babendreier et al. 2003b, Haye et al. 2005). This practice will 

certainly help to increase the information available to better estimate ecological host ranges of 

BCAs.  

Successful parasitism by foraging parasitoids is determined by the ability of the adult 

female to locate, accept, oviposit in, and for larvae to develop within that given host in their 

natural habitat (Vinson 1976, Vinson 1984), and this process is thought to be driven by 

chemical cues (e.g. kairomones) emitted by the plant-host complex (Vet & Dicke 1992). 

Therefore, after the physiological host range of a candidate parasitoid BCA has been 

determined in the laboratory, choice tests in large cages as well as olfactory experiments may 

be also conducted. Such experiments provide complementary information on the foraging 

abilities and searching behaviour of the parasitoid BCA and also its ability to attack non-target 

hosts when the target host is present, for example, in a semi-field situation in a field cage 

experiment (van Lenteren et al. 2006). This additional data can be used to assist with making 

predictions on the likely ecological host range of the parasitoid in the new environment, since 

making such predictions solely with physiological host-specificity laboratory data is likely to 

be less accurate.  
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1.4. POST-RELEASE EVALUATIONS TO IMPROVE HOST SPECIFICITY 

TESTING 

Researchers have entered into a healthy discussion surrounding what methods and/or 

guidelines should be followed and the factors to consider in order to best predict the ecological 

host ranges of BCAs (McEvoy 1996, Withers et al. 1999, Van Driesche & Reardon 2004, 

Babendreier et al. 2005, Briese 2005, van Lenteren et al. 2006). In some cases many years or 

decades may pass to obtain evidence of non-target attack in the field, if any, of an introduced 

BCA to compare its realised field host range with the predicted host range. Conducting post-

release evaluations and experimental studies using retrospective host specificity testing show 

great promise in order to verify and validate predictions made by tests conducted before the 

release of a BCA, and in a more timely manner (Hopper 2001, Babendreier et al. 2005, 

Babendreier et al. 2006). For instance, the use of field cages to exclude the BCA from part of 

the target population under review, and then expose it to other potential host species would be 

an appropriate method to test for non-target effects (Hopper 1998, Babendreier et al. 2003b, 

van Lenteren et al. 2006).  

A number of post-release and retrospective host testing studies have been conducted in 

recent decades (e.g. Barratt et al. (1997), Duan and Messing (2000), Babendreier et al. (2003b), 

Benson et al. (2003), Louda et al. (2003), Van Driesche et al. (2003), Haye et al. (2005), 

(Barron 2007) and each of these studies have provided valuable information regarding the 

accuracy of host specificity tests and factors of importance in their implementation and 

interpretation. For example, in a study conducted in Switzerland by Babendreier et al. (2003b), 

the parasitism of non-target butterfly eggs by Trichogramma brassicae Bezdenko 

(Hymenoptera:  Trichogrammatidae) was investigated in field cages and also under open-field 

conditions and compared to parasitism of the target host Ephestia kuehniella Zeller 

(Lepidoptera: Pyralidae). The authors concluded that, although the tested non-target butterflies 
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were all attacked under semi-field and field conditions, the overall effects on non-target 

butterflies due to mass released T. brassicae were negligible. Haye et al. (2005) conducted a 

retrospective study with Peristenus digoneutis Loan (Hymenoptera: Braconidae), a parasitoid 

introduced in the United States as a biocontrol agent of the polyphagous plant bug Lygus 

lineolaris Palisot de Beauvois (Hemiptera: Miridae), where laboratory and field studies were 

conducted in the area of origin (Europe) of the parasitoid to assess whether the fundamental 

host range of P. digoneutis matches its ecological host range. Their results demonstrate that, 

even though laboratory host specificity testing confirmed high parasitism levels in all selected 

non-target species, the ecological assessment conducted in both North America and Europe 

suggest a much lower impact of P. digoneutis on non-target mirids, with low levels (<1%) of 

parasitism. Therefore, they conclude that the ecological host range studies conducted provide 

useful supplementary data for interpreting pre-release laboratory host range testing and would 

have helped predict the post-introduction host range of P. digoneutis in North America. 

 Experimental studies using retrospective host specificity testing are useful to compare 

the realised host ranges of BCAs that were introduced with little or no pre-release testing, to 

host ranges predicted by post-release laboratory tests. Therefore, results from these studies 

might be valuable to calibrate laboratory tests, so they can better predict non-target impacts 

and estimate ecological host ranges of the introduced BCA. However, comparing predicted and 

realised host ranges is only the first step towards improvement, since the cause of disparities 

must be determined. There are a number of different factors that may influence the outcomes 

of host specificity tests (Withers & Browne 2004, Babendreier et al. 2005). Hence, identifying 

how physiological and behavioural characteristics influence or are influenced, by these factors, 

will complement current knowledge and increase the accuracy with which ecological host 

ranges of parasitoids can be predicted. There are a wide range of cues and stimuli that may 

affect a parasitoid’s behaviour and it is extremely difficult to reproduce natural conditions 
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within a laboratory environment, so conducting behavioural observations during host 

specificity tests will certainly help to improve the understanding of the mechanism of host 

selection and successful parasitism. These observations can provide information on the 

foraging behaviour, host attraction, and relative acceptability of the host. This knowledge is 

important both with regard to selecting the most specific and effective agents, and preventing 

the rejection of suitable agents (van Lenteren et al. 2006). Therefore, conducting retrospective 

host specificity tests, that include behavioural observations with both successful and 

unsuccessful agents, will certainly help to verify and improve the predictive power of host 

specificity testing methods which we currently rely upon. 

 

1.5. THE HOST-PARASITOID STUDY SYSTEM: URABA LUGENS – COTESIA 

URABAE 

In this section general information on the target host and the parasitoid species used in this 

study is presented. This study system provides a unique opportunity to conduct a retrospective 

post-release assessment, since the biocontrol programme has recently started in 2011 (Avila et 

al. 2013) and no assessments on potential non-target impacts have been conducted since then. 

 

1.5.1. The target host, Uraba lugens 

Distribution and host range 

Uraba lugens Walker (Lepidoptera: Nolidae), commonly known as the gum leaf skeletoniser, 

is an invasive moth endemic to Australia where its known to be a major defoliator pest of 

Eucalyptus spp. forests and plantations throughout the country except the Northern Territory 

(Berndt & Allen 2010). In New Zealand, U. lugens was first detected in 1992 at Mount 

Maunganui in the Bay of Plenty, and later declared established in 2001. Currently, U. lugens 

is widespread within the Auckland region and a number of other regions of both the North 
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Island and South Island (Avila et al. 2013). There is a growing concern about this pest, since 

the predicted potential distribution is extensive (Kriticos et al. 2007), and consequently U. 

lugens could become a serious pest problem in eucalypt plantations in New Zealand (Kriticos 

et al. 2007, Berndt & Allen 2010). 

At least 103 myrtaceous tree species, most from the genus Eucalyptus, are known to be 

suitable hosts of U. lugens in its native range (Berndt & Allen 2010). Uraba lugens is often 

found on amenity trees of E. globulus Labill, and also has been reported occasionally causing 

serious damage to E. saligna Sm, E. fastigata Deane & Maiden and E. grandis Hill in New 

South Wales, and in the last 90 years there have been 11 outbreaks recorded in E. camaldulensis 

Dehn forests of the Murray Valley region causing serious defoliations (Harris 1974). In 

Tasmania, the main hosts of U. lugens are E. nitens Deane & Maiden, E. obliqua L'Hér, E. 

delegatensis Muell and E. globulus. Uraba lugens is reported to be widespread in native forests 

and urban areas, and sporadic outbreaks have been reported to seriously damage the outer three 

to four rows of trees in plantations (Bashford 1993). Additionally, it is also a widespread pest 

in southern Queensland and in Western Australia, where outbreaks have defoliated over 

250,000 ha of native E. marginata Donn and Corymbia calophylla Hill & Johnson forest (Farr 

et al. 2004, Farr 2009, Farr & Wills 2011). 

In New Zealand, a total of 53 tree species have been confirmed as suitable hosts for 

Uraba lugens, mainly from the genus Eucalyptus, in which significant damage has been 

reported (Berndt & Allen 2010). Nineteen of the 53 host records are new associations which 

have not been recorded as hosts of U. lugens in Australia (Berndt & Allen 2010). Additionally, 

in a laboratory study of 18 highly valued eucalypt species in New Zealand, it was found that 

E. nitens, E. nicholii and E. fastigata are the most at risk (Potter & Stephens 2005).  
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Phenology and biology 

Uraba lugens tolerates a wide range of climatic conditions, from warm and dry areas of 

mainland Australia to cool and wet subalpine areas in Tasmania (Kriticos et al. 2007). This 

pest is known to have either one (univoltine) or two (bivoltine) generations per year, which is 

thought to be mostly determined by climate (Farr 2002). Campbell (1962; cited in Kriticos et 

al., 2007) identified two biological forms of U. lugens, one ‘highland’ form, with a univoltine 

phenology which develops through an average of 13 instars; and a ‘coastal/inland’ form, with 

a bivoltine phenology and an average of 11 instars. In its current range in New Zealand, it 

presents a bivoltine phenology following the oviposition pattern of the ‘coastal/inland’ form 

(Suckling et al. 2005).  

 The eggs have a cylindrical shape, approximately 0.5 mm in diameter, and they are 

green when first laid and start turning brown when they are close to hatching (Berndt & Allen 

2010). Campbell (1962; cited in Kriticos et al., 2007) described the ‘highland’ form of U. 

lugens, to lay clumped eggs and the ‘coastal/inland’ form to lay eggs in parallel rows (Fig. 1). 

 

 

 

  

 

  

  

Figure 1: a) Clumped eggs arrangement from the ‘highland’ form of U. lugens, b) Eggs laid in parallel 

rows from the ‘coastal/inland’ form of U. lugens. 

  

 

Photo: R. Parr a Photo: G. Avila b 
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The first five larval instars of U. lugens feed gregariously on both the upper and lower 

surface of eucalypt leaves but avoid the oil cells and veins, leaving the leaf ‘skeletonised’ (Fig. 

2). Larger larvae commonly feed alone and commonly consume most of the leaf from the blade 

down to the mid-rib (Berndt & Allen 2010). Mature larvae wander to find a suitable pupation 

site either in the tree, the bark or leaf litter, where the cocoon is finally spun incorporating 

nearby material for camouflage (Berndt & Allen 2010).  

 

 

  

  

 

 

 

 

Figure 2: a) Gregarious batch of early instar U. lugens larvae feeding on eucalypt leaf, b) Mature late 

instar U. lugens larva feeding alone on eucalypt leaf. 

 

Adult U. lugens females are larger than males, with a wingspan of 12.0–15.5 mm, 

compared to male wingspan of 10.5–12.0 mm (Berndt & Allen 2010). Wings are grey brown 

in colour, with pale grey-brown hindwings and dark grey markings on the forewings (Fig. 3) 

(Berndt & Allen 2010). Adult U. lugens moths are described as poor flyers, mostly nocturnally 

active, which do not disperse great distances (Harris et al. 1977, Morgan & Cobbinah 1977). 

Ovipositing U. lugens adult females select the host tree and lay eggs on basal leaves of its host 

tree and usually in batches containing between 20 and 500 eggs. Adults cannot feed since they 

do not have functional mouthparts, and they are likely to live from 3 to 12 days at 20ºC (Berndt 

& Allen 2010). 

Photo: G. Avila Photo: G. Avila a b 
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Figure 3: Adult U. lugens male (a) and female (b) (CSIRO 2007). 

 

Parasites in its native range and in New Zealand 

At least 11 primary parasitoid species are known to attack U. lugens in Australia, and most of 

these parasitoids attack larvae and pupae (Allen 1990a). Farr (2002) found that during the 

decline of an outbreak of U. lugens in Western Australia, the ectoparasitoid Euplectrus sp. 

contributed to 50% of the mortality of U. lugens larvae. At least two of the primary parasitoids 

of U. lugens, Cotesia urabae Austin & Allen (Hymenoptera: Braconidae) and Dolichogenidea 

eucalypti Austin & Allen (Hymenoptera: Braconidae), are believed to be specific to U. lugens, 

so they were investigated as potential biocontrol agents in New Zealand (Berndt et al. 2007). 

In New Zealand, prior to the current study, only one larval endoparasitoid, Meteorus 

pulchricornis Wesmael (Hymenoptera: Braconidae), and four pupal parasitoids Xanthopimpla 

rhopaloceros Krieger, Anacis spp., Ecthromorpha intricatoria Fabricius (Hymenoptera: 

Ichneumonidae), and Dibrachys spp. (Hymenoptera: Pteromalidae) have been recorded 

attacking U. lugens (Mansfield et al. 2005, Berndt & Allen 2010). However, the current impact 

of all these parasitoids on U. lugens populations appears to be minor (Mansfield et al. 2005, 

Berndt 2010). 
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1.5.2. The parasitoid biological control agent, Cotesia urabae 

Biology  

Cotesia urabae is a solitary koinobiont larval endoparasitoid which is part of a large complex 

of 11 primary parasitoids of U. lugens, many of which are polyphagous (Allen 1990a). It has 

been described that C. urabae has 2 generations within each generation of its host U. lugens, 

and no overlapping of adults of each C. urabae generation has been observed in the field (Allen 

1990a). 

Adult C. urabae have a black body with yellow–brown legs (Fig. 4), and they are 2.5-

3.2 mm long (Austin & Allen 1989). An adult female parasitoid may carry up to 400 eggs, and 

they are oviposited inside U. lugens by the insertion of the female’s ovipositor into the host 

larva during an attack (Allen 1989). Cotesia urabae females may attack the same larva several 

times, however only a single parasitoid completes its development in each larva (Berndt 2010). 

  

   

    

    

  

   

 

Figure 4: a) Female specimen of C. urabae, b) Male specimen of C. urabae. 

 

There is considerable variation in the time that the larva spends developing inside the 

host, and it ranges between 14 days in summer and 20 days in winter (Allen 1990b). A tightly 

woven sulphur-yellow pupal cocoon (Fig. 5) in a loose surrounding silk matrix is spun by C. 

urabae upon emergence from the host larvae, and pupates alongside the host (Allen 1990a). 

a Photo: G. Avila b Photo: G. Avila 
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The adult’s emergence takes place after around 8 days pupation, when a cap is cut and pushed 

off at the end of the cocoon allowing the adult to emerge and disperse. Adults may live for 

approximately 27 days (Allen 1990b). 

 

  

  

  

  

 

 

Figure 5: Pupal C. urabae cocoon spun alongside a U. lugens larva. 

 

Cotesia species introduced as natural enemies in New Zealand 

Cotesia urabae was introduced into New Zealand in 2011 as a biological control agent for 

Uraba lugens (Avila et al. 2013), and before its introduction four other Cotesia species were 

introduced in the country for the control of other lepidopteran pests (Cameron et al. 1989, Berry 

1997).  

Cotesia glomerata Linnaeus (Hymenoptera: Braconidae) and C. rubecula Marshall 

(Hymenoptera: Braconidae), were both introduced in New Zealand as biocontrol agents for the 

white butterfly Pieris rapae Linnaeus (Lepidoptera: Pieridae) which is an important pest of 

Brassica spp. in New Zealand (Cameron & Walker 2002). Even though C. rubecula may 

reduce parasitism caused by C. glomerata due to competiton, it has been reported that in sites 

where both species were present, overall parasitism of P. rapae increased (Cameron & Walker 

2002). Both biocontrol agents are successfully established and are confirmed to have controlled 

white butterfly populations in New Zealand. 

Photo: G. Avila 
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Cotesia kazak Telenga (Hymenoptera: Braconidae) was introduced as a biocontrol 

agent for the tomato fruitworm, Helicoverpa armigera Hübner (Lepidoptera: Noctuidae), and 

it has been recorded to be parasitising 39–73.5% of all collected larvae from 1990 to 2003 in 

process tomatoes in the Hawke’s Bay region (Berry & Walker 2004). Cotesia kazak has 

remained as the dominant parasitoid in process tomato systems in the Hawke’s Bay (Berry & 

Walker 2004, Walker et al. 2004, 2005), despite the competition posed by the accidentally 

introduced larval parasitoid, Meteorus pulchricornis (Hymenoptera: Braconidae).  

The parasitoid Cotesia ruficrus Haliday (Hymenoptera: Braconidae) was introduced in 

New Zealand for the biocontrol of several Noctuid pests, and after the introduction of a new 

strain from Pakistan the incidence of damaging outbreaks of the armyworm Mythimna separata 

Walker (Lepidoptera: Noctuidae) has been reduced significantly (Cumber et al. 1977). 

Moreover, parasitism on M. separata after the introduction of C. ruficrus increased from 50% 

to 80% (Hill 1988).  

The introduction of C. urabae into New Zealand is predicted to lead to a considerable 

decrease in the existing population of U. lugens due to the mortality resulting from parasitism 

on host larvae. Parasitism by C. urabae should be assisted by New Zealand being an 

environment mostly free of efficient competitors and hyperparasitoids (Berry & Mansfield 

2006).  

 

1.5.3. Host range assessment of Cotesia urabae prior to its release in New Zealand 

Prior to the release of C. urabae in New Zealand, a number of non-target lepidopteran species, 

prioritised in order of potential risk, were selected for host range testing (Berndt et al. 2009) 

and host-specificity testing assays were conducted on the top nine (Berndt et al. 2007, Berndt 

et al. 2010). The list included endemic species, species from more distant families to U. lugens 

that share the same ecological niche, and introduced weed biological control species with 
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beneficial status. For example, due to its close phylogenetic relatedness to U. lugens, the sole 

New Zealand endemic nolid Celama parvitis Howes (Lepidoptera: Nolidae) was ranked first 

on the list of species that may be at risk of non-target attack (Berndt et al. 2009). Unfortunately, 

the results obtained from laboratory host-specificity assays against a number of the species 

tested were inconclusive and some uncertainty remained. For example, Celama parvitis larvae 

were attacked at a moderate rate, and 44% of dissected larvae contained parasitoid larvae, but 

none of the remaining C. parvitis larvae survived to either reach pupation or have parasitoids 

emerged. In the same way, similar rates of attack to the target host U. lugens were found against 

Nyctemera annulata Boisduval (Lepidoptera: Erebidae), which is endemic to New Zealand, 

and in Tyria jacobaeae Linnaeus (Lepidoptera: Erebidae) an introduced biocontrol agent 

against the common ragwort Senecio jacobaea L. (Asteraceae) (Cameron 1935). Furthermore, 

when larvae of N. annulata were dissected, similar proportions of parasitism by C. urabae 

compared to the target U. lugens were revealed (Berndt et al. 2010). As with C. parvitis, a high 

mortality of non-dissected larvae of N. annulata and T. jacobaeae meant it was not possible to 

conclude if these species were physiological hosts for complete development by C. urabae or 

not. 

These results meant that uncertainty remained as to the status of C. parvitis, N. annulata 

and T. jacobaeae as potential suitable hosts of Cotesia urabae. Although the parasitoid was 

approved for release in New Zealand by the Environmental Protection Authority (EPA) 

following their own risk analysis, further investigation will certainly help to more accurately 

determine the potential risk that Cotesia urabae could pose to non-target species.  
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1.6. RESEARCH AIMS AND OBJECTIVES 
 
The biological control programme recently started in New Zealand against U. lugens using the 

parasitoid wasp C. urabae, provides an excellent opportunity to perform behavioural studies 

on host-parasitoid interactions of C. urabae. It also provides the opportunity to conduct a 

retrospective post-release assessment to verify predictions made from host specificity testing 

prior to the release of C. urabae as a BCA in New Zealand. Therefore, by using this  

host-parasitoid model system the research presented in this thesis will primarily aim to (1) 

study the parasitoid’s mating behaviour in order to improve the parasitoid’s rearing method, 

(2) study the host searching behaviour of C. urabae and test the potential for non-target species 

searching, and (3) conduct a retrospective post-release evaluation to assess the non-target 

impacts of C. urabae on native species in laboratory tests and in a controlled parasitoid release 

under semi-field conditions using field cages. 

Chapter Two provides a study into the parasitoid’s mate location and mating behaviour 

by investigating behavioural responses of C. urabae to chemical volatiles emitted by male and 

female conspecifics in Y-maze choice assays, and also by investigating different aspects that 

influence the mating success. Mating success was specifically investigated in terms of (1) the 

mating success achieved when using one male and two males with a single female, and (2) the 

effect of male size in successful mating. When looking at the mate location behaviour, the 

ability of adult male and female parasitoids to use olfaction to detect their mates was 

specifically investigated. This chapter is now ‘in review’ in Bulletin of Entomological 

Research. 

In Chapter Three, a series of bioassays were conducted to investigate the host-habitat 

and host orientation behaviour of C. urabae in both Y-tube and four-arm olfactometers. 

Specifically, the hypothesis that C. urabae parasitoids are more likely to respond to volatile 

cues that are reliable for host location was investigated. Odours from host plants, host insects, 
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host frass, and the plant-host complex were tested to determine which affect the behaviour of 

C. urabae. This chapter is now published in Entomologia Experimentalis et Applicata. 

In Chapter Four, the results of a series of experiments conducted in Y-maze and four-

arm olfactometers to assess C. urabae’s behavioural attraction towards non-target hosts and 

their host plants are presented. The main objectives of these experiments were to (1) assess if 

C. urabae exhibit innate (without prior experience) responses to non-target hosts and/or their 

host plants, (2) evaluate the degree of specificity that C. urabae exhibit for the target host in 

the presence of non-target hosts, and (3) assess potential learned responses after prior 

experience to non-targets. This chapter is now published in BioControl. 

Chapter Five provides the results of retrospective host specificity testing for C. urabae 

to assess the potential risk posed to the endemic nolid moth Celama parvitis Howes 

(Lepidoptera: Nolidae). The objective of this study was to quantify, in a sequence of 

consecutive no-choice tests, the behavioural response of C. urabae after different periods of 

host deprivation and prior non-target host exposure (“experience”), and to assess how these 

variables may influence the parasitoid’s readiness to attack a non-target species. This chapter 

is now published in Austral Entomology. 

In Chapter Six, the results of retrospective laboratory host specificity testing for three 

potential non-targets are presented. Sequential no-choice tests were utilised, to assess the 

potential risk posed by C. urabae to the New Zealand endemic magpie moth, Nyctemera 

annulata (Lepidoptera: Erebidae), the ragwort biological control agent cinnabar moth Tyria 

jacobaeae (Lepidoptera: Erebidae) and the endemic New Zealand forest looper Pseudocoremia 

suavis Butler (Lepidoptera: Geometridae). This study included detailed behavioural 

observations, and also data on C. urabae parasitism of non-target species under semi-field 

conditions. Based on the results obtained, the risks that the non-target species may be attacked 

by C. urabae in the field are estimated. The main objective of this study was to provide 
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additional data to help ascertain the ecological host range of C. urabae in New Zealand, and 

also to serve as an example of potential methods that can be used in risk assessment of non-

target species. This chapter is now ‘in review’ in Biological Control. 

Finally, Chapter Seven is a synthesis of the findings from the above data chapters and 

a short closing discussion and conclusion is provided to synthesise all main results obtained in 

each chapter.  

Additional published work (unrelated to this thesis) that was conducted during the 

development of my PhD is presented in Appendix One.   
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CHAPTER 2: COURTSHIP AND MATING BEHAVIOUR IN THE 

PARASITOID WASP COTESIA URABAE: MATE LOCATION AND 

THE INFLUENCE OF COMPETITION AND BODY SIZE ON MALE 

MATING SUCCESS 

 

2.1. ABSTRACT 

Cotesia urabae is a solitary larval endoparasitoid that was introduced into New Zealand in 

2011 as a classical biological control agent against Uraba lugens. A detailed knowledge of its 

reproductive biology is required to optimise rearing efficiency. In this study, the courtship and 

mating behaviour of C. urabae is described and investigated from a series of experiments, 

conducted to understand the factors that influence male mating success. Cotesia urabae males 

exhibited a high attraction to virgin females but not mated females, whereas females showed 

no attraction to either virgin or mated males. Male mating success was highest in the presence 

of a male competitor. Also, the time to mate was shorter and copulation duration was longer 

when a male competitor was present. Larger male C. urabae had greater mating success than 

smaller males when paired with a single conspecific female. This knowledge can now be 

utilised to improve rearing methods of C. urabae for the future. 
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2.2. INTRODUCTION 

Parasitoid wasps are commonly used as natural enemies for biological control of insect pests, 

an essential part of integrated pest management. A thorough understanding of how parasitoids 

communicate and interact can provide useful information regarding a number of aspects of 

their reproductive behaviour (e.g. courtship, mating and oviposition behaviour). These in turn 

can improve rearing methods of parasitoids for research and mass releases as part of biological 

control programmes (Joyce et al. 2008, Benelli et al. 2012). 

Parasitoids are known to have an effective mate location strategy, where sex 

pheromones released by females are believed to play an important role in male attraction and 

eliciting courtship behaviour for most species studies (Godfray 1994, Ruther 2013, Xu et al. 

2014). After being attracted to each other by volatile pheromones, most parasitoid wasps 

exhibit characteristic courtship behaviours (Drosopoulos & Claridge 2006, Ruther 2013). 

Among parasitic hymenoptera, including those of Cotesia spp. Cameron (Hymenoptera: 

Braconidae), males often advertise their sex and quality to females by displaying both a 

complex sequence of signals during courtship, which includes wing fanning (wing vibrations) 

and acoustic signalling (Field & Keller 1993a, Benelli et al. 2012, Bredlau et al. 2013), and by 

chemical signals (Wyatt 2003). As is the case for visual or acoustic signals, the sex pheromones 

involved in this process may help individuals locate a potential mate and provide reliable 

information about its individual quality (Johansson & Jones 2007). 

Wing fanning performed by male parasitoid wasps during courtship is considered to be 

one of the most ubiquitous and important courtship behaviours (Bourdais & Hance 2009). 

Several studies have shown that male wing fanning plays a number of different roles during 

courtship in Braconid species, such as increasing female receptivity (Field & Keller 1993a, 

Kimani & Overholt 1995, Joyce et al. 2008), facilitating male orientation towards females 
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(Vinson 1972), and commencing short-range communication between the sexes (McClure et 

al. 2007, Danci et al. 2010, Joyce et al. 2010).  

Mating success in parasitoids is influenced by several factors such as age, longevity, 

density, size and male competition at time of mating (Ramadan et al. 1991, Joyce et al. 2009, 

Shuker et al. 2014). Among these factors, body size may influence success during various 

stages of the mating interaction (e.g., mate search, intraspecific competition, and pre- and post-

copulatory mate choice) (Morbey 2013). The size of a male is often dependent on nutritional 

condition during early development and may affect particular elements of courtship behaviour 

and mating tactics (Taylor et al. 2011, Blaul & Ruther 2012, Painting & Holwell 2014a), such 

as the ability to establish a territory or compete against rivals (Painting & Holwell 2014b) or 

to release chemical (Conner et al. 1990) or acoustic (Wong & Candolin 2005) signals. 

Frequently, larger males achieve higher mating success (Crean et al. 2000, Teder 2005) and 

exhibit greater longevity, gamete size or fecundity (Durocher‐granger et al. 2011) compared to 

smaller males. For example, it has been observed in a number of ichneumonid parasitoid wasps 

(e.g. Chasmias paludator Desvignes, Exephanes occupator Gravenhorst) that large males are 

more likely to achieve successful copulation (Teder 2005). Similarly, Blaul and Ruther (2012) 

found that large males of the parasitoid wasp Nasonia vitripennis Walker (Hymenoptera: 

Pteromalidae) had significantly higher pheromone titres and released more sex attractant than 

small males, and that virgin females preferred the pheromone doses released by large males. 

However, when directly competing for a female, large and small males had the same mating 

success. 

A common goal in parasitoid mass rearing for biological control programmes is to 

produce as many mated females as possible (Hardy et al. 2005, Joyce et al. 2008). Most 

parasitoid wasps are arrhenotokous (i.e., haplodiploid), which means that mated females 

produce both female and male offspring, while virgin females produce only males (Godfray 
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1994, King 2002, Joyce et al. 2008, Wajnberg 2010). Female offspring have the greatest value 

in building up population size. Therefore, understanding the requirements and the key aspects 

(e.g. mechanisms controlling mate finding) of mating behaviour and reproductive success of 

parasitoid biological control agents is crucial for successful mass rearing (Rungrojwanich & 

Walter 2000, Benelli et al. 2012, Ruther 2013). 

Cotesia urabae Austin and Allen (Hymenoptera: Braconidae) is a solitary, 

arrhenotokous larval endoparasitoid endemic to Australia that was introduced into New 

Zealand as a biological control agent against Uraba lugens Walker (Lepidoptera: Nolidae) 

(Avila et al. 2013). Adult females oviposit their eggs inside U. lugens by inserting their 

ovipositors into larvae, and a single parasitoid completes its development in each host larva 

(Berndt 2010).  

There is only one previous study conducted on C. urabae describing a rearing 

methodology that included some details on mating (Berndt et al. 2013). However, there are no 

detailed studies available on the courtship and mating behaviour, mate location, and aspects of 

mating behaviour that may influence the mating success of C. urabae. The aims of this study 

are a) to examine the role of mating status in the parasitoid’s mate location by investigating 

behavioural responses of C. urabae to chemical volatiles emitted by virgin and mated male and 

female conspecifics in Y-tube olfactometer assays; b) to describe the courtship and mating 

sequence of C. urabae; and c) to investigate the effect of male competition and male body size 

on a male’s mating success.  An overview of the data pertaining to the laboratory rearing over 

the course of the research project is also presented. 
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2.3. MATERIALS AND METHODS 

 

2.3.1. Parasitoid rearing for colony production 

A colony was started from C. urabae cocoons shipped to the invertebrate containment facility 

of the New Zealand Forest Research Institute (Scion) in Rotorua, New Zealand from Tasmania, 

Australia, in December 2012. After rearing parasitoids through one generation, all resulting F1 

parasitoids were shipped to the School of Biological Sciences at the University of Auckland 

and taken into a PC1 laboratory to maintain a laboratory colony for experimental purposes. The 

colony rearing at the University of Auckland, described below, took place from January 2013 

until May 2015, and it was conducted following the methodology described by Avila et al. 

(2013), which is an adaptation of the protocols described by Berndt et al. (2013).  

Larvae of the target host U. lugens were used to maintain the C. urabae cultures, which 

were sourced from a laboratory colony maintained at The University of Auckland for 

experimental purposes, as described in Chapter 3. Parasitised host larvae, between 2nd and 4th 

instar, used for parasitoid colony maintenance were kept in 750 ml plastic containers in a 

Contherm™ incubator at 20ºC with a 12:12 L:D photoperiod, and fed on excised leaves of 

Eucalyptus spp. collected from amenity trees in Auckland. After emergence, all pupal cocoons 

recovered were transferred to individual gelatine capsules, and reared at 15°C with a 12:12 L:D 

photoperiod. Upon hatching, adults were sexed and males were fed with a small drop of honey. 

Females were held in their gel caps and without food at 12ºC for a maximum of 24 h to prepare 

them for mating. Adults were paired for mating one day after emergence in a mesh sided vial,  

constructed from Nunc™ conical plastic tubes (18mm diameter × 120 mm, with a 15 × 50mm 

window in the side covered in nylon organza, attached with Superglue) as described in Berndt 

et al. (2013). A small amount of honey was brushed on the mesh after the male started 
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courtship, which ensured the starving female to stand still on the mesh while fed on the honey. 

This procedure allowed the male to approach her and, if accepted by the female, to mate. 

All C. urabae parasitoids used in the experiments were used just once. Males used in 

the experiments were 1-6 days old, fed, naïve and virgin. Females used in the experiments were 

a maximum of 24 h old, unfed, naïve of host experience, and virgin. The exception was only 

in the choice experiments where mated males and mated females greater than 1 day old were 

also tested.  

 

2.3.2. Influence of mating status in mate attraction 

To determine whether C. urabae males/females detect mates using airborne chemicals emitted 

by male/female conspecifics, I employed a Y-tube olfactometer to conduct choice experiments. 

The Y-tube olfactometer allows the parasitoid placed in the lower entry arm to walk/fly 

upwards, where a choice must be made at the point where the olfactometer splits into two 

choice arms.  

The glass Y-tube olfactometer used had a 1 cm inner diameter (i.d.), and the basal 

column and each choice arm were 20 cm long. Adapter glass joints (50 ml) were attached at 

the end of each arm, which served as odour chambers. Additionally, a piece of nylon mesh was 

placed at the end of each arm separating the odour chamber material from the olfactometer, 

thus, preventing the parasitoids from orienting visually to or contacting the odour source. An 

air pump circulated air at a constant rate of 500 ml/minute through each of the arms of the 

olfactometer, previously purified through activated carbon filters connected via Teflon tubing 

to the distal ends of each of the odour chambers. Air flow was adjusted using a flowmeter 

(Precision Medical®). Bioassays were conducted by placing the odour source into one of the 

adapter joints, while the other adapter joint was used as a blank control that consisted of a 

cotton wool ball slightly moistened with distilled water.  
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Individual C. urabae were then released into the basal column of the olfactometer, 

where they proceeded to walk/fly once oriented into the air flow. Each parasitoid tested was 

judged as having made a choice when it crossed a line, marked at the last quarter (15 cm) 

upwind of the Y junction, in either of the two arms. The blank control and the odour source 

were alternated between each replicate, and the Y-tube was also rotated 180º to avoid any 

directional effects. The whole apparatus was dismantled after every second trial then washed 

thoroughly with 90% ethanol and distilled water before being dried in a 50ºC oven for a 

minimum of 45 minutes. 

Four treatments were conducted to examine the attraction of individual C. urabae 

parasitoids to airborne chemicals emitted by conspecific males/females:  

Female's attraction to virgin males: Individual virgin females’ response to a group of three 

virgin male individuals. 

Female's attraction to mated males: Individual virgin females’ response to a group of three 

mated males. 

Male's attraction to virgin females: Individual virgin males’ response to a group of three virgin 

females. 

Male's attraction to mated females: Individual virgin males’ response to a group of three mated 

females. 

Each experimental treatment had a duration of 15 min and a total of 30 replicates were 

conducted, consisting of an independent individual C. urabae adult parasitoid. All experiments 

were conducted between 0900 and 1600 hours at room conditions of 20ºC and under ambient 

fluorescent light provided by four recessed luminaires (Philips TBS760 4x14W/840) at ceiling 

height. 
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2.3.3. Description of courtship and mating sequence 

Thirty individual pairs (one male and one female) were introduced to mate in a mesh sided vial, 

and a small amount of honey was brushed on the mesh once courtship was observed, to feed 

the female. This procedure allowed the male to approach her and, if accepted by the female, to 

mate. Each pair of wasps was observed for a maximum of 10 min or until the successful 

courtship ended with the male and female physically separating after copulation. Behaviours 

scored from the 30 pairs (replicates) were chosen based on previous studies conducted on 

related species (Field & Keller 1993a, Kimani & Overholt 1995, Joyce et al. 2008, Benelli et 

al. 2012, Bredlau et al. 2013) which included elements of courtship and copulation behaviour. 

A video camera was set centrally above the mesh sided vial to record C. urabae behaviour, and 

all courtship behavioural data on the recorded videos from the experiments were analysed with 

Solomon coder® (Péter, 2014). Post-copulatory behaviour, which typically consisted of 

grooming or stationary behaviour, was excluded from the analysis. 

 

2.3.4. Influence of competitors on male mating success 

The experiment was designed to assess the effect of male competition on mating success when 

more than one male is paired with a single female, and consisted of two treatments:  

Treatment 1: One female paired with one male. The mating success, courtship and mating 

behaviour of C. urabae was observed by pairing a single female and male (both virgins) in a 

mesh sided vial, as previously described.  Parasitoid behaviour at each step of the behavioural 

sequence was directly tracked for 10 min with a video camera set centrally above the mesh 

sided vial, as described above. A total of 25 individual pairs (replicates) were observed. 

Treatment 2: One female with two males. I followed the same procedure used for the one female 

with one male treatment, but this time each of the 25 replicates involved the introduction of 

two males of similar size simultaneously to each female. 
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The following behaviours were quantified and compared for both treatments: (1) time 

elapsed until mating occurred (time to mate), (2) copulation attempts of successful males, and 

(3) copulation duration. The behavioural information for the first mated male was used for 

comparisons if both males successfully mated in treatment 2. The number of successful mating 

events was also recorded for further comparisons between treatments. Additionally, the 

frequency of times when fighting behaviour occurred within treatment two was recorded, and 

I compared copula duration for these cases with those where no fighting was observed. I also 

recorded the frequency of multiple mating events within treatment two if they occurred.  

 

2.3.5. Influence of male size on mating success 

This experiment was designed to assess the effect of male body size on their mating success 

and involved pairing, in a mesh sided vial, two males of different size with a single virgin 

female simultaneously. After conducting mating observations both males were frozen, and 

individually photographed under a stereomicroscope (Leica M80; camera: Infinity 2). 

Measurements of thorax, femur and wing length of successful and unsuccessful males were 

obtained with the image processing software ImageJ, and used to determine if the larger male 

in each pair had been more successful. A total of 35 individual observations (replicates) of 

mating were conducted. Each experimental observation was conducted for 10 min (or until the 

end of mating). At the end of this period, replicates where mating did not occur were discarded, 

although this occurred rarely (n = 2), and replaced with a new replicate.  

 

2.3.6. Statistical analysis 

Data obtained from each of the choice test treatments in the Y-tube olfactometer were analysed 

with a two-sided exact binomial test. A positive response to the test odour was considered as 
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significant when the 95% confidence interval for the overall proportion choosing the arm with 

the odour source was greater than 0.50 (Quinn & Keough, 2002). 

To assess the potential effect that male competition had on male mating success, 

behavioural data obtained for the time until mating occurred were analysed and compared 

between both treatments using a Kaplan-Meier survival analysis, and survival curves for 

treatments were compared using Cox’s Proportional Hazards Model (Kleinbaum & Klein 

2012). Kaplan-Meier estimates and Cox Proportional Hazards models (Cox regression) are 

typically applied in survival data analysis, but they are also commonly used and recommended 

as appropriate for the analysis of latency (the time of an event to occur) data in animal 

behaviour experiments (Jahn-Eimermacher et al. 2011, Kleinbaum & Klein 2012). The 

frequency of copulation attempts and the copulation duration of successful males were 

analysed with a t-test, and if data were non-normally distributed a Mann-Whitney rank sum 

test was conducted instead (Quinn & Keough 2002). A chi-square test was used to compare the 

proportion of successful mating events between treatments. 

Measurements of thorax, femur and wing length of males were analysed with linear 

regression analysis to determine the relationship between the three body parts measured. Since 

the three body parts measured are significantly correlated (see Results section), wing length 

was used as the variable to assess the role of body size in mating success. Wing length of 

successful and unsuccessful males were compared with a Paired t-test (Quinn & Keough 2002). 

All the data obtained were analysed with the statistical software package SYSTAT v.13 (Systat 

Software, San Jose, CA, USA). 
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2.4. RESULTS 

 

2.4.1. Influence of mating status in mate attraction 

Conspecific males were no more attractive to female C. urabae than clean air (virgin males: 

obs. proportion = 0.57, P = 0.585; mated males: obs. proportion = 0.47, P = 0.856; Fig. 1).  

Males were attracted to virgin conspecific females but not to mated conspecific ones (virgin 

females: obs. proportion = 0.83, P < 0.001; mated females: obs. proportion = 0.53, P = 0.856; 

Fig. 1), when tested against clean air. 

 

 

 

 

 

  

 

 

  

 

Figure 1: Response of C. urabae parasitoids in a Y-tube olfactometer to odour volatiles of virgin or 

mated conspecifics. a) Female response to virgin or mated males and b) Male response to virgin or 

mated females. The number of individuals choosing either the odour source or the blank control is 

shown next to each % choice bar. Asterisks indicate a significant difference within a choice test: ***P 

< 0.001 (two-sided exact binomial test). n.s. = non-significant. 
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2.4.2. Description of courtship and mating sequence 

The sequence of events leading to copulation in C. urabae is shown in Fig. 2. Once the pair of 

wasps was released in the mesh sided vial, the mean time that males spent walking around 

(latency phase) before starting courting the female was 1.4 ± 0.26 min. When the male detected 

the presence of the female, it stopped walking and then raised its antennae and unfolded its 

wings. After performing a few short fanning bursts, the male started walking towards the 

female with its wings raised, fluttering and moving its antennae up and down in opposite 

directions to each other. The searching male stopped walking and antennating in the proximity 

of the female and remained stationary, recommencing wing fanning and moving its antennae 

up and down, but this time in the same direction and in a synchronised way pulsing the female’s 

body and antennae. Immediately before the male attempted to approach the female, the wing-

fanning was interspersed with rapid upward bobbing movements of the abdomen and flexing 

of the legs until wing fanning reached a maximum speed. The male then approached the female 

and made one or more (in the case of an unreceptive female) copulation attempts. The mean 

number of copulation attempts by males that successfully mated (n = 20 out of 30) was 3.6 ± 

0.6 attempts (with a registered maximum of ten copulation attempts in the same courtship 

sequence). The male rapidly mounted the female from the back or the side, aligned himself 

along the female’s body axis, and kept pulsing the female with his antennae until aligned. The 

receptive female remained still and the male rapidly moved backwards and curved his abdomen 

downwards to commence copulation. During copula the female remained completely 

motionless, and the male gradually stopped tapping on the female’s body and raised his 

antennae. Mating of successful pairs (n = 20 out of 30 pairs) was observed within 3 ± 0.4 min 

of observation when it occurred, and the mean copulation duration of successful pairs was 0.7 

± 0.01 min. Copulation was terminated when the female started walking and the male 

dismounted. Copulation without prior wing fanning behaviour was never observed.  
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 Females that were not receptive pushed the male away with their hind legs when the 

male attempted copulation, and the female often tried to walk or fly away. The mean number 

of copulation attempts for males that failed to mate (n = 10 out of 30) was 7.1 ± 1.6 attempts 

(with an observed maximum of 16 copulation attempts in the same courtship sequence), before 

they stopped attempting. No post-copulatory interactions were observed, and no multiple 

matings were observed in any of the pairs.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2: A flow chart of the courtship and mating behaviour of Cotesia urabae (n = 30 pairs). 
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2.4.3. Influence of competitors on male mating success 

The mean time until mating occurred was lowest (1.2 ± 0.2 min) when pairing two males with 

a single C. urabae female, compared to 2.9 ± 0.5 min when one male was paired with a single 

C. urabae female (LogRank = 19.659, d.f. = 1, P < 0.001) (Fig. 3a). The Cox’s Proportional 

Hazards regression showed that the number of males paired with a single C. urabae female 

was significantly associated (Likelihood Ratio = 17.543, d.f. = 1, P < 0.001) with the time to 

mate and that a single male tends to take 75% longer time to mate than when two males are 

paired with  a single C. urabae female (Fig. 3b). 

    

   

  

 

 

  

  

  

 

 

 

Figure 3: a) Kaplan–Meier estimates for the time until mating occurred when either one male or two 

males are paired with a single C. urabae female, and b) cumulative tendency (hazard functions) to start 

mating for one male and two males C. urabae when paired with a single C. urabae female. Two males 

have a much higher probability per unit time to start mating than one male when paired with a single 

C. urabae female. 
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The mean frequency of copulation attempts by successful males did not differ between 

treatments (t-test: t = 0.742, d.f. = 38, two-tailed P = 0.463) (Fig. 4a). Copulation duration was 

longer when a male rival was present (1.1 ± 0.1 min), compared with when no rival was present 

(0.7 ± 0.02 min) (Mann-Whitney test: U = 77, P = 0.002). When comparing the proportion of 

successful mating events between treatments, mating success was more likely when two males 

were competing (χ2 test: χ2 = 6.125, d.f. = 1, P = 0.013) (Fig. 4b). 

 

 

 

  

  

 

 

 

 

  

 

Figure 4: a) Mean frequency of copulation attempts per successful male when pairing either one or two 

males with a single C. urabae female, and b) Proportion of successful mating events when pairing either 

one male (n = 16 mating events out of 25 presentations), and two males (n = 24 mating events out of 25 

presentations) with a single C. urabae female. 

 

Additionally, when two males were paired with a single C. urabae female (treatment 

2), fighting behaviour occurred in 40% (n = 10 out of 25) of cases. In cases where fighting 

behaviour occurred, it was observed that males that failed to mount the female after a mating 

attempt tried to usurp the courtship of the other male in order to attempt copulation before the 

courting male attempted to mount the female. Also, when a male successfully mounted the 

female and started copulation the other male was often observed attempting to interrupt the 
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competitor’s copulation by trying to pull the successful male off the female. However, no 

success in mating interruption was observed. 

In cases where fighting did not occur, there was no interaction between the two males 

and they appeared unaware of each other. Within treatment two, copulation time differed 

significantly (Mann-Whitney test: U = 0, P < 0.001) between the two males that showed a 

fighting behaviour to those where this behaviour was not observed. Mean copulation duration 

of successful males was observed to be longest (1.6 ± 0.1 min) when fighting behaviour 

between the two males had previously occurred, compared to 0.7 ± 0.01 min when fighting 

behaviour did not occur. Both males used in treatment 2 achieved mating in 12% of the cases 

(n = 3 out of 25) where successful mating was observed within that treatment. 

 

2.4.4. Influence of male size on mating success 

Wing length positively correlated with both femur length (Fig. 5a: F1,69 = 117.322, R2 = 0.63, 

P < 0.001) and  thorax length (Fig. 5b: F1,69 = 272.638, R2 = 0.8, P < 0.001) for the C. urabae 

males used in the experiment, so wing length was used as the measure of body size for 

subsequent analyses. The mean wing length was larger (3.1 ± 0.02 mm) in successful males 

compared to unsuccessful males (2.9 ± 0.02 mm) (Fig. 6: Paired t-test: t = 7.07, d.f. = 34, two-

tailed P < 0.001). 

 

 

 

 

 

 

 

53 
 



Chapter 2: Courtship and mating behaviour in Cotesia urabae 

 
  

 

  

  

 

  

 

  

 

  

 

  

 

 

Figure 5: The relationship between male body size parts, a) femur vs wing length and b) thorax vs wing 

length. 

 

  

 

 

 

 

 

  

 

Figure 6: Mean wing length of males paired simultaneously with a single virgin female that were 

successful and unsuccessful in mating. 
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2.4.5. Parasitoid productivity during the laboratory rearing 

From the first generation (F1) of parasitoids received in late-January at the University of 

Auckland, successful colonies have been managed through thirteen more generations until May 

2015. An overview of colony production is given in Table 1.  

The mean number of cocoons produced by each female over the thirteen generations 

was fairly even during the whole rearing process, having only marked peaks during F9 and F11 

generations (Fig. 7). The mean percent of adults emerging from the viable cocoons produced 

that were female (the offspring sex ratio) fluctuated between 32% and 64% but did not show a 

trend related to generation. 

 

Table 1: Production of C. urabae over five generations in 2011 at the University lab*. 

Year Generation 
Adults 

emergence 
period 

Total 
cocoons 

Females 
emerged 

Males 
emerged 

Females used 
for next 

generation 
     F1** --- --- --- --- 13 

2013 

F2 08 - 21 Mar 13 389 136 103 18 
F3 02 - 13 May 13 479 177 136 20 
F4 28 Jun - 10 Jul 13 537 189 135 23 
F5 01 - 16 Sept 13 619 177 208 25 
F6 03 - 19 Dec 13 730 216 261 20 

2014 

F7 04 - 15 Feb 14 580 45 92 21 
F8 14 - 27 Apr 14 567 21 34 21 
F9 29 May - 10 Jun 14 898 52 40 20 

F10 24 Jul - 07 Aug 14 498 201 186 27 
F11 25 Sept - 09 Oct 14 1098 482 294 25 
F12 04 - 17 Dec 14 626 243 205 24 

2015 F13 12 - 24 Feb 15 561 230 179 18 
F14 21 Apr - 07 May 15 401 186 101 end of colony 

* Note that colonies were not run at maximum productivity, and these values do not represent the 

maximum fecundity for this species.  

** F1 C. urabae parasitoids received from Scion on the 23rd of January 2013. 
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Figure 7: Mean number (±SE) of cocoons produced, % female offspring and % of cocoons failed to 

emerge per female for each laboratory reared generation (F2–F14) of Cotesia urabae in 2013–2015. 

 

 

2.5. DISCUSSION  

Understanding how conspecific male and female parasitoids communicate and interact can 

provide useful information of their reproductive behaviour and mating success, which is 

essential to improve rearing methods when the parasitoid is being utilised in a biological 

control programme. This study described in detail the courtship and mating sequence of C. 

urabae, and provides useful data on the importance of mating status of male and female C. 

urabae to attract conspecific mates, and how male competition and male body size may 

influence mating success. 

 

2.5.1. Influence of mating status in mate attraction 

The attraction of male C. urabae to female conspecifics for courtship and mating has now been 

revealed to have an olfactory basis. Males were strongly attracted to the odour of conspecific 

virgin females in the Y-tube olfactometer, but not to mated females. Conversely, female C. 
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urabae did not respond to odour volatiles of conspecific males. Similar behaviour has been 

observed in other parasitoid species (Bouchard & Cloutier 1985, McNeil & Brodeur 1995, 

Fauvergue et al. 1999, De Freitas et al. 2004, Kapranas et al. 2013, Xu et al. 2014). For 

example, Xu et al. (2014) found that females of Cotesia glomerata Linnaeus (Hymenoptera: 

Braconidae) and Cotesia marginiventris Cresson (Hymenoptera: Braconidae) were not 

attracted to conspecific males, but males of both species were strongly attracted to virgin 

females but not mated females. Moreover, males of C. glomerata were even repelled by mated 

conspecific females. They conclude that sexual communication in both C. glomerata and C. 

marginiventris relies on the male’s attraction to volatizing pheromones released by conspecific 

virgin females, and that the lack of attraction to mated females could be explained by the 

potential inhibition of pheromone production in females by secretions transferred during male 

ejaculation (e.g. pheromonostasis).  

Similar results have also been observed for the braconid aphid parasitoids Aphidius 

nigripes and Aphidius ervi where, in a field study, mated females attracted significantly fewer 

males than virgin females (McNeil & Brodeur 1995, McClure et al. 2007). Likewise, my results 

suggest that C. urabae males may search for females in response to sex pheromones emitted 

by virgin females, and that females once mated, probably cease producing sex pheromones. 

After mating, females of a number of parasitoid species are known to switch from releasing 

pheromones or searching for males to searching for hosts (Jang 1995, Steiner & Ruther 2009, 

Kugimiya et al. 2010). I did not attempt to elucidate whether female C. urabae switch off 

pheromone production due to their own internal cues, or due to the action of male-transferred 

ejaculate compounds. Further research on the chemical ecology, including the identification 

and quantification of pheromones in C. urabae, are needed to determine their precise role in 

the mating behaviour. 
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2.5.2. Courtship and mating sequence of Cotesia urabae 

The sequence of events leading to copulation in C. urabae was very similar to that found for 

other Braconidae (Kimani & Overholt 1995, De Freitas et al. 2004, McClure et al. 2007, Benelli 

et al. 2012). The courtship and mating sequence of C. urabae can be divided into three main 

steps: (1) a courtship phase, with male antennal drumming, in which visual and chemical cues 

probably play an important role; (2) a subsequent close-range phase, with male wing fanning, 

in which vibratory and visual stimuli could play a key role; and (3) a final contact phase, with 

copulation attempts and male antennal tapping, in which acoustic, mechanical and tactile 

stimuli probably dominate.   

 

2.5.3. Influence of competitors on male mating success 

It was observed that the mean time to mate was significantly lower and the mean copulation 

duration was significantly longer when pairing two males (treatment two) with a single C. 

urabae female, than when a single male (treatment one) was present. These results suggest that 

mating success is more likely when more males are present. Fighting behaviour was also 

observed between males in treatment two, and the mean copulation duration of successful 

males was longer than when fighting behaviour did not occur. In addition, when fighting 

occurred, it was observed that males that failed to mount the female tried to exploit the 

courtship of the other male by often attempting to copulate without the accompanying wing 

fanning or antennal drumming behaviour. Similarly to my results, Field and Keller (1993b) 

have demonstrated that intense competition for Cotesia rubecula Marshall (Hymenoptera: 

Braconidae) females takes place between males. Rival C. rubecula males were observed to 

frequently use alternative mating tactics (e.g. sneaking), in which they exploit the courtship 

effort of another male in order to "steal" a copulation with the female. Thus, if a courting male 

waits a long time before attempting to mount the female, he runs a substantial risk of losing 
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her to a rival. Therefore, it is possible that the same mating tactics observed by Field and Keller 

(1993b) in C. rubecula may also be taking place between C. urabae males when competing for 

a female, although no successful “steals” were observed. Additionally, Field and Keller 

(1993b) also observed post-copulatory mate guarding in C. rubecula where the first-mating 

male spent a longer time copulating and exhibiting a female-mimicking behaviour in an attempt 

to deceive the rival male for long enough for the female to become unreceptive.  In my study, 

no post-copulatory behaviour was observed in C. urabae. However, the longer copulation time 

observed in my study by first-mating C. urabae males when a fighting behaviour occurred 

might be a guarding behaviour, where successful males might stay mounted on the female after 

ejaculation to reduce the risk of sperm competition by rival males, and to allow enough time 

for the female to become unreceptive. Also, successful males might have the ability to 

modulate sperm transfer rates and delay ejaculation when faced with rivals, which could also 

allow enough time for the female to become unreceptive. 

Although females of Cotesia spp. normally mate once (monandrous), while males can 

mate several times throughout their life (Field & Keller 1993b, Kimani & Overholt 1995, De 

Freitas et al. 2004, Hardy et al. 2005, Quicke 2014, Xu et al. 2014), there appears to be a brief 

window of opportunity for a second male to mate immediately after a female’s first copulation, 

and if successful, the sperm of this male will compete with the sperm of the first-mating male 

(Field & Keller 1993b, Quicke 2014). Therefore, this may explain the small number of multiple 

mating events observed in my study when two C. urabae males paired with a single female. 

According to De Freitas et al. (2004), the observation that mated braconid females avoid re-

mating could be associated with the transference of sufficient sperm during the first mating, or 

the transfer of a seminal compound that switches off female receptivity (Xu et al. 2014). 
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2.5.4. Influence of male size on mating success 

The female tendency to mate with larger conspecific males may occur by either active or 

passive female choice, where females either mate with the winner of a male contest or 

specifically prefer larger males (Blanckenhorn et al. 2000, Joyce et al. 2009). However, it is 

difficult to separate male competitive ability from female choice. In my study, when one big 

and one small male were presented together with a single C. urabae female, larger males had 

a significantly higher probability of mating than smaller males.  

Similar observations where male size influences mating success have been found in 

other parasitoid species (Ramadan et al. 1991, Teder 2005, Henry 2008, Joyce et al. 2009, 

Durocher‐granger et al. 2011). For instance, Henry (2008) demonstrated that male body size in 

the parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae) plays a key role in male 

competition, where larger males have greater mating success than smaller males. Also, in a 

comparative study of the role of adult size on mate choice in solitary and gregarious Cotesia 

species, a tendency was found for larger males to be more successful in achieving copulations 

(Joyce et al. 2009). Solitary female parasitoids may choose their mates to receive indirect 

benefits, such as larger offspring or more attractive sons, as in other insects (Capone 1995, 

Greenfield 2002, Joyce et al. 2009). Therefore, in my study, a possible explanation for the 

higher success of larger male mates might be that C. urabae females actively choose them to 

receive indirect benefits, such as larger offspring that could live longer, disperse farther, or 

produce offspring with a greater competitive ability to acquire mates. However, the fact that 

females accepted larger males more frequently might also be explained by other factors. For 

example, larger males may have started courting the females before smaller males, which might 

have given them the chance to attempt copulation first. Further studies are needed to assess the 

potential benefits, if any, gained by females from mating with larger males.   
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2.5.5. Parasitoid productivity during the laboratory rearing 

The Cotesia urabae colony was maintained through thirteen generations from 2013 to 2015, 

where the productivity data for the colony differed slightly in each generation. Over thirteen 

generations that were reared during the 2013-2015 period, on average, 54.7% of all adult 

offspring produced from viable cocoons were female. Similarly to Berndt et al. (2013), I 

starved females before mating. This was critical to keep females immobile and concentrated 

on feeding, which encouraged the male and female to meet on the mesh, thus enabling them to 

communicate. The timing for the addition of honey to the mesh was vital to success, since 

honey needs to be provided once the male had started courting the female. If honey was given 

before courtship had started, males often lost interest if rejected, or failed to locate the female 

before she finished feeding. If copulation did not occur before females had finished feeding, 

they rarely showed any interest in the males even if they stayed courting.  

 A high percentage of cocoon failure occurred in the F7, F8 and F9 generations. This 

may have been due to a problem encountered in those generations, where possibly a pathogen 

may have entered the colony resulting in high cocoon failure. The pathogen may have been 

introduced into the laboratory culture from wild collected U. lugens larvae or non-target species 

used for other experiments (Berndt et al. 2013). Therefore, at the end of generation F9, all 

rearing equipment was sterilized by autoclaving. After this, cocoon failure was successfully 

reduced. Therefore, future parasitoid colony success was achieved by using healthy U. lugens 

larvae to maintain the C. urabae culture, sourced only from a laboratory colony maintained at 

The University of Auckland, as described in Chapter 3. 

The behavioural observations described above have provided important information to 

increase mating success in laboratory rearing conditions. Until now a single male C. urabae 

was paired at a time with a single female, and a second male was added only if after two 

attempts the single male did not respond to the female (Berndt et al. 2013). This method is 
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quite labour intensive, and sometimes no mating was achieved. Now the laboratory rearing 

conditions can be modified to recommend pairing two or three males with a single female from 

the start to increase the probability of mating success. Also, if possible, larger males should be 

prioritised, rather than smaller males, due to their higher success in achieving copulation. 

Making these recommendations standard within the laboratory rearing protocol for C. urabae 

ought to improve the rearing methods and produce higher numbers of mated females able to 

produce female offspring. This knowledge can now be utilised to start improve rearing methods 

of C. urabae for the future, however more studies on many other factors still need to be 

addressed to further improve the rearing methods of this parasitoid.  
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CHAPTER 3: OLFACTORY CUES USED IN HOST-HABITAT 

LOCATION AND HOST LOCATION BY THE PARASITOID  

COTESIA URABAE 

 

3.1. ABSTRACT 

There is a growing body of evidence that many hymenopteran parasitoids make use of olfaction 

as the primary mechanism to detect and locate hosts. In this study, a series of bioassays was 

conducted to investigate the orientation behaviour of the gum leaf skeletoniser larval parasitoid 

Cotesia urabae Austin & Allen (Hymenoptera: Braconidae) in both Y-tube and four-arm 

olfactometers. In a Y-tube olfactometer, male C. urabae were not attracted to any of the odours 

presented. Host-plant leaves, damaged leaves, host larvae, and host larvae feeding on leaves 

were highly attractive to female C. urabae, whereas host frass was not. The multiple-

comparison bioassay conducted in a four-arm olfactometer clearly indicates that C. urabae 

females were significantly more attracted to the host Uraba lugens Walker (Lepidoptera: 

Nolidae) larvae feeding on Eucalyptus fastigata H Deane & Maiden (Myrtaceae) leaves than 

to any other of the odour sources tested. The results of this study show that C. urabae 

individuals responded to chemical cues specific to the host plant and target host insect, and 

support hypotheses that unreliable cues are not utilised for host location by specific natural 

enemies.  
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3.2. INTRODUCTION 

Many plants are attacked and damaged by herbivorous insect pests. The larvae of Lepidoptera 

are among the most diverse insect herbivores. In turn, these larvae are often attacked by 

parasitoid insects. Such parasitoids have been introduced into many new environments as 

biological control agents as one of many tactics contributing to lepidopteran pest management 

strategies worldwide (Ryan 1990, Van Driesche et al. 2003, Avila et al. 2013a). The success 

and effectiveness of parasitoids as biological control agents has been attributed in part to their 

ability to locate host-habitats and hosts (Mattiacci et al. 1999, Xiaoyi & Zhongqi 2008, 

Frederickx et al. 2014). Generally, five stages (Vinson 1984) are needed for successful 

parasitism by foraging female parasitoids: (1) host-habitat location, (2) host finding, (3) host 

acceptance, (4) host adaptation, and (5) host regulation. The success of each stage depends on 

reliable responses to both physical and chemical cues (Boo & Yang 1998).  

Parasitoids use diverse sensory modes to locate their hosts in the field, such as olfaction, 

vision, touch, and hearing (Xiaoyi & Zhongqi 2008, Frederickx et al. 2014), but olfaction is 

acknowledged as the primary mechanism for the majority (Tumlinson et al. 1993a, Meiners et 

al. 2003, Fellowes et al. 2005). Evidence continues to grow that many hymenopteran 

parasitoids use chemical cues (infochemicals), to orient first towards a host habitat and 

secondly towards their host insect (Vet & Dicke 1992, Godfray 1994, Turlings et al. 2004, Bai 

et al. 2011). Plant-derived volatiles and herbivore-induced plant volatiles are used as 

synomones in habitat location (long-range searching), whereas chemicals associated with the 

host insect and/or its by-products (e.g., frass, regurgitate) are used as kairomones in the process 

of host location (short-range searching) (Vet & Dicke 1992, Ngi-Song et al. 1996). For 

example, Ngi-Song et al. (1996) found that the larval parasitoids Cotesia flavipes Cameron and 

Cotesia sesamiae Cameron are attracted by odours to uninfested host plants (Zea mays L.), and 

even more to maize infested with host insect species. Similarly, the egg parasitoid 
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Trichogramma ostriniae Pang & Chen was found to be strongly attracted to mungbean, Vigna 

radiata (L.) Wilczek, which is the host plant of its host Ostrinia furnacalis Guenée (Bai et al. 

2011).  

Stimuli from host plants, although highly detectable, are often not reliable indicators of 

host insect presence. In contrast, host insect stimuli are highly reliable but generally harder to 

detect at long distances (Vet & Dicke 1992, Voss et al. 2009). Therefore, plant volatiles 

resulting from damage caused by feeding insects provide the perfect combination of high 

reliability and high detectability and play a key role in the attraction of parasitoids (Vet et al. 

1991, Steinberg et al. 1993).  

In 2011, the solitary larval endoparasitoid Cotesia urabae Austin & Allen 

(Hymenoptera: Braconidae) was introduced into New Zealand as a biological control agent 

against Uraba lugens Walker (Lepidoptera: Nolidae) (Avila et al. 2013a), which is a 

lepidopteran pest endemic to Australia that causes severe damage to Eucalyptus spp. (Berndt 

& Allen 2010, Avila et al. 2013a). Cotesia urabae is believed to be host specific to U. lugens 

(Allen 1990a), and is now confirmed as established in New Zealand. Adult C. urabae females 

lay eggs inside U. lugens by inserting their ovipositors into the larvae. Cotesia urabae females 

are able to attack the same larva several times, but only one single parasitoid completes its 

development in each host larva (Berndt 2010). Several studies have been conducted on the 

biology (Allen 1990a, Allen & Keller 1991), phenology (Allen 1990b), competition (Berndt 

2010), dispersal behaviour (Avila et al. 2013b), and host range (Berndt et al. 2009, Berndt et 

al. 2010, Rowbottom et al. 2013) of C. urabae. However, its host-searching behaviour has not 

been investigated, including the specific olfactory cues used by C. urabae in locating its host 

habitat and host insect. Understanding the mechanisms used by C. urabae to search and locate 

its preferred hosts will permit future comparisons to any host-finding and acceptance 

behaviours directed towards cues from non-target species. 
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Olfactometers have been widely used for many years to study the location of hosts and 

host habitat by testing insect responses, especially by parasitoid wasps, towards volatile 

semiochemical cues from host plants and hosts (Vet et al. 1983, Bouchard & Cloutier 1985, 

D'Alessandro & Turlings 2005, Pope et al. 2012). In this study, a series of bioassays using Y-

shaped and four-arm olfactometers were conducted to investigate the ability of C. urabae to 

successfully locate its host habitat and host insect by testing the hypothesis that C. urabae 

parasitoids are more likely to respond to volatile cues that are reliable for habitat and host 

location. Odours from host plants, host insects, host frass, and plant-host complex were tested 

to determine which, if any, would affect the behaviour of C. urabae. 

 

3.3. MATERIALS AND METHODS 

 

3.3.1. Source of parasitoids 

Adult C. urabae used in bioassays originated from a colony maintained at the University of 

Auckland, which was started in early 2013 from parasitoid cocoons imported from Tasmania, 

Australia, in December 2012. The parasitoid culture was maintained on second, third, and 

fourth instar U. lugens larvae feeding on excised foliage of Eucalyptus spp. Before the 

experiments, adult wasps were kept individually in Petri dishes (60 × 15 mm) with a drop of 

honey provided for nutrition, in an incubator held at 15 ºC and L12:D12 photoperiod. All  

C. urabae female parasitoids used in the experiments were 3-8 days old, naïve of host 

experience, and mated.  

 

3.3.2. Culture and source of target host 

Uraba lugens larvae used in the bioassays were sourced from a laboratory colony maintained 

on a Eucalyptus fastigata H Deane & Maiden (Myrtaceae) sapling at the University of 
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Auckland for experimental purposes. Adult moths were kept in a 0.8 × 0.8 × 1.8 m mesh cage 

with a Eucalyptus fastigata H. Deane & Maiden (Myrtaceae) sapling used as an oviposition 

site. Individual leaves bearing U. lugens eggs were collected, and egg batches were placed in 

glass Petri dishes to avoid the risk of fungal infection during egg development. After eclosion, 

host larvae were kept in 750-ml plastic containers in an incubator at 18 ºC and L12:D12 

photoperiod, and fed on E. fastigata excised leaves. 

 

3.3.3. Odours tested 

Female and male C. urabae were exposed individually to one of five odour sources:  

Undamaged host plant leaves: One freshly cut unbrowsed E. fastigata leaf was used as the 

odour source. The leaf petiole was immediately wrapped with Parafilm™ to prevent moisture 

loss. Leaves were sourced from healthy potted E. fastigata saplings kept in a containment 

glasshouse that was maintaining a U. lugens colony. 

Host plant damaged leaves: As above, except one freshly cut leaf of E. fastigata this time 

bearing feeding damage caused by a group of no less than 30 U. lugens larvae allowed to feed 

for no less than 24 h.  

Target host frass: The odour source consisted of 3 g of frass of U. lugens larvae that was 

collected on the day of testing from the U. lugens colony maintained in incubators as described 

in the previous section. 

Target host larvae alone: Ten mid-size larvae of 4th – 6th instar to be used in the experiments 

testing larvae alone were sourced from the U. lugens colony fed on E. fastigata excised leaves 

as described in the previous section.  

Target plant-host complex: Ten larvae feeding on an E. fastigata leaf were used in experiments 

testing the parasitoid attraction to the target plant-host complex. Larvae feeding on a single leaf 

were sourced from individuals permitted to feed for no less than 24 h on an E. fastigata sapling.  
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3.3.4. Olfactometer bioassays 

Y-tube olfactometer 

A glass Y-tube olfactometer (1 cm i.d., 20-cm-long basal column and arms) with adapter joints 

(50 ml) attached to each arm (which served as odour chambers) was used to test the olfactory 

responses of C. urabae. A piece of nylon mesh was placed at the end of each arm separating 

the odour chamber material from the olfactometer, thus, preventing the wasps from orienting 

visually to the odour source. Air was pumped through activated carbon filters connected via 

Teflon tubing to each of the distal ends of the odour chambers, providing purified air into the 

arms of the olfactometer. A flow meter (Precision Medical®) was used to adjust the air flow 

to a constant rate of 500 ml/min. To determine the attractiveness of the various odour sources 

to C. urabae parasitoids, each of the five odour sources were tested independently against a 

blank control that consisted of a cotton wool ball slightly moistened with distilled water.  

Individual C. urabae were released by placing the unstoppered small glass vial they 

were in into the base of the basal column of the olfactometer. From there the wasp oriented 

into the air flow and proceeded to walk or fly. When the wasp passed a line marked on each 

arm, at 15 cm upwind of the Y junction, it was judged as having chosen the odour source of 

that arm. Each experiment was conducted for 15 min. At the end of this period, wasps that did 

not qualify as having made a choice were discarded and replaced by another individual, 

although this occurred rarely. A total of 30 replicates (individual C. urabae) were conducted 

for each of the six odour source comparisons tested. All experiments were conducted between 

09:00 and 16:00 hours under laboratory conditions of 20 ºC and ambient fluorescent light 

provided by recessed luminaires (Philips TBS760 4x14W/840) at ceiling height.  

The blank control and the odour source were alternated between each replicate, and the 

Y-tube was also rotated 180º to avoid any directional effects. The whole apparatus was also 

dismantled after every second trial then washed thoroughly with 90% ethanol and distilled 
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water before being dried at 50 ºC in an oven for a minimum of 45 min. 

 

Four-arm olfactometer 

Four of the five odour sources tested in the Y-tube olfactometer strongly attracted the female 

parasitoids, therefore a four-arm olfactometer was used for multiple comparisons to determine 

potential odour preferences. No tests were conducted with males in the four-arm olfactometer 

because they were found to not be attracted to any of the five odour sources tested in the  

Y-tube olfactometer.  

The four-arm olfactometer (90º arc, 30 cm diameter) used in this study was slightly 

modified from the apparatus described by Vet et al. (1983) to suit the size of C. urabae. The 

main body of the olfactometer was made of solid Perspex® and was covered with a clear 

Perspex® plate. The internal star-shaped exposure arena had curved, 2-cm-high walls and were 

1 cm wide at the narrowest width. Air inlet tubes were 4 cm long and had a diameter of 1 cm. 

Each arm was connected to a series of two 50-ml glass vials, where the vial closest to the 

olfactometer was used to catch insects reaching that arm (insect isolation trap) and the second 

vial contained the odour source. A thin mesh was placed in between the joint of the vials to 

avoid wasps trapped in the first vial from accessing the odour source.  

An air pump provided with four nozzles pushed air through the four arms of the 

olfactometer, and the flow rate was adjusted with a Precision Medical® flow meter at a constant 

rate of 1.2 l/min. This constant rate was chosen as it has been shown (Vet et al. 1983) that at 

this flow rate the four air flows are prevented from mingling and it helps to create sharp 

borderlines between adjacent fields (distinct odour fields). Similar to other studies (Vet et al. 

1983, Romeis et al. 1997), the boundaries of the four flow fields were drawn with a thin marker 

on the cover Perspex® plate to visually depict the four distinct odour fields used for scoring C. 

urabae’s final position. The supplied air was cleaned by passing through activated carbon 
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filters connected to each odour source via Teflon tubing before reaching the olfactometer. An 

insect inlet adaptor connected to an inlet tube under the centre of the olfactometer was used to 

release the parasitoid into the exposure arena. This adaptor also served to connect a vacuum 

pump that sucked the air out from the olfactometer generating a uniform airflow. Two compact 

fluorescent lamps (Philips Tornado, 740 lux each) were placed at opposite sides of the 

olfactometer to provide even illumination into the arena. Additionally, a video camera was set 

centrally above the arena to record C. urabae behaviour responses.  

A multiple-choice bioassay was used to test the attraction of individual naïve mated  

C. urabae females to the four odour sources simultaneously. Each test wasp was placed in the 

insect inlet adaptor until it walked through the vertical inlet tube where it was exposed to a 

mixture of the four odours until it reached the exposure arena. Once in the arena, each wasp 

was permitted a maximum of 10 min to make a final choice, which was defined as when the 

parasitoid exited the arena through the air inlet tube of one of the arms and entered the insect 

isolation trap. The number of final choices was recorded as well as the frequency of entering 

and time spent in each odour field. Similar to Vet et al. (1983), if a wasp left the exposure arena 

and entered the insect isolation trap, the time was stopped after the wasp stayed in the trap for 

more than 1 min (a period after which returns to the chamber were never observed) and the 

remaining experimental time was assigned to the odour field chosen. All behavioural data on 

the recorded videos from the experiments were coded and analysed with Solomon Coder© 

(Péter 2014). The whole apparatus was washed thoroughly with 90% ethanol and distilled 

water after every four replicates. In total 90 replicates were conducted for the multiple-choice 

bioassay. All the experiments were conducted between 09:00 and 16:00 hours under laboratory 

conditions at 20 ºC. 

Prior to the multiple-choice bioassay, the same experimental procedure described above 

was conducted with 40 naïve mated C. urabae females tested individually to four blank 
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controls, where all insect odour source vials were empty. This was done to determine whether 

there was any directional bias. Even though no directional bias was detected, the whole 

apparatus was still rotated 90º after every four replicates for the main experiment. 

 

3.3.5. Statistical analysis 

Data obtained from each of the test odours, in the Y-tube olfactometer experiments, were 

analysed with a two-sided exact binomial test. A positive response to the test odour was 

considered significant if the 95% confidence interval for the overall proportion choosing the 

arm with the odour source was above 0.50 (Quinn & Keough 2002). A χ2 test was used to 

compare the final choices made between the arms in the four-arm olfactometer, and the 

Bonferroni correction was applied for multiple comparisons when significant differences were 

observed. Data obtained for the frequency of entering and time spent on each odour field by 

each of the wasps failed the Shapiro-Wilk normality test so the data were then analysed with 

the non-parametric Friedman two-way ANOVA by ranks test. Pairwise Friedman's test was 

used to identify significant pairwise differences where an overall experimental effect was 

detected (Conover 1999). Data were analysed with the statistical package SYSTAT v.13 

(Systat Software, San Jose, CA, USA).  

  

77 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

3.4. RESULTS 

The overall proportion of C. urabae females choosing the arm of the Y-tube olfactometer 

corresponding to the odour source (tested against clean air) ranged from 0.53 if the odour 

source consisted of target host frass, to 0.87 if it consisted of the target plant-host complex 

(Figure 1). This female preference was significant for all odour sources, except host frass 

(Figure 1). In contrast, males were indifferent to all odour sources presented (Figure 2). 

  

 

 

  

 

 

  

 

 

 

 

 

Figure 1: Mean (+ 95% confidence limits) proportion of Cotesia urabae female parasitoids choosing 

the arm of a Y-tube olfactometer corresponding to the odour-source when tested against clean air. The 

odour sources were associated with the host-habitat or target host Uraba lugens. The dashed line 

indicates the expected proportion of wasps choosing the odour-source arm if there is no preference. The 

number of individuals choosing the odour-source arm is shown along the x-axis.  
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Figure 2: Mean (+ 95% confidence limits) proportion of Cotesia urabae male parasitoids choosing the 

arm of a Y-tube olfactometer corresponding to the odour-source when tested against clean air. The 

odour sources were associated with the host-habitat or target host Uraba lugens. The dashed line 

indicates the expected proportion of wasps choosing the odour-source arm if there is no preference. The 

number of parasitoids choosing the odour-source arm is shown along the x-axis. 

 

The control experiment conducted with the four-arm olfactometer, offering clean air in 

each of the four odour fields, indicated that C. urabae females were randomly distributed over 

the four fields (Table 1). The subsequent multiple-choice assay demonstrated that C. urabae 

females were significantly more attracted to the target plant-host complex than to any other of 

the odour sources tested (Table 2), in terms of the number of final choices (χ2 test: χ2 = 34.20, 

d.f. = 3, P<0.001), frequency of entering (Friedman’s test: χ2 = 13.27, d.f. = 3, P = 0.004), and 

time spent (Friedman’s test: χ2 = 29.74, d.f. = 3, P<0.001) in each odour field. Of the 90 wasps 

tested, 81 made a final choice.  
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Table 1: Mean (± SE) response of Cotesia urabae females in the exposure arena of the four-arm 

olfactometer in a blank trial with clean air in each of the four odour fields. 

Response n 
Odour field 

Pb 
1 2 3 4 

No. final choices 27 6 ± 0.04 8 ± 0.04 8 ± 0.04 5 ± 0.04 0.72 

Mean no. visits/field 40 3.7 ± 0.2 3.8 ± 0.2 3.8 ± 0.2 3.7 ± 0.2 0.88 

Mean % time spent/fielda 40 24.8 ± 0.9 23.3 ± 1 25.8 ± 1 25.5 ± 0.9 0.48 
aMean % time spent per field is given for ease of interpretation. However, relative times spent in the 

various fields by each C. urabae female were used in statistical analysis. 
bP-values resulting from χ2 test (no. final choices) or Friedman two-way ANOVA by ranks. 

 

Table 2: Mean (± SE) response of female Cotesia urabae in the exposure arena of the four-arm 

olfactometer, with each arm linked to an odour source that had been shown to be attractive in previous 

Y-tube olfactometer assays. 

Response n 

Odour field 

 

 

Pb 

1 2 3 4 

Undamaged 

host plant 

leaves 

Host plant 

damaged 

leaves 

Target host 

larvae 

alone 

Target 

plant-host 

complex 

No. final choices 81 13b ± 0.04 13b ± 0.04 15b ± 0.04 40a ± 0.05 <0.001 

Mean no. visits/field 90 2.5c ± 0.3 2.9bc ± 0.3 3.0ab ± 0.3 3.5a ± 0.4 0.004 

Mean % time 

spent/fielda 
90 13.5c ± 2.6 20.3bc ± 3.2 21.4b ± 3.2 44.8a ± 4.1 <0.001 

aMean % time spent per field is given for ease of interpretation. However, relative times spent in the 

various fields by each C. urabae female were used in statistical analysis. 
bP-values resulting from χ2 test (no. final choices) or Friedman two-way ANOVA by ranks. Mean within 

a row sharing a letter are not significantly different [Bonferroni correction test (no. final choices) or 

pairwise Friedman's test (no. visits and % time spent per field): P<0.05]. 
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3.5. DISCUSSION 

The results from the Y-tube olfactometer assays clearly indicated that C. urabae females can 

innately respond to chemical cues emitted by E. fastigata leaves, their host larvae (U. lugens), 

the target plant-host complex, and E. fastigata leaves with feeding damage caused by their host 

larvae. Such attraction predicts high searching efficacy of foraging C. urabae females in the 

field. These results suggest that female C. urabae would effectively respond to volatile 

compounds from Eucalyptus spp. trees and also to synomones emitted by Eucalyptus spp. with 

U. lugens feeding damage, to orient and locate suitable host habitat (long-range searching). 

Having detected the host habitat, a female C. urabae would refine its search using kairomones 

emitted by host larvae. The parasitoid may also detect volatile compounds from the 

combination of U. lugens larvae and the Eucalyptus spp. leaves on which they were feeding in 

order to successfully detect and parasitize target hosts (short-range searching). Other studies 

conducted with other Cotesia species have also found that parasitoids are able to respond to 

volatiles emitted by plants of their hosts, plants damaged by their hosts, host-infested plants, 

and the hosts themselves. For example, Jembere et al. (2003) found that the generalist 

stemborer parasitoid C. flavipes was attracted to odours emitted by various host plants and 

host-infested plants. Moreover, Obonyo et al. (2008) found that C. flavipes was more attracted 

to various host-infested plants than to uninfested plants.  

Some Cotesia species have shown attraction to volatile kairomones emitted by host-

specific frass (Ngi-Song & Overholt 1997, Desneux et al. 2010). However, in the current study, 

C. urabae was not found to be attracted to the odour of U. lugens frass. This may be due to the 

limited amount of frass that usually remains upon Eucalyptus spp. leaves infested by this pest 

as most of this frass readily falls off the leaves or is blown away by wind (G Avila, pers. obs.). 

Thus, host frass is probably of little use for close-range host location to C. urabae. The Y-tube 

olfactometer assays conducted with C. urabae males indicated that male parasitoids were not 
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attracted to any of the host plant, host-insect or plant-host complex odours presented. Similar 

observations have been made on other parasitoid species (Bouchard & Cloutier 1985, McNeil 

& Brodeur 1995). However, in Chapter 2, males exhibited a strong attraction to conspecific 

females when tested in a Y-tube olfactometer. Therefore, these new findings confirmed that C. 

urabae males may only forage for females in response to attraction to female sex pheromone 

(see Chapter 2). 

The multiple-choice assay conducted here revealed that the target plant-host complex 

attracted significantly more C. urabae females than either target host larvae alone,  

host-damaged E. fastigata leaves, or undamaged E. fastigata leaves. These results suggest that 

C. urabae locate hosts more effectively by responding to chemical cues from two trophic levels 

together: the high detectability of the first trophic level (host plant, Eucalyptus leaves), and the 

high reliability of the second trophic level (host herbivore, U. lugens larvae). In this case, the 

mixture of kairomones produced by the host larvae along with the herbivore-induced 

synomones produced by the host plant as a result of the feeding caterpillars might have attracted 

most of the foraging parasitoids in the experiment. Vet et al. (1991) described this kind of 

response as a key strategy that parasitoids have evolved to deal with the trade-off between 

reliability and detectability of host-insect vs. host-plant cues. Therefore, parasitoids would 

strongly respond to specific herbivore-induced synomones released only upon damage by 

certain herbivores. These particular stimuli would be highly detectable in a field situation as 

the synomone would be released systemically by the whole plant being attacked and not only 

by damaged leaves (Turlings & Tumlinson 1992, Dicke et al. 1993, Vet et al. 1995). Moreover, 

the information carried by the released synomone might be a reliable indicator of the target 

host presence (Turlings et al. 1990, Vet et al. 1991, Tumlinson et al. 1993b). Therefore, the 

specific association between an herbivore and its food plant provides its natural enemies with 

a solution to the reliability-detectability problem. 
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Studies of location of hosts and host habitat are of great importance for biological 

control, and a number of authors have emphasised the need to identify the specific 

semiochemicals involved in the process of host location (Cortesero et al. 2000, Reddy et al. 

2002, Roux et al. 2007). Incorporating knowledge of the chemical cues that parasitoids respond 

to, with the results of assays to test host specificity will provide a better understanding of all 

steps leading to successful parasitism in the context of biological control. The results presented 

here show that C. urabae individuals responded to chemical cues specific to the host plant and 

target host insect. These results can now be used to guide further investigations on the searching 

behaviour of this species, such as comparing the behavioural responses of  

C. urabae towards olfactory cues from non-target hosts, which will assist in defining further 

the host specificity of this biological control agent.  

 

 

 

 

  

83 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

3.6. REFERENCES 

Allen, G.R. (1990a) Uraba lugens Walker (Lepidoptera: Noctuidae): Larval survival and 

parasitoid biology in the field in South Australia. Journal of the Australian 

Entomological Society 29, 301-312. 

Allen, G.R. (1990b) The phenologies of Cotesia urabae, Dolichogenidea eucalypti 

(Hymenoptera: Braconidae) and their host Uraba lugens (Lepidoptera: Noctuidae) in 

the Adelaide region. Australian Journal of Zoology 38, 347-362. 

Allen, G.R. & Keller, M.A. (1991) Uraba lugens (Lepidoptera: Noctuidae) and its parasitoids 

(Hymenoptera: Braconidae): temperature, host size and development. Environmental 

Entomology 20, 458-469. 

Avila, G.A., Berndt, L.A. & Holwell, G.I. (2013a) First releases and monitoring of the 

biological control agent Cotesia urabae Austin and Allen (Hymenoptera: Braconidae). 

New Zealand Entomologist 36, 65-72. 

Avila, G.A., Berndt, L.A. & Holwell, G.I. (2013b) Dispersal behavior of the parasitic wasp 

Cotesia urabae (Hymenoptera: Braconidae): A recently introduced biocontrol agent for 

the control of Uraba lugens (Lepidoptera: Nolidae) in New Zealand. Biological Control 

66, 166-172. 

Bai, S.-X., Wang, Z.-Y., He, K.-L. & Im, D.-J. (2011) Olfactory response of Trichogramma 

ostriniae (Hymenoptera: Trichogrammatidae) to volatiles emitted by mungbean plants. 

Agricultural Sciences in China 10, 560-565. 

Berndt, L.A. (2010) Will competition from Meteorus pulchricornis (Wesmael) (Hymenoptera: 

Braconidae) limit the success of the potential biocontrol agent Cotesia urabae Austin 

& Allen (Hymenoptera: Braconidae)? Australian Journal of Entomology 49, 369-376. 

84 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

Berndt, L.A. & Allen, G.R. (2010) Biology and pest status of Uraba lugens Walker 

(Lepidoptera: Nolidae) in Australia and New Zealand. Australian Journal of 

Entomology 49, 268-277. 

Berndt, L.A., Withers, T.M., Mansfield, S. & Hoare, R.J.B. (2009) Non-target species 

selection for host range testing of Cotesia urabae. New Zealand Plant Protection 62, 

168-173. 

Berndt, L.A., Sharpe, A., Withers, T.M., Kimberley, M. & Gresham, B. (2010) Appendix 

2: Risks to non-target species from potential biological control agent Cotesia urabae 

against Uraba lugens in New Zealand. Evaluation & review report for the release of 

Cotesia urabae for the biological control of gum leaf skeletoniser. Application ER-AF-

NOR-1-2 09/05 Environmental Protection Authority. http://www.epa.govt.nz/search-

databases/HSNO%20Application%20Register%20Documents/Application%20Appen

dix%202.pdf. Accessed 05 Sept 2015.  

Boo, K.S. & Yang, J.P. (1998) Olfactory response of Trichogramma chilonis to Capsicum 

annuum. Journal of Asia-Pacific Entomology 1, 123-129. 

Bouchard, Y. & Cloutier, C. (1985) Role of olfaction in host finding by aphid parasitoid 

Aphidius nigripes (Hymenoptera: Aphidiidae). Journal of Chemical Ecology 11, 801-

808. 

Conover, W.J. (1999) Practical nonparametric statistics. New York, Wiley. 

Cortesero, A.M., Stapel, J.O. & Lewis, W.J. (2000) Understanding and manipulating plant 

attributes to enhance biological control. Biological Control 17, 35-49. 

D'Alessandro, M. & Turlings, T.C.J. (2005) In situ modification of herbivore-induced plant 

odors: a novel approach to study the attractiveness of volatile organic compounds to 

parasitic wasps. Chemical Senses 30, 739-753. 

85 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

Desneux, N., Ramírez-Romero, R., Bokonon-Ganta, A. & Bernal, J. (2010) Attraction of 

the parasitoid Cotesia marginiventris to host (Spodoptera frugiperda) frass is affected 

by transgenic maize. Ecotoxicology 19, 1183-1192. 

Dicke, M., Baarlen, P., Wessels, R. & Dijkman, H. (1993) Herbivory induces systemic 

production of plant volatiles that attract predators of the herbivore: extraction of 

endogenous elicitor. Journal of Chemical Ecology 19, 581-599. 

Fellowes, M.D.E., van Alphen, J.J.M. & Jervis, M.A. (2005) Foraging behaviour pp. 1–71 

in M. Jervis. (Ed.) Insects as natural enemies: a practical perspective. Dordrecht, The 

Netherlands, Springer. 

Frederickx, C., Dekeirsschieter, J., Verheggen, F.J. & Haubruge, E. (2014) Host-habitat 

location by the parasitoid, Nasonia vitripennis Walker (Hymenoptera: Pteromalidae). 

Journal of Forensic Science 59, 242-249. 

Godfray, H.C.J. (1994) Parasitoids: behavioral and evolutionary ecology. Princeton, N.J., 

Princeton University Press. 

Jembere, B., Ngi-Song, A.J. & Overholt, W. (2003) Olfactory responses of Cotesia flavipes 

(Hymenoptera: Braconidae) to target and non- target Lepidoptera and their host plants. 

Biological Control 28, 360-367. 

Mattiacci, L., Hütter, E. & Dorn, S. (1999) Host location of Hyssopus pallidus, a larval 

parasitoid of the codling moth, Cydia pomonella. Biological Control 15, 241-251. 

McNeil, J.N. & Brodeur, J. (1995) Pheromone-mediated mating in the aphid parasitoid, 

Aphidius nigripes (Hymenoptera: Aphididae). Journal of Chemical Ecology 21, 959-

972. 

Meiners, T., Wackers, F. & Lewis, W.J. (2003) Associative learning of complex odours in 

parasitoid host location. Chemical Senses 28, 231-236. 

86 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

Ngi-Song, A., Overholt, W., Njagi, P., Dicke, M., Ayertey, J. & Lwande, W. (1996) Volatile 

infochemicals used in host and host habitat location by Cotesia flavipes (Cameron) and 

Cotesia sesamiae (Cameron) (Hymenoptera: Braconidae), larval parasitoids of 

stemborers on graminae. Journal of Chemical Ecology 22, 307-323. 

Ngi-Song, A.J. & Overholt, W.A. (1997) Host location and acceptance by Cotesia flavipes 

(Cameron) and C. sesamiae (Cameron) (Hymenoptera: Braconidae), parasitoids of 

african gramineous stemborers: role of frass and other host cues. Biological Control 9, 

136-142. 

Obonyo, M., Schulthess, F., Gerald, J., Wanyama, O., Rü, B.L. & Calatayud, P.-A. (2008) 

Location, acceptance and suitability of lepidopteran stemborers feeding on a cultivated 

and wild host- plant to the endoparasitoid Cotesia flavipes Cameron (Hymenoptera: 

Braconidae). Biological Control 45, 36-47. 

Péter, A. (2014) Solomon Coder (version beta 14.10.04): a simple solution and free solution 

for behavior coding. 

Pope, T.W., Girling, R.D., Staley, J.T., Trigodet, B., Wright, D.J., Leather, S.R., Van 

Emden, H.F. & Poppy, G.M. (2012) Effects of organic and conventional fertilizer 

treatments on host selection by the aphid parasitoid Diaeretiella rapae. Journal of 

Applied Entomology 136, 445-455. 

Quinn, G.P. & Keough, M.J. (2002) Experimental design and data analysis for biologists. 

Cambridge, UK, Cambridge University Press. 

Reddy, G., Holopainen, J. & Guerrero, A. (2002) Olfactory responses of Plutella xylostella 

natural enemies to host pheromone, larval frass, and green leaf cabbage volatiles. 

Journal of Chemical Ecology 28, 131-143. 

Romeis, J., Shanower, T. & Zebitz, C. (1997) Volatile plant infochemicals mediate plant 

preference of Trichogramma chilonis. Journal of Chemical Ecology 23, 2455-2465. 

87 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

Roux, O., Gers, C., Tene-Ghomsi, J., Arvanitakis, L., Bordat, D. & Legal, L. (2007) 

Chemical characterization of contact semiochemicals for host-recognition and  

host-acceptance by the specialist parasitoid Cotesia plutellae (Kurdjumov). 

Chemoecology 17, 13-18. 

Rowbottom, R., Allen, G., Walker, P. & Berndt, L. (2013) Phenology, synchrony and host 

range of the Tasmanian population of Cotesia urabae introduced into New Zealand for 

the biocontrol of Uraba lugens. BioControl 58, 625-633. 

Ryan, R.B. (1990) Evaluation of biological control: introduced parasites of larch casebearer 

(Lepidoptera: Coleophoridae) in Oregon. Environmental Entomology 19, 1873–1881. 

Steinberg, S., Dicke, M. & Vet, L. (1993) Relative importance of infochemicals from first 

and second trophic level in long-range host location by the larval parasitoid Cotesia 

glomerata. Journal of Chemical Ecology 19, 47-59. 

Tumlinson, J.H., Turlings, T.C.J. & Lewis, W.J. (1993a) Semiochemically mediated 

foraging behavior in beneficial parasitic insects. Archives of Insect Biochemistry and 

Physiology 22, 385-391. 

Tumlinson, J.H., Lewis, W.J. & Vet, L.E.M. (1993b) Parasitic wasps, chemically guided 

intelligent foragers. Scientific American 268, 100 - 106. 

Turlings, T.C. & Tumlinson, J.H. (1992) Systemic release of chemical signals by  

herbivore- injured corn. Proceedings of the National Academy of Sciences of the United 

States of America 89, 8399-8402. 

Turlings, T.C.J., Tumlinson, J.H. & Lewis, W.J. (1990) Exploitation of herbivore-induced 

plant odors by host-seeking parasitic wasps. Science 250, 1251-1253. 

Turlings, T.C.J., Davison, A.C. & Tamò, C. (2004) A six‐arm olfactometer permitting 

simultaneous observation of insect attraction and odour trapping. Physiological 

Entomology 29, 45-55. 

88 
 



Chapter 3: Olfactory cues used in host-habitat and host location by Cotesia urabae 

Van Driesche, R., Nunn, C., Kreke, N., Goldstein, B. & Benson, J. (2003) Laboratory and 

field host preferences of introduced Cotesia spp. parasitoids (Hymenoptera: 

Braconidae) between native and invasive Pieris butterflies. Biological Control 28, 214-

221. 

Vet, L.E.M. & Dicke, M. (1992) Ecology of infochemical use by natural enemies in a 

tritrophic context. Annual Review of Entomology 37, 141-172. 

Vet, L.E.M., Wäckers, F.L. & Dicke, M. (1991) How to hunt for hiding hosts: the reliability-

detectability problem in foraging parasitoids. Netherlands Journal of Zoology 41, 202-

213. 

Vet, L.E.M., Lewis, W.J. & Carde, R.T. (1995) Parasitoid foraging and learning pp. 65-101 

in R. T. Carde and W. J. Bell. (Eds.) Chemical Ecology of Insects 2. New York, USA, 

Chapman & Hall. 

Vet, L.E.M., Lenteren, J.C.V., Heymans, M. & Meelis, E. (1983) An airflow olfactometer 

for measuring olfactory responses of hymenopterous parasitoids and other small 

insects. Physiological Entomology 8, 97-106. 

Vinson, S.B. (1984) Parasitoid-host relationship pp. 206-233 in W. J. Bell and R. T. Cardé. 

(Eds.) Chemical ecology of insects. London, Chapman & Hall. 

Voss, S.C., Spafford, H. & Dadour, I.R. (2009) Host location and behavioural response 

patterns of the parasitoid, Tachinaephagus zealandicus Ashmead (Hymenoptera: 

Encyrtidae), to host and host‐habitat odours. Ecological Entomology 34, 204-213. 

Xiaoyi, W. & Zhongqi, Y. (2008) Behavioral mechanisms of parasitic wasps for searching 

concealed insect hosts. Acta Ecologica Sinica 28, 1257-1269. 

 

89 
 



 
 

CHAPTER 4: LABORATORY ODOUR-SPECIFICITY TESTING OF 

COTESIA URABAE TO ASSESS POTENTIAL RISKS TO  

NON-TARGET SPECIES 

 

4.1. ABSTRACT 

The larval parasitoid Cotesia urabae Austin and Allen (Hymenoptera: Braconidae) is known 

to be attracted to odours of its target host Uraba lugens Walker (Lepidoptera: Nolidae), host 

plant (Eucalyptus species), and target plant-host complex. Cotesia urabae females were tested 

in both a Y-tube and four-arm olfactometer to further investigate these attractions as well as 

their attraction to three non-target Lepidoptera (two in the family Erebidae and one in the 

family Geometridae), and their corresponding host plants and plant-host complexes. In a  

Y-tube olfactometer, wasps were attracted to the odours of the non-target Erebidae larvae when 

tested on their own and when feeding on their host plants, but not to their non-target host plants 

alone, suggesting some rare circumstances in the field these non-targets could be attacked by 

C. urabae. The multiple-comparison bioassay conducted in a four-arm olfactometer indicates 

that target plant-host complex odours invariably produced the strongest attraction compared 

with any other of the non-target plant-host complex odours tested. Cotesia urabae females that 

were given prior exposure and the opportunity to oviposit within either non-target species were 

not subsequently more attracted to the Erebidae odours, suggesting that associative learning is 

unlikely to increase non-target attack. Such olfactometer assays could be a very useful addition 

to the host specificity testing methods able to be conducted within quarantine facilities, prior 

to the release of candidate biological control agents. I urge other biocontrol scientists to 

undertake similar assays to assist with non-target risk assessments. 
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4.2. INTRODUCTION 

A biocontrol strategy used worldwide is the use of parasitic Hymenoptera to limit the spread 

of lepidopteran pests (Cugala et al. 2001, Chinwada et al. 2008, El-Wakeil et al. 2010, Avila et 

al. 2013). Particularly, Cotesia (Hymenoptera: Braconidae) species have been widely used in 

this way. Host-specificity testing assays have shown that a number of Cotesia species have a 

broad physiological host range within Lepidoptera (Cameron & Walker 1997, Cameron et al. 

1997, Van Driesche et al. 2003). In addition, olfactory tests have demonstrated that Cotesia 

species are positively attracted to non-target species (Jembere et al. 2003, Perfecto & Vet 2003, 

van Poecke et al. 2003) so there is a potential risk for non-target impacts. Therefore, it is critical 

to undertake olfactory attraction tests to help assess the host range of a specific parasitoid 

before its introduction into a new environment, and thus, minimize the risks they potentially 

pose to non-target species. 

 A number of laboratory-based host specificity tests (e.g. no-choice, sequential choice, 

paired choice, multiple choice) have been commonly used to evaluate the physiological ranges 

of parasitoids (van Lenteren et al. 2006). Such tests typically measure solely the acceptability 

and suitability of the potential hosts being tested. However, they do not provide much 

information on the habitat- and host-location process, which is essential to better define the 

potential ecological host range of parasitoids (Yong et al. 2007). Therefore, studies related to 

the searching abilities of parasitoids will help to determine more accurately the risks posed to 

potential non-target hosts when screening for potential biological control agents. 

 Upon emergence, adult female parasitoids must search for a suitable environment and 

locate a suitable host in order to propagate. This process is crucial for the success and 

effectiveness of parasitoids as biological control agents, and largely depends on the precise 

abilities of parasitoids to locate hosts and their habitats (Nordlund et al. 1988, Xiaoyi & 

Zhongqi 2008). Parasitic Hymenoptera are known to make use of plant- and/or host-derived 
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chemical signals (infochemicals) to orient themselves towards their host habitat and host 

insects (Godfray 1994, Turlings & Wackers 2004, Roux et al. 2007, Obonyo et al. 2010, Bai et 

al. 2011), which plays an important role in the habitat selection and host location of foraging 

parasitoids (Vet & Dicke 1992, Ngi-Song et al. 1996, Vinson 1998). The way in which a 

parasitoid species responds to different chemical cues, and the level of specificity to these 

infochemicals, will certainly have direct implications in defining its ecological range, the risks 

it may pose to non-target species, and its potential as a biological control agent (Ngi-Song & 

Overholt 1997, Romeis et al. 1997, Conti et al. 2004). 

Cotesia urabae Austin and Allen (Hymenoptera: Braconidae) is a solitary larval 

endoparasitoid which is part of a large complex of 11 primary parasitoids (Allen 1990) of the 

gum leaf skeletoniser, Uraba lugens Walker (Lepidoptera: Nolidae), a lepidopteran pest 

endemic to Australia and a major defoliator of many Eucalyptus species (Berndt & Allen 2010). 

Cotesia urabae is considered to be host specific to U. lugens and, in early 2011, was the sole 

parasitoid introduced into New Zealand as a biological control agent against this lepidopteran 

pest (Avila et al. 2013). Prior to the release of C. urabae in New Zealand,  

non-target lepidopteran species were prioritised in order of potential risk (Berndt et al. 2009) 

and host-specificity testing assays were conducted on the top nine (Berndt et al. 2007, Berndt 

et al. 2010). Unfortunately, the results obtained from parasitisation assays for a number of the 

species tested were inconclusive. For example, it was observed that Cotesia urabae attacked 

the non-target species Nyctemera annulata Boisduval (Lepidoptera: Erebidae) and Tyria 

jacobaeae Linnaeus (Lepidoptera: Erebidae) at the same rate as the target host U. lugens after 

a 10 minute observation time. Moreover, upon dissection, similar proportions of N. annulata 

larvae contained parasitoid larvae as did the U. lugens controls. Some non-target larvae were 

reared but insufficient numbers survived to the stage where parasitoids emerged, or reached 

pupation themselves (Berndt et al. 2010). These inconclusive results meant that uncertainty 
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remained as to the status of Nyctemera annulata and Tyria jacobaeae as potential suitable hosts 

of C. urabae. Also, extensive behavioural assessments were not possible with these tests. The 

parasitoid was approved for release in New Zealand by the Environmental Protection Authority 

(EPA) following this risk analysis. However, the inconclusive results described above indicate 

that further assessment is needed to more accurately determine the potential risk that C. urabae 

could pose to non-target species. 

Previously, in Chapter 3, I utilised both Y-tube and four-arm olfactometers to look at 

the olfactory cues used by C. urabae to locate suitable habitats and target hosts. Cotesia urabae 

female parasitoids were significantly more attracted to odours of its plant-host complex,  

U. lugens larvae feeding on Eucalyptus fastigata (Myrtaceae) leaves, than any other of the 

odours tested during a multiple choice bioassay. However, female C. urabae parasitoids were 

also found to exhibit intensified searching behaviour in response to a number of the odour 

sources tested (e.g.: host-plant leaves, target host larvae). Therefore, this Chapter reports on 

the results of an additional series of olfactometer experiments undertaken to assess the 

behavioural attraction of C. urabae towards non-target hosts and their host plants. These 

experiments aimed to (1) assess if C. urabae exhibit innate (without prior experience) 

responses to non-target hosts and/or their host plants, (2) evaluate the degree of specificity that 

C. urabae exhibit for the target host in the presence of non-target hosts, and (3) assess potential 

learned responses after prior experience to non-targets. The results of this odour-specificity 

testing will serve as a valuable complement to laboratory parasitism assays conducted with C. 

urabae. They will also serve as an example of the types of questions and methods that could 

potentially be incorporated in a general odour-specificity screening procedure for other Cotesia 

parasitoids.  
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4.3. MATERIALS AND METHODS 

 

4.3.1. Source of parasitoids and target host 

Female C. urabae wasps used in the bioassays originated from a colony established in early 

2013 at the University of Auckland, from parasitoid cocoons imported from Tasmania, 

Australia in December 2012. The parasitoid colony was maintained on 2nd, 3rd and 4th instar  

U. lugens larvae fed on excised foliage of Eucalyptus spp. as previously described in Chapter 

3. Prior to the experiments, adult wasps were kept individually in Petri dishes (60 mm x 15 

mm) in a Contherm™ incubator held at 15ºC with a 12:12 L:D photoperiod, with a drop of 

honey provided for food. All C. urabae used in the odour response bioassays were 3-8 days 

old, mated, and fed. Except for those individuals used in bioassays for testing the effect of 

associative learning, female wasps were all naïve of host experience prior to testing. 

Larvae of the target host, U. lugens, and its host plant were used in all experiments as 

positive controls, and were sourced from a laboratory colony maintained at the University of 

Auckland as described in Chapter 3. Naked larvae (without plant material) used in the 

experiments were kept in 750 ml plastic containers in a Contherm™ incubator at 18ºC with a 

12:12 L:D photoperiod, fed on Eucalyptus fastigata H. Deane & Maiden (Myrtaceae) leaves. 

When larvae feeding on leaves were used in the experiments they were allowed to feed for at 

least 24 hours on an E. fastigata sapling used to maintain the laboratory U. lugens colony (see 

Chapter 3). Only standard mid-size larvae of 4th – 6th instar were used in the bioassays. 

 

4.3.2. Selection and source of non-target species for odour-specificity testing 

The ability of C. urabae to exploit three different non-target Lepidopteran larvae and their host 

plants was examined. The three species chosen were the endemic New Zealand magpie moth 

Nyctemera annulata, the cinnabar moth Tyria jacobaeae, which is an introduced biocontrol 
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agent against the common ragwort Senecio jacobaea L. (Asteraceae) (Cameron 1935) and the 

endemic New Zealand forest looper Pseudocoremia suavis Butler (Lepidoptera: Geometridae). 

Nyctemera annulata and Tyria jacobaeae were used here because they were the subject of 

earlier experiments (see above). Both of these species are in the Erebidae family, which is 

considered to be relatively closely related to the family Nolidae of the target host U. lugens 

(Zahiri et al. 2010). Pseudocoremia suavis is unrelated to U. lugens and it is not known or 

expected to be a host of C. urabae so was chosen as an outgroup comparison. Pseudocoremia 

suavis was not included in the original list of candidate non-targets for C. urabae but its larvae 

can also be found feeding on a range of different Eucalyptus spp. (Martin 2009), so Berndt et 

al. (2009) suggested it as a possible candidate for testing the response of C. urabae to a novel 

host.  

Nyctemera annulata were sourced from a colony maintained for multiple generations 

at the University of Auckland, which was started from field collections conducted in Rotorua, 

Bay of Plenty and from Central Otago. Tyria jacobaeae larvae were sourced from direct 

collections conducted in Rotorua, Bay of Plenty. Before the experiments, these two species 

were kept separated and fed on potted ragwort (S. jacobaea) plants contained in mesh cages 

(61 x 61 x 91 cm) placed in a room at constant 18ºC with a 12:12 L:D photoperiod. Senecio 

jacobaea foliage was used as the food source even though N. annulata and T. jacobaeae are 

known to feed upon a number of different Senecio species (Singh & Mabbett 1976, Sullivan et 

al. 2008). Larvae of P. suavis were sourced from a laboratory colony maintained for multiple 

generations at Plant and Food Research, Auckland. Prior to starting the experiments, P. suavis 

larvae were kept in a plastic container (20 x 20 x 10 cm) in a Contherm™ incubator at 18ºC 

with a 12:12 L:D photoperiod, and fed on fresh Pinus radiata D.Don (Pinaceae) cuttings, as 

foliage of this species has been shown previously to be suitable food source for rearing this 

species (Berndt et al. 2004). 
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4.3.3. Experimental protocols 

Innate responses to non-target odours in a Y-tube olfactometer 

The same experimental set up was used as previously described in detail in Chapter 3. Briefly, 

bioassays were conducted in a standard 1 cm diameter glass Y-tube olfactometer with adapter 

joints (50 ml) attached to each arm (which served as odour chambers). An air pump circulated 

air at a constant rate of 500 ml/minute through each of the arms of the olfactometer. The air 

was purified through activated carbon filters connected via Teflon tubing to the distal ends of 

each of the odour chambers. Air flow was adjusted using a flowmeter (Precision Medical®).  

In each bioassay, the odour source was placed into one of the adapter joints, while the 

other adapter joint was used as a blank control that consisted of a cotton wool ball slightly 

moistened with distilled water. A single C. urabae female was then released into the basal 

column of the olfactometer, and proceeded to walk/fly once oriented into the air flow. Each 

wasp was judged as having made a choice when it crossed a line, marked at the last quarter (15 

cm) upwind of the Y junction, at either of the two arms. The attraction of C. urabae parasitoids 

to (a) host plants of target or non-target species, (b) target or non-target host larvae and (c) 

target or non-target hosts feeding on their host plants (target and non-target plant-host complex) 

was examined.  

Host plants of target or non-target hosts: The response of C. urabae to odours from the target 

host plant Eucalyptus fastigata or the potential non-target host plants Senecio jacobaeae and 

Pinus radiata was examined. A fresh undamaged cut leaf was used as the odour source and the 

parasitoid’s attraction was tested against the blank control. The leaf petiole was sealed with 

Parafilm™ to prevent moisture loss and to avoid any volatiles escaping from the cut end. 

Target or non-target host larvae: The attraction of C. urabae to naked larvae of its target  

U. lugens (positive control) or non-target hosts (N. annulata, T. jacobaeae or P. suavis) was 

also investigated in the Y-tube olfactometer. On each treatment, six larvae were freshly 
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removed from their respective food plant and used as the attractant tested against the blank 

control.  

Target or non-target plant-host complex: The attraction to target or non-target host insects fed 

on their respective food plants against the blank control were examined, whereby a leaf 

containing five larvae (previously fed for a minimum of 24 hrs) was used as the odour source. 

As above, Parafilm™ was used to seal the leaf petiole.  

All experiments were conducted in a laboratory at room conditions of 20ºC and under 

ambient fluorescent light provided by four recessed luminaires (Philips TBS760 4x14W/840) 

installed in the ceiling along the bench corridor. A total of 30 replicates (individual C. urabae) 

were conducted for each of the odour sources tested. Wasps that did not make a choice by the 

end of the experimental time were discarded and replaced by another individual, although this 

occurred rarely. Each experiment was conducted for a maximum of 15 min.  

Additionally, to avoid any positional effects, the blank control and the odour source 

were alternated between each replicate and the Y-tube was also rotated 180º. After every 

second trial the odour source was replaced with new fresh material, and the whole apparatus 

was dismantled and washed thoroughly with 90% ethanol and distilled water, and then dried in 

an oven at 50ºC for a minimum of 45 minutes before being used again.  

 

Specificity to target host in the presence of non-targets 

A multiple choice bioassay, which included the target plant-host complex, was conducted in a 

four-arm olfactometer with N. annulata and T. jacobaeae fed on their host plants (non-target 

plant-host complexes) since female wasps were found to be attracted only to these two non-

target species in the Y-tube olfactometer bioassays described in the above section (see Results). 

The use of the four-arm olfactometer to test the target and non-target plant-host complexes 

simultaneously allowed for multiple comparisons to compare C. urabae attraction to odour 
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cues of the target plant-host complex against the attraction to odour cues of non-target  

plant-host complexes.  

The four-arm olfactometer (90º arc, 30cm diameter) used in this study, as well as its 

experimental set up, was the same as described in detail in Chapter 3. The main body of the 

olfactometer was made of solid Perspex and was covered with a clear Perspex® plate, and the 

internal star-shaped exposure arena had curved walls which were 2 cm high and 1 cm at the 

narrowest width. Air inlet tubes of each of the olfactometer arms were 4 cm long and had a 

diameter of 1 cm, and were connected to a series of two 50 ml glass vials. The vial closest to 

the olfactometer was used to catch insects reaching that arm and the second vial contained the 

odour source. An air pump provided with four nozzles was used to push air through the arms 

of the olfactometer, which was previously cleaned through activated carbon filters connected 

to each odour source via Teflon tubing. Air flow was adjusted to a constant rate of 1.2 l/min 

using a flowmeter (Precision Medical®) since this constant flow rate has been proven (Vet et 

al., 1983) to avoid the four air flows from mingling and helped to create sharp borderlines 

between adjacent fields (distinct odour fields). As suggested in Vet et al. (1983), the exposure 

arena of the olfactometer was divided into four quadrants, so the boundaries of the four flow 

fields could be drawn on the cover Perspex® plate. 

As described in Chapter 3 an insect inlet adaptor connected to an inlet tube under the 

centre of the olfactometer was used to release the parasitoid into the exposure arena, which 

also served to connect a vacuum pump that sucked out the air from the olfactometer to generate 

a uniform airflow. Two compact fluorescent lamps (Philips Tornado, 740 lux each) were placed 

at two opposite sides of the olfactometer which provided an even illumination into the arena. 

A video camera was set centrally above the four-arm olfactometer and recorded the behavioural 

responses of all individual parasitoids. 
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The experimental procedure consisted of placing a single female wasp (replicate) in the 

insect inlet adaptor until it walked through the vertical inlet tube, whereupon it was exposed to 

the mixture of the target and no-target plant-host complexes odours until it entered the exposure 

arena. Arm l of the olfactometer contained the odour cues of the target plant-host complex, 

produced by five target host U. lugens larvae feeding on an E. fastigata leaf; arm 2 contained 

the odour cues of five non-target N. annulata feeding on a ragwort leaf; arm 3 contained the 

odour cues of five non-target T. jacobaeae feeding on a ragwort leaf, and the fourth arm was 

left blank. Once in the exposure arena, the wasp was allowed a maximum of 10 min to make a 

final choice, which was recorded when the parasitoid exited the olfactometer through the air 

inlet tube of one of the arms and entered that particular insect isolation trap (see Chapter 3 for 

a detailed olfactometer description). The number of final choices made by each of the females 

tested was recorded, as well as the frequency of visits and the time they spent in each of the 

odour fields. The time was stopped after a wasp made a final choice and stayed in the insect 

isolation trap for more than 1 min, and in this case the remaining experimental time was 

assigned to the odour field chosen.  

The whole apparatus was dismantled and washed thoroughly with 90% ethanol and 

distilled water after every four replicates. At this time, the whole apparatus was also rotated 

90º to avoid any directional bias. All the experiments were conducted in the laboratory at 20ºC, 

and a total of 50 replicates were conducted for the multiple choice bioassay. All behavioural 

data gathered from the recorded videos were coded and analysed with the coding behaviour 

software Solomon coder® (Péter 2014).  

 

Associative learning of non-target cues 

The multiple choice bioassays described in the previous section showed that C. urabae 

exhibited a higher preference for the target plant-host complex, than the two non-target  
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plant-host complexes tested (see Results). Therefore two additional separate experiments were 

conducted to determine whether or not C. urabae females are able to increase their responses 

to non-targets compared to the target hosts U. lugens through associative learning gained after 

an oviposition experience. These multiple choice bioassays were conducted in the same way 

as described in the previous section, except that the parasitoids used in these experiments had 

prior oviposition experience with a non-target host, N. annulata (bioassay 1) or T. jacobaeae 

(bioassay 2). Therefore, prior to starting each multiple choice bioassay, a naïve C. urabae 

female was placed for 30 min. in a glass Petri dish (90 mm diameter and 18 mm high) and 

permitted to attack five non-target host larvae feeding on their host plant. After the exposure 

time, the wasp was removed from the petri dish and tested, within the following 3 hours, in the 

four-arm olfactometer to assess potential learned responses to volatiles of the non-target plant-

hosts complex previously experienced. Visual confirmation of oviposition behaviour was made 

for all wasps exposed to non-targets prior to testing. A total of 50 replicates were conducted 

for each bioassay.  

 

4.3.4.  Statistical analysis 

Data obtained from the experiments conducted in the Y-tube olfactometer were analysed with 

a two-sided exact binomial test. A significant (P < 0.05) positive response indicated preference 

for a given test odour, and this was concluded when the 95% confidence intervals for the overall 

proportion choosing the stimulus arm was greater than 0.50 (Quinn & Keough 2002).  Final 

choices made by the female wasps in the multiple choice experiment were compared using a 

chi-square test, and the Bonferroni correction was applied for multiple comparisons when 

significant differences were detected (Quinn & Keough 2002). The data for the frequency of 

visits and time spent on each odour field by each wasp were analysed with the non-parametric 

Friedman two-way analysis of variance by ranks test. Pairwise Friedman's test (P < 0.05) were 
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performed when an overall experimental effect was detected (Conover 1999). The data analysis 

was performed with the statistical software package SYSTAT v.13 (Systat Software, San Jose, 

CA, USA).  

 

4.4. RESULTS 

 

4.4.1. Innate responses to non-target odours 

The non-target host plants tested were no more attractive (S. jacobaea: obs. proportion = 0.53, 

P = 0.856; P. radiata: obs. proportion = 0.57, P = 0.585) to female C. urabae wasps than clean 

air, whereas the target host plant used as the positive control was significantly preferred (E. 

fastigata: obs. proportion = 0.77, P = 0.005) by C. urabae females over clean air (Figure 1a). 

 From the three non-target host larvae tested, C. urabae females exhibited a significantly 

positive attraction to T. jacobaeae (obs. proportion = 0.77, P = 0.005) and N. annulata (obs. 

proportion = 0.7, P = 0.043), but not to P. suavis (obs. proportion = 0.47, P = 0.856) when 

exposed against clean air (Figure 1b). A significantly stronger attraction (obs. proportion = 0.8, 

P = 0.0014) to the positive control, U. lugens larvae, than clean air was also confirmed.  

 Higher numbers of C. urabae wasps were attracted to non-target hosts feeding on their 

host plants when compared with clean air (Figure 1c). C. urabae females significantly preferred 

T. jacobaeae on ragwort (obs. proportion = 0.73, P = 0.016), N. annulata on ragwort (obs. 

proportion = 0.8, P = 0.002), and the positive control U. lugens larvae on E. fastigata (obs. 

proportion = 0.83, P = 0.0003) over clean air (Figure 1c). However, Pseudocoremia suavis 

larvae on radiata pine foliage was not significantly more attractive (obs. proportion = 0.57,  

P = 0.582) to C. urabae females than clean air.  
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Figure 1: Response of C. urabae female wasps in a Y-tube olfactometer to odour volatiles of (a) non-

target and target host plants, (b) non-target and target host species larvae, and  

(c) non-target and target host species on their host plants. The number of individuals choosing either 

the odour source or the blank control is shown next to each % choice bar. Asterisks indicate a significant 

difference within a choice test: *P < 0.05, **P < 0.01, ***P < 0.001 (two-sided exact binomial test). 

n.s. = non-significant. 
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4.4.2. Specificity to target host in the presence of non-targets 

The results from the multiple choice olfactometer bioassay clearly showed that naïve C. urabae 

females exhibited a significantly higher preference for U. lugens host larvae feeding on E. 

fastigata than the non-target species feeding on their host plants (Table 1) in terms of the 

number of final choices (χ2: 45.00, d.f.: 3, P < 0.001), frequency of visits (Friedman test statistic 

χ2: 55.80, d.f.: 3, P < 0.001) and time spent (Friedman test statistic χ2: 60.12, d.f.: 3, P < 0.001) 

in each odour field.  

 

Table 1: Mean (±SE) response of female Cotesia urabae in the exposure arena of the four-arm 

olfactometer, with each arm linked to odour volatiles emitted by the target plant-host complex and non-

target host complexes that were shown to be attractive in previous Y-tube olfactometer assays, and a 

blank control. 

Response  n 

Odour field  

Pb 1 
U. lugens fed 
on E.fastigata 

2 
N. annulata 

fed on ragwort 

3 
T. jacobaeae 

fed on ragwort 

4 
blank 

control 
No. final 
choices 

39 27a ± 0.1 9b ± 0.1 3bc ± 0.03 0c ± 0 < 0.001 

Mean no. 
visits/field 

50 4.7a ± 0.7 4b ± 0.7 3.2b ± 0.6 1.6c ± 0.2 < 0.001 

Mean % time 
spent/fielda 

50 56.5a ± 5.1 25.2b ± 4.2 15.5b ± 2.9 2.8c ± 0.5 < 0.001 
aMean % time spent/field value is provided in the table for ease of comparison. However, relative times 

spent on the different fields by each C. urabae female was used in statistical analysis. 
bP-values resulting from χ2 test (no. final choices) or Friedman two-way ANOVA by ranks. Mean within 

a row sharing a letter are not significantly different [Bonferroni correction test (no. final choices) or 

pairwise Friedman's test (no. visits and % time spent per field): P<0.05]. 

 

 

 

 

103 
 



Chapter 4: Odour-specificity testing of Cotesia urabae to assess risk to non-target species  

 
4.4.3. Associative learning of non-target cues 

The multiple choice olfactometer experiment results showed that C. urabae females that 

previously had an oviposition experience with N. annulata still exhibited a significantly higher 

preference for the target host U. lugens feeding on E. fastigata than the non-targets tested 

(Table 2) in terms of the number of final choices (χ2: 30.51, d.f.: 3, P < 0.001), time spent 

(Friedman test statistic χ2: 63.41, d.f.: 3, P < 0.001), and frequency of visits (Friedman test 

statistic χ2: 52.43, d.f.: 3, P < 0.001) in each odour field. However, pairwise comparisons 

showed that there was no significant difference (P = 0.076) between the frequency of visits per 

field to the target plant-host complex and the N. annulata plant-host complex (Table 2).  

 

Table 2: Mean (±SE) response of female Cotesia urabae, with prior oviposition experience to non-

target species, in the exposure arena of the four-arm olfactometer. Each arm is linked to odour volatiles 

emitted by the target plant-host complex, the non-target host complexes, and a blank control. 

Response  

  
Prior 

experience 
  

n 

Odour field 

Pb 
1 

U. lugens fed 
on E.fastigata 

 

2 
N. annulata 

fed on 
ragwort 

3 
T. jacobaeae 

fed on 
ragwort 

4 
blank 

control 
 

No. final 
choices 

N. annulata 41 24a ± 0.1 11b ± 0.1 6bc ± 0.1 0c ± 0 < 0.001 
T. jacobaeae 38 23a ± 0.1 8b ± 0.1 7b ± 0.1 0b ± 0 < 0.001 

        
Mean no. 
visits/field 

N. annulata 50 4.5a ± 0.4 4.4a ± 0.5 3.6b ± 0.6 2c ± 0.3 < 0.001 
T. jacobaeae 50 4.4a ± 0.6 3.8b ± 0.5 3.5b ± 0.6 1.7c ± 0.2 < 0.001 

        
Mean % time 
spent/fielda 

N. annulata 50 53.6a ± 4.8 26.7b ± 3.9 16.5b ± 2.8 3.2c ± 0.6 < 0.001 
T. jacobaeae 50 55.3a ± 5.1 24.9b ± 4.2 17.1b ± 3.2 2.7c ± 0.5 < 0.001 

aMean % time spent/field value is provided in the table for ease of comparison. However, relative times 

spent on the different fields by each C. urabae female was used in statistical analysis. 
bP-values resulting from χ2 test (no. final choices) or Friedman two-way ANOVA by ranks. Mean within 

a row sharing a letter are not significantly different [Bonferroni correction test (no. final choices) or 

pairwise Friedman's test (no. visits and % time spent per field): P<0.05]. 
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Cotesia urabae females with a previous oviposition experience to T. jacobaeae, also 

continued to show a significantly higher preference to the target host U. lugens feeding on E. 

fastigata than the non-targets (Table 2) in terms of the number final choices (χ2: 25.58, d.f.: 3, 

P < 0.001), frequency of visits (Friedman test statistic χ2: 49.47, d.f.: 3, P < 0.001) and time 

spent (Friedman test statistic χ2: 55.49, d.f.: 3, P < 0.001) in each odour field.  

 

4.5. DISCUSSION 

 

4.5.1. Innate responses to non-target odours 

Odour volatiles emitted by plants play an essential role in communication in tritrophic systems, 

where volatiles emitted by uninfested plants are known to be used by parasitoids as long-range 

attractants in host habitat location (Vinson 1984, Turlings et al. 1991, Agelopoulos & Keller 

1994, Ngi-Song et al. 1996). Once a host habitat is found, kairomones produced by insect hosts 

are used as short-range attractants in the process of host location (Vet & Dicke 1992, Ngi-Song 

et al. 1996). The results from the Y-tube olfactometer bioassays demonstrate that in the 

tritrophic system involving C. urabae, female parasitoids can innately respond to chemical cues 

emitted by undamaged E. fastigata, its target host larvae (U. lugens) and the target plant-host 

complex, which is consistent with results reported in Chapter 3. The ability of a parasitoid to 

exploit target host infochemical cues for host-finding is certainly a desirable trait for a 

biocontrol parasitoid, and in this study the confirmed attraction of C. urabae females to the 

target E. fastigata – U. lugens plant-host complex suggests a high searching efficacy by 

foraging C. urabae for successfully locating and parasitising their target host.  

None of the non-target plants tested and neither larvae of the non-target P. suavis nor 

its plant-host complex were found be attractive to female C. urabae, but surprisingly, a 

significant attraction was observed to larvae of the non-target species N. annulata and  
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T. jacobaeae and also to these non-target plant-host complexes when compared with clean air. 

The innate behavioural responses exhibited by C. urabae females to non-target larvae and the 

plant-host complex of the non-target N. annulata and T. jacobaeae suggest that females may 

react non-specifically when encountering volatiles emanating from non-targets more closely 

related to the target host species. However, the lack of attraction to volatile cues from 

undamaged host plants of the non-targets suggests that no long-range attraction is likely to be 

exhibited by C. urabae females to these non-target host plants. This would decrease the chances 

of C. urabae females moving into non-target habitats, thereby reducing the potential risks of 

C. urabae attacking populations of N. annulata and T. jacobaeae. 

Other studies have also found a positive attraction of parasitoids to non-target species. 

For example, the stem-borer parasitoid Cotesia flavipes was found to be significantly attracted 

to naked larvae of the non-target Galleria menonella L. (Lepidoptera: Pyralidae), the 

honeycomb moth, when compared with clean air (Jembere et al. 2003). Moreover, Cotesia 

flavipes showed no preference between the non-target G. menonella and the target host Chilo 

partellus when tested together. It was concluded that this attraction should pose no risks to this 

non-target species as the chances of C. flavipes searching for hosts in habitats too different 

from that of the target hosts are remote (Jembere et al. 2003). However, there are also studies 

showing that parasitoids can search for and attack non-target species in completely different 

habitats (Munro & Henderson 2002, Perfecto & Vet 2003, Berry & Walker 2004). Therefore, 

the specificity of attraction of C. urabae to volatile cues from a wider range of other potential 

non-target hosts certainly needs to be assessed, since its habitat specificity cannot be 

guaranteed in the absence of information on its preferences. 
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4.5.2. Specificity to target host in the presence of non-targets 

Results from the multiple choice bioassay conducted in the four-arm olfactometer were used 

to assess the parasitoid’s specificity for volatile cues of the target plant-host complex compared 

with non-target plant-host complexes. Cotesia urabae revealed a significantly higher innate 

preference for the target plant-host complex compared to either the N. annulata or T. jacobaeae 

plant-host complexes in terms of: (1) the number of final choices made by parasitoids; (2) the 

number of visits per field; and (3) the time spent in each field.  

The stronger preference towards the target plant-host complex despite the parasitoids 

being naïve of any oviposition experience may be due to a response to the chemical information 

being carried by the mixture of specific kairomones produced by U. lugens larvae and also 

specific herbivore-induced synomones released by the host plant upon damage by feeding  

U. lugens larvae. These particular stimuli would be highly detectable in a field situation as the 

synomones would be released systemically by the whole plant being attacked and not only by 

damaged leaves (Turlings & Tumlinson 1992, Dicke et al. 1993, Vet et al. 1995). Therefore, if 

the significantly stronger preference of C. urabae towards the target plant-host complex is due 

to released synomones and kairomones, it would suggest that these are highly reliable cues for 

foraging C. urabae females and should be specific to the target plant-host complex. Thus, these 

infochemicals are likely to be a specific indicator of the target host presence (Turlings et al. 

1990, Vet et al. 1991, Tumlinson et al. 1993). Cotesia urabae females were also found to be 

strongly attracted to the N. annulata and T. jacobaeae plant-host complexes in the Y-tube 

olfactometer bioassays when compared with clean air. However, the results from the multiple 

choice bioassay suggest that C. urabae would show a high level of odour-preference to volatiles 

of the target plant-host complex when hosts and plants are sympatric. This would reduce the 

likelihood of C. urabae females searching and potentially attacking N. annulata and  

T. jacobaeae if the target host is present.  
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4.5.3. Associative learning of non-target cues 

The ability to learn and respond to novel non-target chemical cues via associative learning has 

been documented in a number of hymenopteran parasitoids. Specifically, it has been 

demonstrated that experience acquired by a parasitoid during its adult stage may result in an 

overall increase in responsiveness to non-targets. Thus, a parasitoid may learn to accept a less 

preferred species or to respond more strongly to cues associated with them (Drost & Carde 

1992, Turlings et al. 1993, Vet et al. 1995). The ability to learn to orient to, and locate, novel 

host cues could be of concern as it may result in parasitoids increasing non-target host attacks 

over time (Orr et al. 2000). 

No strong evidence was found of associative learning to non-target volatile cues by  

C. urabae females after an oviposition experience with the non-target plant-host complex 

tested. Only the number of visits per field by C. urabae females did not differ significantly 

between the target host U. lugens fed on E. fastigata and N. annulata fed on ragwort, after 

previous oviposition experience with N. annulata. The significantly higher preference for the 

target host found for both the number of final choices made by C. urabae females and the time 

they spent searching in the target host field taken together with the lack of associative learning, 

suggests that C. urabae is likely to remain largely host specific in the field, and the probability 

of C. urabae significantly attacking non-target hosts should be quite low – or at least whenever 

U. lugens is present. Other studies have also investigated the potential effect of a parasitoid’s 

associative learning on its propensity to attack non-target species. Yong et al. (2007) studied 

the potential negative effects of associative learning by the egg parasitoid Trichogramma 

ostriniae Pang and Cheng (Hymenoptera: Trichogrammatidae) on eggs of the non-target 

Spodoptera frugiperda J. E. Smith (Lepidopetera: Noctuidae) in a wind tunnel. This non-target 

has been shown previously to be a physiological host of T. ostriniae, so they exposed 

parasitoids to S. frugiperda pheromones along with eggs of this unnatural rearing host prior to 
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testing potential behavioural changes. They concluded that T. ostriniae is relatively  

odour-specific and associative learning to the novel odours did not occur. Similar to my own 

thoughts, they concluded non-target impacts to S. frugiperda in the field were unlikely. 

It is still uncertain what happens during the two periods in the year (mid-spring and late 

summer) when U. lugens larvae are absent between generations in New Zealand. This would 

be the highest risk period for non-target attack, since it is still unknown if adult C. urabae 

parasitoids might bridge this period of host absence by either initiating diapause or by finding 

an alternative host. In a laboratory and field study conducted in Tasmania by Rowbottom et al. 

(2013), no evidence was found of non-targets being attacked by C. urabae during the five-

month time window in which U. lugens was absent in the field. This conclusion was drawn 

despite the presence of Nyctemera amica, a closely related Erebidae species to the target host 

U. lugens, being present in the field while the target was absent. However, the possibility that 

C. urabae uses an alternative host in New Zealand cannot be ruled out without having tested 

for this experimentally.  

Given the broad physiological host range of a number of Cotesia species, host-

specificity testing via parasitization assays can provide a useful initial screening to determine 

the parasitoid species that could be used against a particular pest without putting non-target 

species at risk. Conducting olfactory response bioassays to infochemicals of the target and 

potential non-target hosts of parasitoids as part of the host specificity testing of a candidate 

biological control agent is likely to be a cost-effective means of risk assessment. Preferably, 

these types of studies could be conducted within the quarantine testing period. Therefore, I 

recommend that olfactory response bioassays such as those reported here be introduced to 

laboratory screening processes for potential biocontrol agents, in order to provide useful 

information about the match between the biocontrol agent and its target host compared to  

non-target species. This will bridge the knowledge gap between all the components of the host 
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selection process, from habitat location (long-range searching) to host location (short-range 

searching) and then assessment of host suitability (Vinson 1984). Ultimately, testing of 

olfactory responses could be a helpful method for assessing the potential risks to non-target 

host species prior to release of a biocontrol agent. 
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CHAPTER 5: HOST TESTING OF THE PARASITOID COTESIA 

URABAE TO ASSESS THE RISK POSED TO THE NEW ZEALAND 

NOLID MOTH CELAMA PARVITIS: DO HOST DEPRIVATION AND 

EXPERIENCE INFLUENCE ACCEPTANCE OF NON-TARGET 

HOSTS? 

 

5.1. ABSTRACT 

Retrospective host specificity testing of the recently introduced biological control agent 

Cotesia urabae against Uraba lugens was conducted to assess the potential risk posed to the 

endemic nolid moth Celama parvitis. The effect that different periods of host deprivation and 

prior host exposure (‘experience’) had on the parasitoid’s readiness to attack a non-target 

species was examined in a sequence of consecutive no-choice tests. Even though C. urabae 

was observed to oviposit on C. parvitis in 91% of the no-choice tests, no parasitoids emerged 

from the 52% of larvae that survived to complete larval development. Host larvae that died 

during the laboratory rearing were dissected revealing that 63% contained a parasitoid larva, 

none of which had developed beyond the second instar within the larvae of C. parvitis. These 

results show a high level of developmental failure of C. urabae within C. parvitis, confirming 

that it is not a suitable physiological host. Therefore, potential negative impacts of C. urabae 

on C. parvitis in the wild are likely to be negligible. Significant differences were found in the 

attack times between parasitoids with different levels of host deprivation, with younger 

parasitoids taking longer to initiate attack behaviour. Also, it was observed that the lag until 

first attack decreased significantly after previous experience with the same host in a succession 

of no-choice tests. These results suggest that host deprivation and experience may play an 

important role in increasing the responsiveness to non-target species by C. urabae. 
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5.2. INTRODUCTION 

Biological control is a sustainable approach to insect pest management and has been proven to 

be a highly cost-effective method to control pests (Greathead 1995). However, the release of 

biological control agents in a new environment may result in negative consequences to native 

and exotic species if non-target effects are not assessed adequately during the development of 

the biological control programme (Mack et al. 2000, Sheppard et al. 2003, Eilenberg 2006). It 

is essential that any potential risks to non-target species are identified and assessed before the 

introduction of a new biological control agent. Therefore, many countries have developed 

regulations in order to improve decision making prior to the introduction of biological control 

agents (Sheppard et al. 2003). 

Accurate knowledge of a parasitoid’s host range and a thorough assessment of its host 

specificity are a key concern in any biological control programme for insect pests. Highly  

host-specific biological control agents should be favoured as they have less potential to cause 

non-target effects than polyphagous agents (McEvoy 1996, Babendreier et al. 2003, Louda et 

al. 2003, van Lenteren et al. 2003). Host specificity tests are conducted to determine the safety 

of a proposed biological control agent to native and valued species in the receiving country 

(Van Driesche et al. 1997, van Lenteren et al. 2003). However, there are a number of 

behavioural and physiological processes that could affect the outcome of such tests (Browne 

& Withers 2002, Withers & Browne 2004). For example, the acceptance thresholds of insects 

to sensory cues associated with oviposition sites can vary according to periods of host 

deprivation (Papaj & Rausher 1983, Browne & Withers 2002, Withers & Browne 2004), and 

also to previous experience with hosts (Simons et al. 1992, Turlings et al. 1993, Vet et al. 1995, 

Heard 1999). Studies have shown that female parasitoids increased their acceptance of lower 

ranked (‘less preferred’) species, and also previously parasitised hosts after periods of host 

deprivation (Klomp et al. 1980, Drost & Carde 1992a, Babendreier & Hoffmeister 2002). 
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Similarly, Turlings et al. (1993) and Vet et al. (1995) have found that experience acquired 

during the adult stage may result in an overall increase in responsiveness, where a parasitoid 

may learn to respond to previously unrecognised stimuli. There are many behavioural and 

physiological processes yet to be explored as part of developing protocols for an effective host 

specificity testing process, with many challenges remaining, especially when conducting tests 

on parasitoids (Babendreier et al. 2005, van Lenteren et al. 2006, Hoddle & Pandey 2014, 

Roversi et al. 2014). 

Successful biological control programmes against insect pests have been reported 

worldwide (Dajoz 2001, Gilbert et al. 2003, Van Driesche et al. 2003). However, unpredicted 

use of non-target species by introduced biological control agents has also been reported and 

remains an area of significant concern (Howarth 1991, Simberloff & Stiling 1996, Barratt et 

al. 1997). For instance, host specificity testing was conducted prior to the release of the 

braconid parasitoid Microctonus hyperodae Loan (Hymenoptera: Braconidae) against 

Listronotus bonariensis Kuschel (Coleoptera: Curculionidae) in New Zealand, where the 

native weevil Irenimus aequalis Broun (Coleoptera: Curculionidae) was found to not be 

threatened by this biological control agent (Goldson et al. 1992). However, field surveys 

conducted after release confirmed parasitism of I. aequalis, and other non-target species, by  

M. hyperodae (Barratt et al. 1997). Biological control agents may also interfere with natural 

enemies or other previously established biological control agents, thus disrupting existing 

control programmes (Goeden & Louda 1976, Howarth 1991). The braconid Microctonus 

aethiopoides Loan (Hymenoptera: Braconidae) was introduced for biological control of the 

forage pest Sitona discoideus Gyllenhal (Coleoptera: Curculionidae) in New Zealand, and now 

it has been confirmed attacking more than 10 non-target weevils in the field, including the 

weed biocontrol agent Rhinocyllus conicus (Froehlich) (Barratt et al. 1997). Therefore, to 

ensure the success of any future biological control programme, research on non-target effects 
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prior to the release of a biological control agent needs to be undertaken effectively to provide 

accurate predictions. 

Uraba lugens Walker (Lepidoptera: Nolidae) is a moth endemic to Australia, where it 

is known to be a major defoliator of many Eucalyptus species in forests and plantations (Berndt 

& Allen 2010, Avila et al. 2013). This pest was declared established in New Zealand in 2001, 

and is now widespread in a number of regions of the North Island and the South Island (Avila 

et al. 2013). There is a growing concern about this invasive moth, since the predicted potential 

distribution is extensive (Kriticos et al. 2007), and it could become a serious pest of eucalypt 

plantations in New Zealand (Kriticos et al. 2007, Berndt & Allen 2010).  

Cotesia urabae Austin and Allen (Hymenoptera: Braconidae) is a solitary koinobiont 

larval endoparasitoid native to Australia. C. urabae is part of a large complex of 11 primary 

parasitoids of U. lugens and was deemed host specific to U. lugens (Austin & Allen 1989, Allen 

1990a, Rowbottom et al. 2013). In January 2011, C. urabae was first released as a biological 

control agent in New Zealand. Since then, a number of occurrences of field parasitism of U. 

lugens have been detected (pers. obs.), but to date no non-target parasitism has been detected 

in the field. 

Before C. urabae was released, a list of non-target lepidopteran species were selected 

for host range testing based on taxonomic criteria (Berndt et al. 2009). The majority of the 

species present on the list were tested for non-target effects (Berndt et al. 2007, Berndt et al. 

2010). Due to its close phylogenetic relatedness to U. lugens, the sole New Zealand endemic 

nolid Celama parvitis Howes (Lepidoptera: Nolidae) was ranked first on the list of species that 

may be at risk of non-target attack (Berndt et al. 2009). The cryptic larvae of this small and 

discrete moth species feed on the leaves of the shrub Helichrysum lanceolatum (Buchanan) 

Kirk (Compositae), which is widespread in New Zealand (BH Patrick, Wildlands Consultancy 

Ltd. pers. comm. 2013). Celama parvitis is reported to be common only in some parts of the 
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eastern and central South Island where U. lugens has not yet spread to, but individual 

populations of C. parvitis are scattered and difficult to locate (BH Patrick, Wildlands 

Consultancy Ltd. pers. comm. 2013). Host specificity testing was conducted before the 

introduction of C. urabae, and the parasitoid was approved for release by the EPA 

(Environmental Protection Authority) in New Zealand. However the results against C. parvitis 

were not definitive and lacked more extensive behaviour assessments. In these tests, Celama 

parvitis larvae were attacked at a moderate rate of seven attacks per 40 min of observations, 

and 44% of dissected larvae contained parasitoid larvae, but no other C. parvitis survived to 

either reach pupation or have parasitoids emerge (Berndt et al. 2010). Although the EPA was 

satisfied with the risk benefit analysis undertaken, further investigation is required to determine 

whether this non-target species may potentially be vulnerable to non-target attack as C. urabae 

spreads in the future (Berndt et al. 2010).  

To improve the reliability of no-choice host specificity testing and to better understand 

the potential effects of host deprivation and experience on parasitoids, in this study, I undertook 

a set of experiments including detailed behavioural observations on C. urabae interactions with 

C. parvitis larvae in the laboratory. The aim was to quantify the behavioural response of  

C. urabae after different periods of host deprivation and prior non-target host exposure, and to 

assess how these variables may influence the parasitoid’s readiness to attack a non-target 

species. Understanding these factors will provide greater confidence when assessing the true 

risk posed by C. urabae to C. parvitis. 

 

 

 

 

 

122 
 



Chapter 5: Host testing of Cotesia urabae to assess the risk posed to Celama parvitis 

 
5.3. MATERIALS AND METHODS 

 

5.3.1. Culture and source of parasitoids 

Cotesia urabae cocoons were shipped to the Scion invertebrate containment facility in Rotorua, 

New Zealand from Tasmania, Australia, in December 2012, where they had been reared from 

field-collected U. lugens from sites within Hobart. Parasitoids were reared through one 

generation before obtaining clearance from containment provisions. All resulting F1 

parasitoids were shipped to the School of Biological Sciences at The University of Auckland 

and taken into a PC1 laboratory to maintain a laboratory colony and undertake experimental 

research. The rearing methodology was adapted from Berndt et al. (2013), as described by 

Avila et al. (2013). 

The parasitoid culture was maintained on U. lugens larvae between the second and 

fourth instar. Host larvae were fed on excised leaves of Eucalyptus spp. and reared within 

temperature-controlled Contherm™ chambers held at 20°C with a 12:12 L:D photoperiod. All 

pupal cocoons formed from emerging parasitoid larvae were transferred to individual gelatine 

capsules, and reared at 15°C with a 12:12 L:D photoperiod. All adults were sexed and paired 

for mating in meshsided vials 1 day after emergence, and only confirmed mated females were 

used for the non-target no-choice assays. The adult female C. urabae were held until testing in 

Petri dishes (60 mm × 15 mm) containing a piece of Eucalyptus leaf and a drop of honey at 

15°C with a 12:12 L:D photoperiod. 

 

5.3.2. Source of target host 

Uraba lugens larvae used for positive controls were sourced from a laboratory colony 

maintained at The University of Auckland for experimental purposes as described in Chapter 

3. Prior to testing, larvae used in the experiments were kept in 750 ml plastic containers in a 
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Contherm™ incubator at 18ºC with a 12:12 L:D photoperiod, and  fed on leaves of Eucalyptus 

spp. collected from amenity trees in Auckland until they reached an appropriate stage for the 

experiments (i.e. second–fourth instar). 

 

5.3.3. Culture and source of non-target host 

Recently laid eggs of the non-target species Celama parvitis were sourced from Waihemo 

(Otago, NZ). After hatching, larvae were gently moved to fresh leaves on its host plant  

H. lanceolatum. Potted H. lanceolatum plants with C. parvitis larvae were kept individually in 

a mesh cage at 18°C in the laboratory. Plants were grown in 4 L pots and were about 50 cm in 

height. Once on the host plant, larvae fed on the undersides of leaves by scraping away 

tomentum and feeding on green tissue. Larvae were reared until they reached an appropriate 

size for the experiments (2–3 mm long, third–fourth instar approx.). This small size was used 

as it has been shown that the parasitoid is more successful parasitizing smaller host sizes (Allen 

1990b). 

 

5.3.4. Consecutive no-choice tests 

Once C. parvitis larvae reached the appropriate size, they were transferred using a camel 

hairbrush to an excised H. lanceolatum leaf and were exposed to inexperienced (‘naïve’) mated 

C. urabae females in small plastic Petri dishes (35 mm × 10 mm) in a no-choice assay. The use 

of this small arena was chosen to maximise the probability of encounter between parasitoids 

and the C. parvitis larvae tested.  

The experimental design consisted of one naïve C. urabae female presented with five 

individual C. parvitis larvae in succession. After an attack on C. parvitis was observed, the 

parasitoid was immediately removed and placed in the next Petri dish until five successive 

presentations (A1–A5) were completed. Each C. urabae female was given a maximum of 45 
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min to complete an attack before being placed in the next Petri dish. A successful attack was 

when the parasitoid was observed to have pierced the C. parvitis larva with its ovipositor. 

Female parasitoids that, after the 45 min observation period, failed to attack the first non-target 

host in the succession were discarded from the analysis and replaced with a new female. 

Parasitoids that successfully attacked a non-target host on the first presentation and then failed 

to attack a subsequent non-target host in the succession were moved to the next Petri dish until 

completing the five successive presentations. Once a set of five consecutive presentations was 

concluded, the female parasitoid was placed into another small Petri dish containing a group 

of 10 larvae of U. lugens. The U. lugens attacks served as positive controls to establish that all 

individual C. urabae parasitoids used had been capable of normal host-searching and 

oviposition behaviour under laboratory conditions. The experiment was replicated 15 times 

using a different female C. urabae per each replicate, which resulted in 75 C. parvitis larvae 

exposed to C. urabae. Access to honey was provided to female parasitoids before and after 

finishing the tests but not during the no-choice tests. 

In order to assess the success of the attacks and quantify the ability of C. urabae to 

develop within C. parvitis, all 75 C. parvitis larvae used in the experiment were individually 

reared within a temperature-controlled Contherm™ chamber at 20°C with a 12:12 L:D regime 

until either C. urabae emerged from them or C. parvitis pupated. The same rearing procedure 

was used to rear the larvae of the normal host, U. lugens, which were used as positive controls. 

Larvae that died during the rearing process were frozen, dissected and examined under 25x 

magnification to establish the presence of C. urabae parasitoid eggs or larvae. 

 

5.3.5. Behavioural observations 

Behavioural observations were conducted to determine the effect of the deprivation status of 

parasitoid females on their readiness to accept the non-target host C. parvitis, and also to see if 
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the experience gained while ovipositing on the non-targets within each replicate would result 

in a reduction of the total handling time for each subsequent oviposition event. 

The 15 no-choice replicates were subdivided in three different levels of host deprivation 

to be examined. Mated female C. urabae adults between 3–4 days old were used to conduct 

the attacks on the first five replicates, females between 8 and 9 days old on the next five 

replicates, and females between 14 and 15 days old on the last five replicates. I recorded the 

time taken for the parasitoid to attack each larva presented in the sequence of five successive 

ovipositions (A1–A5), up to a maximum of 45 min per presentation. 

 

5.3.6. Data analysis 

Three measures of C. urabae parasitoid attack on C. parvitis were compared according to the 

following variables: 

 

1) % 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠 =  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑 𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑙𝑙𝑑𝑑𝑓𝑓 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

2) % 𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑠𝑠𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑎𝑎𝑝𝑝𝑙𝑙𝑎𝑎𝑠𝑠 𝑠𝑠𝑒𝑒𝑠𝑠𝑝𝑝𝑒𝑒𝑠𝑠𝑝𝑝 =  𝑁𝑁° 𝑓𝑓𝑓𝑓 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑑𝑑𝑛𝑛𝑑𝑑𝑙𝑙𝑒𝑒𝑑𝑑𝑑𝑑 𝑓𝑓𝑙𝑙𝑓𝑓𝑛𝑛 ℎ𝑓𝑓𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑙𝑙𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

3) % 𝑎𝑎𝑝𝑝𝑠𝑠𝑠𝑠𝑎𝑎 𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑠𝑠𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠 =  𝑁𝑁°𝑓𝑓𝑓𝑓 𝑙𝑙𝑑𝑑𝑓𝑓𝑙𝑙𝑑𝑑 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑙𝑙𝑓𝑓𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑙𝑙𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

 

These variables were arcsin square root-transformed and normality was checked with the 

Shapiro–Wilk test. Data for the three above variables were compared among the non-target  

C. parvitis and the U. lugens controls using a one-way ANOVA, after confirming normality 

and homogeneity of variances of the data, and one-way ANOVA on ranks was used for  

non-normal data (Quinn & Keough 2002). The Student-Newman-Keuls (SNK) method was 

used to identify significant differences where an overall experimental effect was detected 

(Underwood 1997).  

126 
 



Chapter 5: Host testing of Cotesia urabae to assess the risk posed to Celama parvitis 

 
Behavioural data obtained were log-transformed and analysed with a two-factor 

repeated measures ANOVA, and the Holm-Sidak test was used when significant differences 

were detected between the levels of each factor (deprivation level and previous exposure) and 

their interactions (Quinn & Keough 2002). All the data obtained were analysed with the 

statistical software package SigmaPlot v.12.5 (Systat Software, San Jose, CA, USA). 

 

5.4. RESULTS 

 

5.4.1. Cotesia urabae development on Celama parvitis 

From the 75 C. parvitis larva attacked in the experiment, 39 survived to pupation. Dissections 

confirmed that 63% of larvae that did not survive to pupation (n = 36) contained C. urabae 

larvae (= successful attack) (Fig. 1a), and no C. urabae had developed beyond second instar. 

The proportion of successful non-target attacks did not differ significantly from that on  

U. lugens (H = 0.693, d.f. = 1, P = 0.405), where 67% of the larvae that did not survive to 

pupation (n = 44) were found to contain parasitoids. 

No C. urabae parasitoid larvae emerged from the 39 C. parvitis larvae that survived to 

pupation. By comparison, 66 cocoons were obtained from parasitoid larvae that emerged out 

of the 106 target hosts reared and 41 adults successfully hatched from those cocoons (Fig. 1b). 

Therefore, the rate of larval parasitoid emergence from C. parvitis differed significantly from 

U. lugens (H = 24.981, d.f. = 1, P < 0.001; SNK, P < 0.05) as well as the adult parasitoids  

(Fig. 1c) produced (H = 24.936, d.f. = 1, P < 0.001; SNK, P < 0.05). 
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Figure 1: Outcome of no-choice tests with C. urabae against C. parvitis compared with the target host 

U. lugens for (a) % successful attack, (b) % parasitoids emerged from non-target and target host larvae 

after rearing, and (c) % adult parasitoids resulting from larvae reared. Asterisks indicate significant 

difference from target host U. lugens (P < 0.001). n = total of larvae reared or dissected.  

 

5.4.2. Effect of parasitoid deprivation and presentation sequence on attack time 

Oviposition behaviour by C. urabae towards the non-target C. parvitis larvae was observed in 

91% of the 75 presentations. Significant differences were found in the average attack times 

among parasitoids that were deprived of hosts for 3–4 days (29.31 ± 1.07 min), 8–9 days (20.37 

± 1.05 min) and 14–15 days (12.79 ± 1.05 min) (F(2, 41) = 56.338, P < 0.001; Holm-Sidak,  

P < 0.05) (Fig. 2). I observed that younger (= less deprived) female parasitoids took longer to 

commence attacking non-target hosts, and this time progressively decreased when deprivation 

increased (Fig. 2). 
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Also, significant differences (F(4, 41) = 21.005, P < 0.001; Holm-Sidak, P < 0.05) were 

found between the time taken by parasitoid females to start an attack (A1–A5) for presentation 

A1 (28.71 ± 1.06 min), A2 (25 ± 1.06 min), A3 (17.74 ± 1.06 min), A4 (16.83 ± 1.06 min) and 

A5 (13.77 ± 1.10 min) on the successive non-target presentations (Fig. 3). It was found that the 

time taken to commence oviposition declined as the number of oviposition experiences 

increased (Fig. 3). There was no evidence of interaction between the different deprivation 

levels and the number of previous experiences with the non-target host (F(8, 41) = 0.414,  

P = 0.906). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Time taken by female C. urabae to start attacking C. parvitis after each period of deprivation. 

Deprivation periods sharing a letter are not significantly different at P < 0.05. 
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Figure 3: Time taken by female C. urabae to start attacking C. parvitis after each of the five successive 

non-target presentations. Successive treatments (A1 – A5) sharing a letter are not significantly different 

at P < 0.05. 

 

5.5. DISCUSSION 

 

5.5.1. Attack and physiological development 

Female C. urabae readily attacked the larvae of C. parvitis on H. lanceolatum leaves within 

no-choice laboratory assays in small arenas. Parasitoid larvae were found within host larvae 

after dissections, in congruence with initial findings by Berndt et al. (2010). However, no  

C. urabae larvae developed past their second instar within the larvae of C. parvitis, which 

suggests that there was a high level of developmental failure for the parasitoid larvae in the 

non-target host tested. 

Encapsulation of parasitoid larvae by the hemocytes of lepidopteran larvae is a common 

immune response against parasitoids (Vinson 1977, 1990, Gross 1993). However, no 
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encapsulated parasitoid larvae were observed during dissections in the present study, 

suggesting that either the parasitoid larvae overcame this defence mechanism, encapsulation 

never occurred, or a different type of immune response took place in C. parvitis. Another 

potential reason that C. urabae did not successfully develop further within C. parvitis may be 

an incompatibility with the size of the non-target host. Fully grown C. parvitis larvae can reach 

up to 7 mm in length, which is much smaller than its target host U. lugens whose larvae can 

grow to twice this length. It has been shown that C. urabae attacks a range of different instars 

of its target host in the field (Allen 1990b); however, its development in small host larvae has 

been observed to take longer than in midsize and large hosts (Allen & Keller 1991). Therefore, 

the small larval size of C. parvitis may not provide a sufficient volume for the parasitoid to 

develop before its host starts pupation, thus making this non-target species a  

non-compatible physiological host for C. urabae. 

 

5.5.2. Effect of deprivation state on readiness to oviposit on Celama parvitis 

Many studies have shown that there is a positive correlation between readiness to oviposit and 

elapsed time since the female last oviposited (Papaj & Rausher 1983, Browne & Withers 2002, 

Withers & Browne 2004). Evidence for this in parasitoids has come from two types of findings: 

Host deprived female parasitoids show increased acceptance of hosts already parasitised by 

conspecific females, and the probability of accepting lower ranked host species also increases 

with the period of host deprivation (Klomp et al. 1980, Drost & Cardé 1992a, 1992b, 

Babendreier & Hoffmeister 2002). For instance, it took 10 days post-emergence for 

Brachymeria intermedia Nees (Hymenoptera: Chalcididae) to show a 30% probability of 

accepting a low-ranked host, pupae of Holomelina lamae Freeman (Drost & Cardé 1992a), 

which were not attacked prior to this. 
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The results presented here suggest that C. parvitis is a non-physiological host (no larvae 

have been reared to pupation); therefore, theory would suggest that it should rank lower for 

acceptance. This is despite a moderate level of acceptance during the 45 min window I gave 

the parasitoid for each presentation. Additionally, in this study I have shown that host 

deprivation in C. urabae increased the probability of accepting this host, as handling time to 

first oviposition decreased as the deprivation period increased. This response is consistent with 

it being a lower ranked host. The observed decrease in time to first attack could be due to a 

number of potential physiological mechanisms. Several studies have shown that higher egg 

load and/or reduced host encounter rate after the first encounter may increase the intensity of 

the parasitoid’s searching behaviour and the probability of accepting lower ranked hosts 

(Mangel 1989, Rosenheim & Rosen 1991, Minkenberg et al. 1992, Withers & Browne 2004). 

For example, Pak et al. (1985) show that parasitoids of the species Trichogramma maidis 

(Trichogrammatidae) exhibit a positive correlation between egg load and searching activity. 

Similarly, Rosenheim and Rosen (1991) showed that Aphytis lingnanensis Compere 

(Hymenoptera: Aphelinidae) parasitoids that had small egg loads showed a reduced probability 

of finding their host in a 30 min assay. Also, Courtney et al. (1989) demonstrated that the lower 

ranked host acceptance of the fruit fly Drosophila busckii increased with higher egg load. 

In synovigenic species, which continue to produce eggs throughout the adult stage, the 

production of eggs is dependent on the nutrition of the adult female (Thompson & Hagen 1999, 

Bernstein & Jervis 2008). Adult C. urabae is a species that emerges with only a fraction of its 

total mature egg complement. Egg production rapidly increases within the first 24 h after 

emergence, and females continue to produce eggs during their adult life (Allen 1989). Egg load 

of deprived C. urabae females has been observed to nearly double between the time of 

emergence and death (Allen 1989). Hence, there is the potential that host deprivation with 

continuous nutritional intake may increase egg load. Eliopoulos et al. (2003) show that access 
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to food and host deprivation in the synovigenic endoparasitoid Venturia canescens 

(Gravenhorst) (Hymenoptera: Ichneumonidae) resulted in an egg load increase with parasitoid 

age. Similarly, females of the parasitoid Mastrus ridibundus (Gravenhorst) (Ichneumonidae) 

showed a higher egg load after a period of host deprivation, where host-deprived females were 

able to immediately use the eggs stored in their ovarioles, even after 6 days of being deprived 

(Hougardy et al. 2005). Therefore, an increase in egg load may be the mechanism responsible 

for the observed increase in the readiness of deprived C. urabae females to attack C. parvitis. 

 

5.5.3. Effect of presentation sequence on readiness to oviposit on Celama parvitis 

The effect of experience and learning are known to be important behavioural components in 

the process of host selection by hymenopteran parasitoids (Turlings et al. 1993, Heard 1999), 

where the ability to locate hosts by even highly specialised parasitoid species is known to be 

strongly influenced by learning (Heard 1999). Experience gained during the adult stage may 

result in a general increase in responsiveness (also known as ‘priming’), where a wasp may 

learn to respond to previously unrecognised stimuli (Turlings et al. 1993, Vet et al. 1995). For 

example, Turlings et al. (1989) showed that Cotesia marginiventris Cresson (Hymenoptera: 

Braconidae) females that had previous experience with their hosts became considerably more 

responsive to odours associated with those hosts they first experienced. 

Repeated experience is likely to facilitate learning and influence a parasitoid’s foraging 

strategies in a permanent way (Turlings et al. 1993). In this study, I observed that there was a 

continuous increase in the responsiveness of C. urabae females to the non-target host, resulting 

in a decrease in the time taken by parasitoids to commence an attack with each of five 

successive experiences with the host. The observed increase in the response may be due to 

‘priming’, as a result of experience gained by the parasitoid during each exposure. Eller et al. 

(1992) observed similar results, where Microplitis croceipes Cresson (Hymenoptera: 
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Braconidae) females had repeated exposure to the odour of its host faeces and exhibited strong 

preferences for the odour they had experienced. Also, some studies have shown that the 

rewarding experience of oviposition itself may result in a significant increase in insect 

responses (Turlings et al. 1993, Vet et al. 1995). For example, Simons et al. (1992) showed that 

a single oviposition experience for eucoilid parasitoids (Hymenoptera: Eucoilinae), the 

specialists Leptopilina boulardi Barbotin et al., L. fimbriata Kieffer and the generalist L. 

heterotoma Thomson, with Drosophila larvae was more than enough to alter the parasitoid’s 

preferences, which were further enhanced by repeated experiences. This increase in response 

after an oviposition experience has also been shown by Drost et al. (1986) for the M. croceipes 

female parasitoids. Therefore, the effect of repeated experience enhanced by oviposition may 

be a possible explanation for the observed increase in response by C. urabae to C. parvitis 

larvae in the sequence of five continuous presentations. It is notable that learning and priming 

occur despite C. parvitis not being a physiological host. 

How long the effects of experience shape behavioural changes may be variable in 

duration, lasting from seconds to days, and can wane within days or hours in the absence of 

continued experience or even as a consequence of another more rewarding experience (e.g. 

oviposition on a highly ranked host) (Turlings et al. 1993, Vet et al. 1995, Heard 1999). 

Furthermore, if experience is the explanation for an increase in response by C. urabae to the 

non-target C. parvitis, this response is expected to rapidly wane in the presence of the target 

host U. lugens. 

 

5.5.4. Potential impact of Cotesia urabae on the endemic Celama parvitis 

Testing the host range of biological control agents is essential to determine the potential risks 

to native species where the biological control programme is implemented (Van Driesche et al. 

1997, van Lenteren et al. 2003). In this study, I conducted a retrospective analysis to assess the 

134 
 



Chapter 5: Host testing of Cotesia urabae to assess the risk posed to Celama parvitis 

 
potential risk posed by the recently introduced biocontrol agent Cotesia urabae to the endemic 

nolid species, Celama parvitis. I found that no parasitoids could develop within this moth 

species, which suggests that C. parvitis is not a suitable physiological host for C. urabae, and 

the risk of non-target effects on C. parvitis is likely to be negligible. The results obtained 

suggest that it is unlikely that a self-sustaining population of C. urabae will ever develop upon 

this endemic moth in New Zealand.  

The findings of this study agree with the EPA ruling that C. urabae was safe to release 

in New Zealand as a biological control agent against U. lugens. At the time, the EPA made 

their decision, the sample size upon which they made their decision was very small. Now with 

the additional evidence presented here that larvae attacked are not physiological suitable hosts 

for C. urabae, I have a far greater confidence in the conclusion. However, some ‘low-level’ 

potential impacts upon C. parvitis cannot be ruled out if in fact the propensity of C. urabae to 

attack C. parvitis in the field is as high as it is in these no-choice laboratory assays. 

In the unlikely event that such attacks may occur in the field, they may carry the risk of 

increased mortality due to the physical damage caused by probing and the ensuing challenge 

to the larva’s immune system from the presence of a parasitoid egg/larva; however, the 

likelihood of such a negative impact is extremely difficult to quantify. It is also important to 

take into account that differences in the host habitat and the host finding ability of parasitoids 

will also influence parasitoid success in the field (Allen 1990b). Therefore, further research on 

the searching behaviour of C. urabae would greatly help improve the risk assessment and 

determine whether C. urabae would actively search the leaves of H. lanceolatum in the field 

and thus encounter C. parvitis. This is the first study showing the potential effects of host 

deprivation and experience on the response to non-target species by the parasitoid wasp  

C. urabae. 
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CHAPTER 6: RETROSPECTIVE HOST-SPECIFICITY TESTING 

REVEALS LIKELIHOOD OF POTENTIAL NON-TARGET ATTACK 

AND PARASITISM BY COTESIA URABAE: A COMPARISON 

BETWEEN LABORATORY AND FIELD-CAGE TESTING RESULTS 

 

6.1. ABSTRACT 

A retrospective host specificity testing with the larval endoparasitoid Cotesia urabae 

(Hymenoptera: Braconidae) was conducted, via sequential no-choice tests, to assess the 

potential risk posed to two New Zealand endemic species: the magpie moth, Nyctemera 

annulata (Lepidoptera: Erebidae), and the common forest looper Pseudocoremia suavis 

(Lepidoptera: Geometridae), and the beneficial biological control agent, the cinnabar moth 

Tyria jacobaeae (Lepidoptera: Erebidae). Under no-choice laboratory conditions C. urabae did 

oviposit in T. jacobaeae and N. annulata, and parasitism was confirmed upon dissection of 

both species at a rate similar to the target host, Uraba lugens (Lepidoptera: Nolidae). Mean 

attack frequency differed significantly between the three non-targets tested and the target host, 

where only N. annulata and T. jacobaeae were found to be attacked at a similar rate to the 

target host U. lugens. However, time to attack was significantly faster against the target host 

than the non-targets. When oviposition-experienced and naïve C. urabae were compared, both 

showed similar mean attack frequencies but experienced parasitoids showed a shorter mean 

time to attack than naïve parasitoids. Parasitism of N. annulata under semi-natural field 

conditions was investigated in field cages. Dissections of N. annulata larvae from field-cages 

revealed significant differences in mean parasitism between the choice cage, and the non-target 

no-choice cage treatments. In both cases mean parasitism of N. annulata was significantly 

lower than on the target host U. lugens. In particular, the field-cage assay suggests that non-
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target impacts of C. urabae on N. annulata in the field are likely to be limited. Whether the 

low parasitism predicted will be of ecological significance to non-target species population 

dynamics remains to be ascertained. 

 

6.2. INTRODUCTION 

Biological control of insect pests is a proven method of sustainable and cost effective pest 

management (Greathead 1995, Bale et al. 2008, Clercq et al. 2011). However, there continue 

to be concerns raised about the potential risks posed to non-target species from the introduction 

of exotic biological control agents (Howarth 1991, Follett & Duan 2000, Louda et al. 2003, 

Bigler et al. 2006, Barratt et al. 2010, Barratt et al. 2012). Diligent assessments of potential 

detrimental effects on the environment are now commonplace (Lockwood 1996, Sheppard et 

al. 2003, Eilenberg 2006, Barratt 2011, Barratt et al. 2016), and utilising biological control 

agents with restricted host ranges is a key step in reducing the propensity for negative non-

target impacts (McEvoy 1996, Louda et al. 2003, van Lenteren et al. 2003, Barratt et al. 2007, 

Barratt et al. 2016). In order to ascertain the biosafety of biocontrol agents, most countries have 

started developing regulations and guidelines for safe practice of biological control (Sheppard 

et al. 2003, Babendreier et al. 2006, Barratt 2011), thereby reducing environmental risk and 

increasing public confidence in biological control. 

The use of laboratory-based host specificity tests have become a common practice when 

investigating host ranges of parasitoid biological control agents (e.g. Babendreier et al. (2003), 

Goldson et al. (1992), Neale et al. (1995), Porter (2000), Sands and Van Driesche (2000)). A 

number of methods and recommendations have been developed for host testing within the 

confines of a laboratory (Van Driesche & Murray 2004, Babendreier et al. 2005, van Lenteren 

et al. 2006a). However, some laboratory methods can overestimate the field host range of the 

biocontrol agent being assessed (Sands & Van Driesche 2000, Van Driesche & Murray 2004). 
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Therefore, van Lenteren et al. (2006a, 2006b) defined a best practice approach to host testing 

arthropod biological control agents in an attempt to distil the place of these methods into an 

overarching framework. They proposed starting with small arena no-choice tests to assess 

physiological host range, and then progressing to larger arena choice tests to increase the 

ecological realism, and finally conducting field tests in instances where these can be conducted 

without risk of establishment. If non-target species are found to be attacked in the laboratory 

no-choice tests, then the next stage in the sequence should be conducted, and so on (van 

Lenteren et al. 2006a, 2006b). 

As the host-specificity testing assays continue beyond the initial no-choice tests, the 

choice of the most appropriate method (i.e. sequential no-choice tests, multiple or two-choice 

tests) according to the unique biology of the parasitoid being investigated becomes very 

important (Van Driesche & Murray 2004, Murray et al. 2010). When conducting such tests it 

is recommended to use both naive and oviposition-experienced females as this will help to 

elucidate whether prior oviposition experience with the target host reduces (through a specific 

learning process) or enhances (through priming) responsiveness  to non-targets (Withers & 

Browne 2004). In addition, further evaluation of parasitism under more natural conditions (e.g. 

in field cages or complete field conditions) would also be ideal if it were possible, since this 

should generate results that help to draw more accurate conclusions on the ecological or field 

host range of the proposed natural enemy. Nonetheless, this is seldom possible when host 

testing is limited within a quarantine facility.  

The gum leaf skeletoniser, Uraba lugens Walker (Lepidoptera: Nolidae), is an invasive 

moth endemic to Australia where it is a major defoliator of many Eucalyptus species and a pest 

of natural eucalypt forests and plantations (Berndt and Allen 2010). It was first recorded in 

New Zealand in 1992 (Berndt & Allen 2010) and declared established in 2001. To date, it is 

widespread in the North Island, and is gradually spreading (Avila et al. 2013). There is growing 
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concern about U. lugens, since it could potentially become a serious pest of eucalypt plantations 

and negatively affect the forest industry in New Zealand (Kriticos et al. 2007, Berndt & Allen 

2010). 

In January 2011, the solitary larval endoparasitoid Cotesia urabae Austin and Allen 

(Hymenoptera: Braconidae) was first released in New Zealand as a biological control agent 

against U. lugens, as an attempt to reduce the threat it poses to commercial eucalypt plantations 

and ornamental trees (Avila et al. 2013). Cotesia urabae is part of a large complex of 11 

primary parasitoids of U. lugens in Australia and it is believed to be host specific to U. lugens 

(Allen 1990a). Releases of C. urabae throughout the upper North Island have resulted in its 

establishment in Auckland, Whangarei, Tauranga, Hamilton and Napier, and establishment due 

to natural dispersal has also been confirmed in Rotorua (T. Withers, unpublished data).  

Prior to the release of C. urabae in New Zealand, nine non-target lepidopteran species 

were prioritised in order of potential risk, and host-specificity testing assays were conducted 

on these species (Berndt et al. 2007, Berndt et al. 2009, Berndt et al. 2010). The species tested 

included endemic species, introduced weed biological control species with beneficial status 

and species from more distant families to U. lugens that share the same ecological niche as U. 

lugens. Laboratory host testing was conducted following the overarching framework proposed 

by van Lenteren et al. (2006a), but testing was limited to laboratory assays within a quarantine 

facility, so no semi-field or field assays were conducted (Berndt et al. 2010). The results of 

physiological host range tests against some of the non-targets tested by Berndt et al. (2010) 

were not statistically significant from U. lugens and uncertainty remained. For example, similar 

rates of attack to the target host U. lugens were found using no-choice assays against the magpie 

moth Nyctemera annulata Boisduval (Lepidoptera: Erebidae), which is endemic to New 

Zealand, and in the moth Tyria jacobaeae Linnaeus (Lepidoptera: Erebidae) an introduced 

biocontrol agent against the common ragwort Senecio jacobaea L. (Asteraceae) (Berndt et al. 
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2010).  Moreover, when larvae of N. annulata were dissected half way through their 

development, similar proportions of parasitism by C. urabae compared to the target U. lugens 

were observed (Berndt et al. 2010). It was not possible to conclude whether these species were 

physiological hosts of C. urabae or not due to mortality of non-dissected larvae.  

The decision was made by the relevant authorities to introduce the parasitoid C. urabae 

to New Zealand despite these uncertainties. However, additional evaluation could prove useful 

to determine what risk C. urabae poses to key non-target species now that it is established. The 

facts that C. urabae was released in New Zealand in 2011 and is now confirmed as established, 

provide an excellent opportunity to conduct a retrospective post-release assessment to assess 

the predictions of the original testing conducted pre-release, and also to reduce the uncertainty 

that remained following the original assessment.  

In this study, I present data from retrospective laboratory host-specificity testing of C. 

urabae, which was conducted using the framework proposed by van Lenteren et al. (2006a). I 

conclude the process set out in the framework by undertaking additional host testing using 

field-cage tests under semi-field conditions to compare results with laboratory data, something 

that was not previously possible. This study will serve as an example of the methods that can 

be used in future host range testing to improve risk assessment of non-target species in New 

Zealand. 

 

6.3. MATERIALS AND METHODS 

 

6.3.1. Source of parasitoids 

Adult female C. urabae parasitoids used in this study originated from Hobart, Tasmania. They 

were collected and imported into New Zealand in 2012, and were maintained at the University 

of Auckland on U. lugens larvae as described in Chapter 3. Adult parasitoids were sexed upon 
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emergence, paired for mating in mesh sided vials and labelled as ‘mated’ (if mating was 

observed) or ‘possibly mated’ (when mating could not be confirmed) as described in Berndt et 

al. (2013). Prior to testing, adult parasitoids were held in Petri dishes (60 mm x 15 mm) 

containing a piece of Eucalyptus spp. leaf and a drop of honey and stored in a Contherm™ 

incubator held at 15ºC with a 12:12 L:D photoperiod. All female parasitoids used in the 

laboratory and field experiments were between 3 – 8 days old, well fed, mated or possibly 

mated, and naïve to both target and non-target larvae.  

 

6.3.2. Source of target host 

Target host U. lugens larvae used in the laboratory and field experiments were sourced from a 

laboratory colony maintained at the University of Auckland as described in Chapter 3. Prior to 

testing, larvae used in the experiments were kept in 750 ml plastic containers in a Contherm™ 

incubator at 18ºC with a 12:12 L:D photoperiod, and fed on leaves of  Eucalyptus spp. collected 

from amenity trees in Auckland. Only standardized size (0.5 – 1 cm) larvae of 3rd to 4th instar 

were used in the experiments.  

 

6.3.3. Non-target species selection 

The New Zealand endemic magpie moth N. annulata, and the cinnabar moth T. jacobaeae were 

selected to conduct retrospective host specificity testing to determine the risk posed by C. 

urabae to these two non-target species. Prior to the release of C. urabae, Berndt et al. (2009) 

followed the phylogeny of Lafontaine and Fibiger (2006) to create a prioritised list of non-

target lepidopteran species to conduct host specificity testing. This phylogeny has been 

thoroughly revised subsequently by Zahiri et al. (2010) and both N. annulata, and T. jacobaeae 

are now placed within the Erebidae rather than the Arctiidae. However, they are still considered 

to be relatively closely related to the Nolidae to which U. lugens belongs (Zahiri et al. 2010). 
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 In addition to N. annulata and T. jacobaeae, the endemic New Zealand forest looper 

Pseudocoremia suavis Butler (Lepidoptera: Geometridae) was chosen as a new species for 

testing as a potential novel host. This species was not included in the original list but was 

considered by Berndt et al. (2009) as a candidate to test the response of C. urabae to a species 

inhabiting the same host-plant niche. Larvae of P. suavis are commonly found feeding on Pinus 

radiata D. Don (Pinaceae) (radiata pine) trees (Berndt et al. 2004), but they are also found 

feeding on a range of different Eucalyptus spp. (Martin 2009), which means that an ecological 

overlap exists with U. lugens and a potential risk to this species may exist. 

 

6.3.4. Source of non-target species  

Field collected eggs of T. jacobaeae were reared in the laboratory until larvae hatched from 

eggs. All other non-target species used in the experiments were sourced as eggs or larvae from 

clean laboratory colonies (Table 1). Neonate larvae of T. jacobaeae, as well as larvae of N. 

annulata, were reared separately on potted ragwort (S. jacobaea) plants contained in mesh 

cages (61 x 61 x 91 cm) which were kept in a room at constant 18ºC with a 12:12 L:D 

photoperiod.  Larvae of P. suavis were stored in a plastic container (20 x 20 x 10 cm) in a 

Contherm™ incubator at 18ºC with a 12:12 L:D photoperiod. Since this species is known to 

feed on Eucalyptus spp. (Martin 2009), larvae were fed on leaves of Eucalyptus spp. collected 

from amenity trees in Auckland for a minimum of 24 hrs prior to testing. All non-target larvae 

were reared on their corresponding host plants until they reached the appropriate stage and size 

(0.5 – 1 cm) for experiments. Small-sized larvae were used as it has been shown that C. urabae 

is more successful at parasitising smaller host sizes than larger ones (Allen 1990b). 
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Table 1: Source of target host and non-target species used in the current study and their corresponding 

host plant utilised for colony rearing. 

Species Host plant for rearing Source of larvae  Stages sourced 

Uraba lugens Eucalyptus spp. Laboratory colony, The University of 
Auckland eggs, larvae 

Nyctemera 
annulata 

Senecio jacobaea 
(ragwort) 

 
Laboratory colony, The University of 
Auckland (colony started from larvae 
originally sourced from Bay of Plenty) 

eggs, larvae 

Tyria jacobaeae 
 
Senecio jacobaea 
(ragwort) 

Rotorua, Bay of Plenty eggs 

Pseudocoremia 
suavis 

Eucalyptus spp., Pinus 
radiata (radiata pine) 

 
Anne Barrington, The  
New Zealand Institute for Plant & Food 
Research Ltd. 

larvae 

 

 

6.3.5. Test sequence for host specificity testing  

The testing sequence used for host specificity testing was based on the methodology proposed 

by van Lenteren et al. (2006a) and was designed to maximize the likelihood of attacks on non-

target hosts. Initial sequential no-choice tests were carried out in a small arena to determine 

attack behaviour and physiological host range. If attack behaviour was observed and 

physiological host range confirmed, then a large arena choice test was conducted under semi-

field conditions using large size cages to increase ecological realism and to determine if the 

parasitoid would attack non-target hosts when target and non-targets are present on their host 

plants in a semi-natural situation. 

 

Sequential no-choice tests 

For each of the non-target species being tested, two separate sequential no-choice experiments 

were conducted and used a design of A–B and B–A (where A is the target host U. lugens, and 

B the non-target host species), with presentation times of 20-20 min with up to 1 min between 
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presentations while parasitoids were recaptured. This method was selected as it allowed 

comparisons of behavioural responses to two different hosts to be made as well as to evaluate 

the potential effect that prior experience on a target (A) had on the acceptance of the non-target 

(B) (Porter & Alonso 1999, Sands & Coombs 1999, Withers & Mansfield 2005).  The A–B 

experimental procedure (treatment 1) involved placing a single female C. urabae initially with 

the target host U. lugens (A) for 20 min. The C. urabae female was then rapidly recovered and 

moved on to the non-target host (B) for another 20 min. Parasitoids used in the experiments 

were given access to honey for nutrition before and after the tests, but not during the 

experiments. The same procedure was conducted for the B–A sequence (treatment 2) where a 

naïve female parasitoid was presented first with the non-target (B), and then moved on to the 

target (A).  

Observations were made of the parasitoid attack behaviour during all treatments 

(Berndt et al. 2007). The time until the first attack was recorded, as well as the total frequency 

of parasitoid attacks on larvae during the exposure time. A larval attack was recorded when the 

parasitoid successfully stabbed a larva with its ovipositor. 

The experimental arenas used in each treatment, A–B and B–A sequence, were glass 

Petri dishes (90 mm diameter and 18 mm high). A gregarious batch of 10 U. lugens larvae 

feeding on Eucalyptus spp. foliage was added to the A arenas, and a batch of 10 non-target 

hosts feeding on their food plants was added to the B arenas prior to starting the experiments. 

In the case of experiments conducted with T. jacobaeae, there were insufficient larvae available 

to obtain 10 per arena, so in these experiments a batch of 6 larvae of the non-targets was used 

per B arena and a batch of equal numbers of target hosts in the A arenas.  A total of 20 replicates 

were conducted for each A–B and B–A treatment for each of the non-target species tested. Due 

to insufficient numbers of mated females available, confirmed mated females were used in the 

first ten replicates and possibly mated females for the next ten replicates. Additionally, a 
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positive control with the target host replacing the non-target host to produce an A–A design 

was conducted following the same methodology described above. A total of ten replicates were 

conducted for the A–A positive control, where mated females were used. All experiments were 

conducted between 0900 and 1600 hours under laboratory conditions of 20ºC and ambient 

fluorescent light provided by recessed luminaires (Philips TBS760 4x14W/840) at ceiling 

height. 

 After the conclusion of each experimental replicate, tested larvae were reared in 750 ml 

plastic containers and stored in Contherm™ incubators at 20ºC with a 12:12 L:D photoperiod, 

and fed on their corresponding food plants until emergence of a parasitoid or pupation. In the 

case of P. suavis, larvae were fed on a mix of Eucalyptus spp. and on fresh radiata pine cuttings, 

as foliage of this species has also shown to be a suitable food source for rearing this species 

(Berndt et al. 2004). All larvae that died during the rearing process were frozen, and dissected 

under 25 x magnification to check for the presence of C. urabae parasitoid eggs or larvae. 

 

Field-cage experiments 

Based on the results obtained in laboratory experiments described above, N. annulata was 

found to be a physiological host of C. urabae. Therefore, this species was chosen to be further 

tested in field-cage experiments. 

A large arena choice behavioural test was conducted following the methodology 

proposed by van Lenteren et al. (2006a). Mesh cages of 0.8 x 0.8 x 1.8 m (Bioquip®) were 

used to evaluate C. urabae parasitism on N. annulata under semi-field conditions. Field-cage 

experiments had a duration of 24 hrs from releasing female parasitoids and were conducted 

between late September and October 2014. The experimental design (Table 2) consisted of 

three different mesh cages (treatments) placed in the field at a distance of 2 m between each 

other. Treatment 1 consisted of a choice test between larvae of both the target and non-target 
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host on their corresponding host plants. Treatment 2 was a positive non-target no-choice 

control containing larvae of just the non-target on its host plant. Treatment 3 was a positive 

target no-choice control which contained larvae of just the target host on its plant.  

 

Table 2: Experimental design used for the field-cage experiments. 

Treatment Number of larvae 
per replicate1 Host plants Parasitoid females 

released  per replicate 

Choice test 30A, 30B E. fastigata + S. jacobaea 4 

Non-target no-choice control 30B S. jacobaea 4 

Target no-choice control 30A E. fastigata 4 

1A= target species U. lugens; B= non-target species N. annulata 

 

In detail, treatment 1 contained three potted ragwort plants clustered together and one 

potted Eucalyptus fastigata H. Deane & Maiden (Myrtaceae) sapling (1.7 m height) in random 

corners of the cage. Thirty larvae of each species (target and non-target) were evenly distributed 

on the appropriate host plant the day before conducting the experiment to permit them to 

commence feeding. The same methodology was followed for treatments 2 and 3 where 

treastment 2 contained 30 larvae of N. annulata evenly distributed on three potted ragwort 

plants placed together, and treatment 3 contained 30 larvae of U. lugens evenly distributed on 

an E. fastigata sapling. The next day at 0900 h, four female parasitoids were randomly assigned 

to each of the three treatments and placed inside a plastic vial (with lid) attached to a plastic 

pole (1.2 m height) in the centre of the cage. The lid was then removed to release the 

parasitoids. A smear of honey was added to the inside of the four walls of the cage as a source 

of nutrition for the parasitoids.  
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Ten replicates were conducted over time (Table 2). A data logger (Maxim Integrated) 

was used to register hourly relative humidity and temperature on the days the experiments were 

conducted to rule out any potential effects of weather conditions on the results. The data logger 

was mounted within a hand-made solar radiation shield fixed to a pole 1 m above the ground 

equidistant between the cages. The radiation shield was based on a design by Scottech 

Radiation Shields (Scott Technical Instruments, USA). After 24 hours at 09:00, larvae were 

recovered, brought back into the laboratory, kept in 750 ml plastic containers and stored in 

Contherm™ incubators at 20ºC with a 12:12 L:D photoperiod. They were fed on their 

corresponding food plants and reared for two weeks to allow any potential parasitoids to 

develop. After this period, all larvae were frozen, and dissected under 25 x magnification to 

check for parasitism. 

  

6.3.6. Data analysis 

Sequential no choice tests 

Frequency data for the number of times the parasitoid attacked non-target larvae during the 

exposure time (20 min.) on the A–B and B–A treatments and the A–A  control were log(x+0.5) 

transformed to achieve normality and then analysed with a two-factor ANOVA (Quinn & 

Keough 2002). Comparisons of the data from the exposure period were made between levels 

of each factor (species tested and presentation order) and their interactions. Therefore, 

differences in the attack frequency between species and also the potential effect that prior 

oviposition experience on a target (A) has on the acceptance of the non-target (B) were tested. 

The Holm-Sidak test method was used to identify significant pairwise differences where an 

overall experimental effect was detected (Quinn & Keough 2002).  

Data obtained for the time until the first attack on non-targets occurred were analysed 

and compared with U. lugens controls using a Kaplan-Meier survival analysis, and survival 
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curves for treatments were compared using Cox’s Proportional Hazards Model (Hoffmeister et 

al. 2006, van Lenteren et al. 2006a), in order to estimate the potential impact of C. urabae on 

the target and non-target hosts tested. The potential effects that the type of species and also 

prior oviposition experience on a target host (A) had on the readiness to attack non-targets (B) 

species were also investigated. 

 Dissections and rearing data from the sequential no-choice test experiments were 

compared using a one-way ANOVA on Ranks, and the Dunn’s test was used to identify 

significant differences where an overall experimental effect was detected (Quinn & Keough 

2002). 

 Similarly to Chapter 5, three measures of C. urabae impact on the non-target species 

tested on the A–B and B–A treatments were compared with U. lugens A–A controls according 

to the following variables: 

 

4) % 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎 =  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑 𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓𝑓𝑓𝑑𝑑𝑙𝑙𝑑𝑑𝑓𝑓 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

5) % 𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑠𝑠𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑎𝑎𝑝𝑝𝑙𝑙𝑎𝑎𝑠𝑠 𝑠𝑠𝑒𝑒𝑠𝑠𝑝𝑝𝑒𝑒𝑠𝑠𝑝𝑝 =  𝑁𝑁° 𝑓𝑓𝑓𝑓 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑑𝑑𝑛𝑛𝑑𝑑𝑙𝑙𝑒𝑒𝑑𝑑𝑑𝑑 𝑓𝑓𝑙𝑙𝑓𝑓𝑛𝑛 ℎ𝑓𝑓𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑙𝑙𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

6) % 𝑎𝑎𝑝𝑝𝑠𝑠𝑠𝑠𝑎𝑎 𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑠𝑠𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠 =  𝑁𝑁°𝑓𝑓𝑓𝑓 𝑙𝑙𝑑𝑑𝑓𝑓𝑙𝑙𝑑𝑑 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑙𝑙𝑓𝑓𝑑𝑑𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑑𝑑𝑙𝑙 𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑙𝑙𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑

 𝑥𝑥 100 

 

Field-cage experiments 

To achieve independent data, parasitism rates on N. annulata from the choice test (treatment 

1) was compared with the parasitism found on N. annulata in the non-target no-choice control 

(treatment 2) and to the parasitism rates on U. lugens in the target no-choice control (treatment 

3) (van Lenteren et al. 2006a). Mean parasitism from larval dissections of the field-cage 

experiments was obtained using the formula described above for the percentage of successful 

attack. Data were transformed to achieve normality by the arcsine square root transformation 

and compared using a one-way ANCOVA (Quinn & Keough 2002). Temperature and relative 
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humidity were used as covariables in the data analysis to investigate their potential effect on 

the final outcome of parasitism. The Holm-Sidak test method was used to identify significant 

differences where an overall experimental effect was detected (Quinn & Keough 2002). All the 

data obtained from the laboratory and field experiments were analysed with the statistical 

software package SYSTAT v.13 (Systat Software, San Jose, CA, USA). 

 

6.4. RESULTS 

 

6.4.1. Attack frequency of non-target hosts 

Attack behaviour by C. urabae was observed for all N. annulata and T. jacobaeae sequential 

no-choice presentations as well as for all the target U. lugens controls, whereas attacks were 

only recorded twice for P. suavis. Data on the mean attack frequency by C. urabae differed 

significantly (F (3, 132) = 4363.534, P < 0.001; Holm-Sidak, P < 0.05) between the three non-

targets tested and the target U. lugens (Fig. 1), where only N. annulata and T. jacobaeae were 

found to be attacked at a similar rate to the target host U. lugens. No statistically significant 

differences (F (1, 132) = 2.287, P = 0.133) in the mean attack frequency on non-target species 

were detected between host-experienced (A–B) and naïve (B–A) C. urabae. Similarly, there 

was no evidence of any interaction between the parasitoid’s experience levels and the different 

non-target species tested (F (3, 132) = 0.940, P = 0.423) that could have an effect on the attack 

frequency of C. urabae. 
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Figure 1: Mean attacks by C. urabae on larvae of non-target species and the target U. lugens control 

during 20 min. observation. Observation periods from the A – B and B – A treatments have been pooled. 

Bars sharing a letter do not differ significantly (P < 0.05). 

 

6.4.2. Readiness to attack non-target hosts 

Kaplan-Meier survival curves differed significantly for the mean time until the first attack 

occurred (LogRank = 81.446, d.f. = 3, P < 0.001; Holm-Sidak, P < 0.05) between species. The 

mean time to the first attack by C. urabae was lowest when presented to the target host U. 

lugens (0.96 ± 0.02 min), and the non-targets N. annulata (1.11 ± 0.05 min) and T. jacobaeae 

(1.13 ± 0.09 min) compared with 8.2 ± 0.7 min for P. suavis (Fig. 2a). Paired comparisons 

between the target host and each of the other non-target species using Cox’s regression models 

showed that only U. lugens has a direct effect on the hazard rate for attack by C. urabae, 

showing that the target host is significantly associated (Likelihood Ratio = 116.138, d.f. = 3, P 

< 0.001) with increasing the rate of starting an attack by C. urabae. Compared with the control 

U. lugens, the attack tendency of C. urabae decreased by 0.59-fold when exposed to N. 

annulata, by 0.48-fold when exposed to T. jacobaeae, and by a factor of 1.03x10-11 when 
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exposed to P. suavis for each increment in the number of the corresponding non-target larvae 

attacked on each presentation (Fig. 2b). 

 

   

  

   

   

  

  

 

 

 
Figure 2: (a) Kaplan–Meier estimates of the survivorship functions for the time until target and non-

target hosts are attacked by C. urabae in no-choice assays, and (b) cumulative attack tendency (hazard 

functions) of C. urabae when exposed to target and non-target hosts in no-choice assays. The target 

host (U. lugens) has a much higher probability per unit time of being attacked than non-target hosts.  

 

The mean time to first attack differed significantly (LogRank = 17.9, d.f. = 1, P < 0.001) 

between host-experienced (A–B treatment) and naïve (B–A treatment) parasitoids. The mean 

time to first attack was lowest in host-experienced females (1.07 ± 0.17 min) compared with 

naïve females (1.31 ± 0.06 min) (Fig. 3a). The Cox’s regression showed that naïve females are 

significantly associated (Likelihood Ratio = 6.411, d.f. = 1, P = 0.011) with survival rate until 

attack, and the attack tendency of naïve C. urabae females decreased by 0.6-fold when 

compared with host-experienced females (Fig. 3b). 
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Figure 3: (a) Kaplan–Meier estimates of the survivorship functions for the time to start an attack of C. 

urabae in the A–B (oviposition-experienced females) and B–A (naïve females) treatments, and (b) 

cumulative attack tendency (hazard functions) of C. urabae in both treatments. Oviposition-experienced 

females (A–B treatment) have a much higher probability per unit time to start an attack. 

 

6.4.3. Physiological development on non-target hosts 

Dissections conducted on dead non-target larvae confirmed a mean parasitism of 38 ± 5.2% on 

T. jacobaeae, 29 ± 3.7% on N. annulata (Fig. 4a), wherein C. urabae larvae of different 

developmental stages were observed. A small number of them were also found to be melanised. 

No C. urabae parasitoids were found on dissections conducted on dead P. suavis. Mean 

parasitism of P. suavis differ significantly (H = 46.453, d.f. = 3, P < 0.001; Dunn’s, P < 0.05) 

from that of T. jacobaeae, N. annulata, and the target host U. lugens where a mean parasitism 

of 56 ± 10.9% were found on the dissected larvae (Fig. 4a).  
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Figure 4: Outcome of sequential no-choice tests for non-target species compared with target species 

(used as control species) for: (a) % successful attack (parasitism), as revealed by dissections of dead 

larvae, (b) % parasitoids emerged from larvae after rearing, and (c) % adult parasitoids produced from 

larvae after rearing out. Bars sharing a letter do not differ significantly (P < 0.05). n = total number of 

larvae dissected pooled across all replicates (a) or reared (b) and (c). 
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A mean parasitoid larvae emergence of 7 ± 2.2% was observed from the N. annulata 

larvae that survived the rearing process, whereas no parasitoid larvae emerged from either the 

surviving T. jacobaeae or the surviving P. suavis larvae (Fig. 4b). The mean proportion of 

parasitoid larvae emerging from the non-target species tested differed significantly from that 

emerging from the target host (H = 102.023, d.f. = 3, P < 0.001; Dunn’s, P < 0.05), where a 

mean parasitoid larvae emergence of 55 ± 2.7% was found on the U. lugens larvae that survived 

the rearing process. Of the N. annulata that survived the rearing process, the mean adult 

parasitoids produced was 0.4 ± 0.4% (corresponding to one single adult), which was 

significantly lower (H = 124.470, d.f. = 3, P < 0.001; Dunn’s, P < 0.05) to that on U. lugens 

(36.1 ± 2.9%). No adult parasitoids were produced from either the surviving T. jacobaeae or 

the surviving P. suavis larvae (Fig. 4c). 

 

6.4.4. Field-cage parasitism  

Dissections of larvae from the field experiments revealed that the mean parasitism rates after 

24 h between the choice field cage (treatment 1), non-target (treatment 2), and target positive 

no-choice controls (treatment 3) differed significantly (F (2, 25) = 102.353, P < 0.001; Holm-

Sidak, P < 0.05).  Mean parasitism ranged from 2.7 ± 0.8% for N. annulata in treatment 1, and 

7.3 ± 1.4% for N. annulata in treatment 2, compared to 51.7 ± 3.5% for U. lugens in treatment 

3 (Fig. 5). Mean daily temperatures and relative humidity measured during the field-cage 

assays ranged between 12.01 and 16.5 °C, and 76.9 and 81.3%, respectively. Although 

differences in the mean temperature and relative humidity were recorded between experimental 

days, neither of these factors had a statistically significant effect (temperature: F (1, 25) = 0.680, 

P = 0.417; relative humidity: F (1, 25) = 0.006, P = 0.938) on mean parasitism rates in the different 

treatments. 
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Figure 5: Mean % successful attack (parasitism) by C. urabae on larvae of the non-target host N. 

annulata placed on host plants inside field cages, Treatment 1 (choice-cage test) and Treatment 2 

(positive no-choice control), compared with target species U. lugens parasitism from positive no-choice 

control (Treatment 3). Bars not sharing a letter differ significantly (P < 0.05). n = total number of larvae 

dissected pooled across all replicates. 

 

6.5. DISCUSSION 

 

6.5.1. Attack frequency and readiness to attack non-target species 

The first stage of the best practice approach to host testing arthropod biological control agents 

is to conduct small arena no-choice tests to assess physiological host range (van Lenteren et al. 

2006a, 2006a). Three non-target lepidopteran species, T. jacobaeae, N. annulata, and P. suavis 

were subjected to sequential A–B and B–A no-choice tests against the parasitoid C. urabae. In 

addition, behavioural observations were made to evaluate the attack frequency and readiness 

to attack non-target species by C. urabae. 

163 
 



Chapter 6: Retrospective host testing reveals potential non-target attacks and parasitism 

 
Cotesia urabae was observed to exhibit strong attack behaviour towards T. jacobaeae 

and N. annulata, at a frequency of attack that was not significantly less than that directed 

towards its target host U. lugens. However, attack behaviour exhibited towards P. suavis was 

significantly less frequent with only two single attacks being observed in the A–B treatment 

during the 20 replicates. When comparisons were conducted on the mean attack frequency 

between the two sequential no-choice treatments (A–B and B–A) compared to the control (A–

A), prior oviposition experience by C. urabae with the target host (A–B treatment) had no 

effect on the number of attacks on the non-target species subsequently presented, when 

compared to the opposite order (B–A). This suggests, that prior oviposition experience with 

the target host U. lugens does not result in a general increase in responsiveness (‘priming’ 

effect), in terms of attack frequency, towards non-target species. 

I observed that the mean time to attack by C. urabae on T. jacobaeae and N. annulata 

did not differ significantly from that observed on the target host U. lugens. However, when 

comparisons were conducted on the time to start an attack by C. urabae on non-target hosts 

according to the order of presentation, I found that female parasitoids that experienced the 

target first (A–B), took significantly less time to start an attack on non-targets compared to 

naïve females experiencing non-targets first (B–A).  

The overall observed increase in the response towards non-targets by female parasitoids 

experiencing the target first (A–B) when compared to naïve females (B–A) may be the result 

of central excitation, where the stimulation elicited by the prior contact with the target host 

may generate a temporary excitatory state in the female parasitoid’s central nervous system, 

leading to more rapid acceptance of non-target species that are presumed to provide a lower 

level of stimulation (Withers & Browne 2004). Therefore, parasitoids used in the sequential 

no-choice A–B treatment may have entered into a central excitatory state after being exposed 

to the target host (A), and due to the short time between presentations this effect may have been 
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reflected when presented on the non-target (B), which resulted in oviposition-experienced 

female parasitoids (A–B) taking significantly less time to start an attack on non-targets than 

naïve female parasitoids (B–A). Other studies have shown similar increases in parasitoid 

responses after oviposition experience (Drost et al. 1988, Drost & Carde 1990, Turlings et al. 

1990, Simons et al. 1992). For example, in Chapter 5 a similar increase in the readiness to start 

an attack by C. urabae parasitoids was observed when presented with larvae of the non-target 

Celama parvitis Howes (Lepidoptera: Nolidae) after a period of oviposition experience.  

These kinds of behavioural changes shaped by the effects of prior oviposition 

experience may last from seconds to days, and can wane within hours if another more 

rewarding experience is presented (e.g. oviposition on a highly ranked host) (Turlings et al. 

1993, Vet et al. 1995, Heard 1999). Therefore, if the overall increase in the response by C. 

urabae to non-targets is due to a central excitatory state due to a prior oviposition experience 

with the target host, we can expect that this response may rapidly decline in the presence of the 

target host U. lugens. However, it is unknown how long this effect may occur in C. urabae. 

 

6.5.2. Physiological development on non-target species 

The results from attacks in the small arena no-choice tests permitted the assessment of 

physiological development of C. urabae on two non-target lepidopteran species. Tyria 

jacobaeae and N. annulata were successfully attacked by C. urabae at a similar level to that of 

the target host U. lugens.  

The results presented here were very similar to the earlier host range testing conducted 

on C. urabae  by Berndt et al. (2010), where attack behaviour and parasitism occurred in no-

choice assays against T. jacobaeae and N. annulata as well as other non-target species such as 

Metacrias erichrysa Meyrick (Lepidoptera: Arctiidae) and Metacrias huttoni Buttler 

(Lepidoptera: Arctiidae). However, Berndt et al. (2010) were also unable to statistically 
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separate the percentage parasitism results between target and non-target hosts from this type of 

no-choice assay. Only when Berndt et al. (2007) conducted sequential no-choice tests with C. 

urabae to species far more distantly related to U. lugens, Helicoverpa armigera Hubner 

(Lepidoptera: Noctuidae) and Spodoptera litura Fabricius (Lepidoptera: Noctuidae), a 

significantly lower mean percentage of successful attack on the non-target species tested were 

revealed when compared to the target host U. lugens. Likewise, Rowbottom et al. (2013) also 

observed attack by C. urabae on Nyctemera amica White (Lepidoptera: Erebidae) during no-

choice laboratory testing in Australia, but surprisingly in this case no evidence of parasitism 

was found. This species is closely related to N. annulata, which in this study is revealed to be 

a physiological host. 

 Although a high proportion of T. jacobaeae and N. annulata larvae were observed to 

contain larvae of C. urabae following the no-choice attack assays, parasitoid larvae completed 

development only in N. annulata where a single C. urabae adult parasitoid was produced. 

However, the mean percentage of both parasitoids emerged and adult parasitoids produced 

from larvae of this non-target species was significantly lower than in U. lugens. These results 

are new information since the original host range testing conducted by Berndt et al. (2007), 

where no parasitoids emerged from T. jacobaeae or N. annulata and no adult parasitoids were 

recovered from any of the non-target species tested. 

The low success of the parasitoid larvae to complete development inside non-target 

larvae might be due to problems in overcoming the immune system of these novel hosts. A 

common immune response against parasitoids is the encapsulation of parasitoid larvae by the 

hemocytes of the host lepidopteran larvae (Vinson 1977, 1990, Gross 1993, Quicke 2014), 

where the hemocytes of the host larvae may melanise on exposure or upon contact with a 

foreign body (Vinson 1990). After conducting dissections on the non-target species, only a 

small number of melanised parasitoid larvae were observed, which suggests that either C. 
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urabae was relatively successful at overcoming this defence mechanism or a different type of 

immune response took place. In conclusion, only the non-target N. annulata was confirmed as 

a physiological host of C. urabae, something that had not been observed in the pre-release host-

specificity testing conducted by Berndt et al. (2010). 

 

6.5.3. Field-cage parasitism 

Findings from the field-cage experiments suggest that, in a field scenario, parasitism on N. 

annulata resulting from attacks by foraging C. urabae is expected to be low in mixed habitats 

where the target host U. lugens is also present, but is likely to be more probable in habitats 

where the target host is absent. To date, no evidence of parasitism by C. urabae on the endemic 

N. annulata or any other non-target species has been found in the field, neither in New Zealand 

nor in Australia. A field experiment conducted in Tasmania by Rowbottom et al. (2013) used 

sentinel larvae of Nyctemera amica, in an attempt to determine if this non-target species could 

be an alternative host during the season when larvae of U. lugens are absent, but found no 

evidence of field parasitism on N. amica nor any other alternative host.  

The results from the field experiment and the additional results from laboratory 

experiments discussed above suggest a general concordance of physiological and ecological 

host range. However, C. urabae revealed poor physiological development in N. annulata in the 

laboratory and a corresponding low parasitism rate in the field-cage experiments when 

compared to the target host. Therefore, the overall risk posed to N. annulata in a field scenario 

by foraging C. urabae female parasitoids appears to be low. 
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6.5.4. Potential impact of C. urabae on non-target species 

Results from the laboratory testing showed that P. suavis was rarely attacked, and no parasitoid 

larvae emerged from reared larvae, nor were parasitoids found upon dissection of larvae that 

died during the rearing process. Similarly, no risks to this species of attack by C. urabae were 

observed by olfactory attraction to non-target species using Y-tube olfactometers (Chapter 4). 

In that study C. urabae females were not attracted to P. suavis larvae alone nor when presented 

feeding on their common host plant, P. radiata. Therefore, even when P. suavis was presented 

to C. urabae while on Eucalyptus spp., and an ecological overlap exists with U. lugens when 

it does so, I believe my data strongly suggest that no risk exists to this species. 

 The results of the laboratory host specificity testing of C. urabae against T. jacobaeae 

showed that this species can be attacked at a similar rate to the target host U. lugens, but only 

in no-choice Petri dish assays. However, even when parasitoid larvae were found upon 

dissections, no parasitoids completed development within this moth species, indicating that this 

species is not a physiological host. This supports the data of Berndt et al. (2010). The host 

plants of T. jacobaeae often occur in the same mixed species habitats as eucalypt trees in New 

Zealand. Tyria jacobaeae larvae are present in the field from September to February, thus, 

potentially overlap with summer generations of C. urabae. Because of this, they may be 

susceptible to attacks by foraging parasitoids. However, in Chapter 4, I found that even when 

C. urabae positively respond to odour cues from either T. jacobaeae larvae alone or T. 

jacobaeae larvae feeding on ragwort plants, they preferentially approach odour cues from the 

target host U. lugens when tested together. Taking into account the observation conducted in 

Chapter 4 along with the results of the retrospective host specificity testing conducted on T. 

jacobaeae in this study, I consider the risk level of adverse effects occurring on this species in 

the field in New Zealand to be very low.  
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 The magpie moth N. annulata is common throughout New Zealand on a number of 

native and exotic plants of the tribe Senecioneae (Asteraceae) (Singh & Mabbett 1976). In this 

study, C. urabae readily attacked larvae of this species in no-choice petri dish assays at a similar 

rate to the target host. Parasitism was confirmed by both dissection of dead larvae, and rearing 

out of parasitoid cocoons and a single adult wasp from attacked N. annulata larvae, confirming 

this species as a host. Host plants of N. annulata do occur under eucalypt trees hosting U. 

lugens, N. annulata and larvae are abundant and widespread throughout New Zealand. In the 

North Island, it can be found all year round and overlaps with the winter and summer 

generations of C. urabae.  However, results from the field-cage parasitism experiment 

confirmed that significantly higher parasitism rates occur on U. lugens, so I consider the risk 

level of adverse effects from parasitism occurring on N. annulata in the field in New Zealand 

to be low. When N. annulata does become an occasional host for C. urabae, attack will occur 

in the summertime and C. urabae will be competing with other parasitoid species already 

known to attack N. annulata in New Zealand, such as the larval parasitoid, Microplitis spp. 

(Hymenoptera: Braconidae) and the pupal parasitoid Ecthromorpha intricatoria 

(Hymenoptera: Ichneumonidae) (McLaughlin 1967). If C. urabae is found to be parasitising 

N. annulata in the field, then the potential population impacts on this non-target species should 

certainly be evaluated.   

Additionally, a significantly stronger attraction towards odour cues from the target host 

U. lugens has been also demonstrated when tested against N. annulata and other non-target 

species (Chapter 4), further confirming that attacks to this species in a field situation are 

expected to be far less compared  to U. lugens. Therefore, I consider that it is unlikely that C. 

urabae will form self-sustaining populations upon this endemic moth N. annulata in New 

Zealand. However, at present, I cannot conclude what risk this low level of non-target attack 
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might end up exerting on the population dynamics of this species and further studies are needed 

to confirm this.  

Similarly to this study, other retrospective studies have been conducted in New Zealand 

after successful introduction of biological control agents. For example, a pioneer comparative 

retrospective study was conducted by Barratt et al. (1997) with the parasitoids Microtonus 

aethiopoides Loan and Microtonus hyperodae Loan (Hymenoptera: Braconidae), introduced 

in New Zealand for control of the lucerne pest Sitona discoideus Gyllenhal (Coleoptera: 

Curculionidae) and the Argentine stem weevil, Listronotus bonariensis Kuschel (Coleoptera: 

Curculionidae), respectively. Laboratory host-range tests were conducted to predict the non-

target host ranges, and then the predictions made were validated with field data. It was 

concluded that laboratory host-range testing was reasonably indicative of field host range 

(Barratt 2004). 

The findings from this study suggest that in the unlikely event that C. urabae attacks 

non-target species in the field, then foraging C. urabae will retain significantly higher 

preferences to attack the target host U. lugens. However, attacks onto non-targets might slightly 

increase in the absence of the target host (i.e. between larval generations such as in November-

December and March-April). Even if minor non-target attacks were to occur, it is unlikely that 

a self-sustaining population of C. urabae will ever develop upon the tested non-target species 

in New Zealand. I believe that this retrospective study will serve as an example of how these 

studies can be a powerful tool in assisting in the process of improving methods of risk 

assessment of introduced biological control agents. 
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CHAPTER 7: GENERAL DISCUSSION 

 

The risk of non-target impacts from BCAs introduced for classical biological control have been 

the focus of environmental safety concerns for many years (Howarth 1991, Simberloff & 

Stiling 1996, Louda et al. 2003, Barratt 2011). The accurate prediction of the ecological host 

range of parasitoid BCAs prior to release will reduce that risk. Biological control scientists and 

other members of the scientific community have contributed to ongoing discussion surrounding 

what methods should be followed to enable the ecological host ranges of parasitoid BCAs to 

be more accurately predicted (Van Driesche & Reardon 2004, Babendreier et al. 2005, Briese 

2005, van Lenteren et al. 2006). A number of factors have been identified that may influence 

the outcomes of host specificity tests, and tailoring host testing methods to the physiological 

and behavioural characteristics of BCAs is one objective that has been highlighted as crucial 

(Withers & Browne 2004, Babendreier et al. 2005). Investigating such characteristics and 

appropriately interpreting test results should increase the accuracy of the predictions on likely 

ecological host ranges of parasitoids in new environments. 

This thesis used Uraba lugens and Cotesia urabae as a host-parasitoid model system to 

conduct a detailed investigation of the mating behaviour of C. urabae (Chapter 2), its host 

searching behaviour (Chapter 3 & 4), and a thorough post-release evaluation to assess the risk 

C. urabae poses to non-target species in New Zealand (Chapter 5 & 6). Prior to this work, 

studies conducted on C. urabae focused on the biology (Allen 1990a, Allen & Keller 1991), 

phenology (Allen 1990b), extrinsic competition (Berndt 2010), dispersal behaviour (Avila et 

al. 2013), and predicted host range (Berndt et al. 2007, Berndt et al. 2010, Rowbottom et al. 

2013). The research presented in this thesis adds to our knowledge and understanding of this 

important biological control agent. Most importantly, this thesis contributes to improving host 
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range testing methods for BCAs by specifically demonstrating how searching behaviour 

studies using olfactometers and behavioural observations within a laboratory setting can 

improve our ability to make accurate predictions of ecological host range.  

 

7.1. UNDERSTANDING MATING BEHAVIOUR AS A TOOL TO IMPROVE 

REARING METHODS 

A common goal in parasitoid’s rearing for classical biological control programmes is to 

produce as many mated females as possible, because only mated female arrhenotokous 

parasitoids will produce female offspring that will effectively multiply population sizes in 

subsequent generations (Hardy et al. 2005, Joyce et al. 2008). Therefore, understanding the key 

aspects (e.g. mechanisms controlling mate finding and intraspecific communication) of 

successful mating is essential to develop an optimised rearing protocol (Rungrojwanich & 

Walter 2000, Benelli et al. 2012, Ruther 2013). 

Chapter 2 describes a series of experiments aimed to determine how the mating status 

of male and female C. urabae influences their attraction to conspecific mates. In the mate 

attraction experiments conducted in Y-tube olfactometers, males exhibited a significant 

positive attraction to conspecific virgin females only, but not to mated females. Conversely, C. 

urabae females were not attracted towards any males, irrespective of male mated status. 

Parasitoids are known to possess effective mate location strategies, and female sex pheromones 

are likely to play an important role in mate attraction for most species (Godfray 1994, Ruther 

2013, Xu et al. 2014). Therefore, the results of these experiments suggest that mate attraction 

in C. urabae may rely on the male’s attraction to volatizing pheromones released by conspecific 

virgin females.  

 Chapter 2 also reports on how male competition and male body size may influence 

mating success. Results demonstrate that: a) when two males were paired with a single female, 
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there was a higher probability of mating success than when one single male was paired with a 

single female, b) successful males copulate for longer times when two males were close to a 

single female, c) the time until mating occurred was shorter when two males were used, and d) 

larger male C. urabae were significantly more successful in achieving copulation than smaller 

males when paired together with a single female. Overall, the results provide researchers the 

understanding that maximal mating success results when two males are paired with a single 

female, and larger males are more successful in achieving copulation than smaller males. 

For example, the current mating method of C. urabae involves pairing a single male at 

a time with a single female and a second male was added only if after two attempts, the single 

male does not respond to the female (Berndt et al. 2013). This method is quite labour intensive, 

since time may be wasted on close observation while trying to mate the parasitoids, and in 

some occasions no mating is achieved. Therefore, based on the new findings reported in 

Chapter 2, I recommend pairing two or more males with a single female rather than just one 

male to increase the chances of mating success and reduce the time involved in this process. 

Also, if possible, we should try to give priority to larger, rather than smaller males, since we 

now know larger males have higher success in achieving copulation. Making these 

recommendations standard within the laboratory rearing protocol for C. urabae will help to  

a) standarise quality control parameters of both mass-reared colony and released insects 

making sure they are of adequate size and are the most sexually competitive, and b) improve 

the rearing methods by producing higher numbers of mated females able to produce female 

offspring. If biological control practitioners conducted similar studies at an early stage in their 

laboratory research with BCAs they might also benefit from elucidating the most efficient 

mating methods for their species of parasitoid to benefit the entire length of the research 

programme. 
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7.2. SEARCHING BEHAVIOUR STUDIES AS A TOOL IN BIOLOGICAL CONTROL  

There is a growing body of evidence that many hymenopteran parasitoids make use of olfaction 

as the primary mechanism to detect and locate hosts (Vet & Dicke 1992, Godfray 1994, 

Turlings et al. 2004, Bai et al. 2011). Moreover, the success and effectiveness of parasitoids as 

BCAs has been attributed in part to their highly efficient ability to locate host-habitats and hosts 

(Mattiacci et al. 1999, Xiaoyi & Zhongqi 2008, Frederickx et al. 2014). However, a number of 

studies have also demonstrated that parasitoid BCAs using olfaction do recognise and locate 

non-target species (Jembere et al. 2003, Perfecto & Vet 2003, van Poecke et al. 2003). 

Therefore, we ought to be able to elucidate a candidate parasitoid BCA’s propensity to locate 

non-target species in the same way as we would study its host habitat and host-location 

behaviour.  

In Chapters 3 & 4 of this thesis, a number of olfactory experiments utilising Y-tube and 

four-arm olfactometers were conducted to investigate the odour cues used by C. urabae for the 

host habitat and target host location (Chapter 3), and subsequently to explore how foraging C. 

urabae females may also make use of olfaction to search for non-target hosts and distinguish 

between them (Chapter 4). I propose that this method could be usefully employed in assessing 

a parasitoid’s host range during the crucial host specificity testing stage before the proposed 

introduction into new environments, thus, minimizing the potential risks to non-target species. 

 

7.2.1. Olfactory experiments to assess effectiveness of parasitoids as biological control 

agents 

 Chapter 3 reveals that C. urabae females exhibited an innate response to a number of odour 

cues from its host plant and target host (Y-tube olfactometer). The multiple-choice assay 

conducted in a four-arm olfactometer revealed that C. urabae preferred the target plant-host 

complex nearly twice as frequently (% time spent per field) as the other odour sources tested. 
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It may well be that female C. urabae locate their target hosts, U. lugens larvae, by responding 

to a mixture of chemical cues from two trophic levels simultaneously, the first trophic level 

being the host plant (Eucalyptus leaves) and the second trophic level being the target host larvae 

and the effects of their feeding damage. This plant-host complex provides female C. urabae 

with the most reliable and detectable cues for host location, and this has proven successful for 

this parasitoid. Interestingly, in this study C. urabae was not found to be attracted to the odour 

of U. lugens frass. This may be due to the limited amount of frass that usually remains upon 

Eucalyptus spp. leaves infested by this pest as most of this frass readily falls off the leaves or 

is blown away by wind (G Avila, pers. obs.). Thus, host frass is perhaps of little use for close-

range host location to C. urabae. 

The results from this study are of great interest for the biological control programme 

which utilises C. urabae, since they provide essential information to confirm its efficacy in 

locating the target host and host habitat in the field. Searching behaviour studies to investigate 

host habitat and host location are of great importance for biological control, and might be used 

to assess the searching potential of candidate BCAs prior to commencing a biological control 

programme. For example, during the screening process of candidate parasitoids to be used in 

biological control programmes, conducting searching behaviour studies to investigate host 

habitat and host location might help to predict their future performance in the field after being 

released, and also would provide a better understanding of the first steps leading to successful 

parasitism (Vinson 1984). Ultimately, these studies will help to improve predictions on the 

parasitoid’s effectiveness as a biological control agent. 

 

7.2.2. Olfactory experiments to assess potential risks to non-target species 

Once C. urabae was confirmed to respond to odour cues from its host habitat and target host 

(Chapter 3), further investigations were undertaken to evaluate comparable responses to odour 
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cues from non-target species and are described in Chapter 4. Three non-target Lepidoptera 

species, and their corresponding host plants, were tested in a series of olfactometer experiments 

using Y-tube and four-arm olfactometers, two species from the family Erebidae (Nyctemera 

annulata and Tyria jacobaeae) and one from the family Geometridae (Pseudocoremia suavis). 

 Female C. urabae responded, in Y-tube olfactometer bioassays, to chemical cues from 

the non-targets N. annulata and T. jacobaeae, and also to their corresponding non-target plant-

host complexes. No response was observed towards the odours of undamaged non-target 

plants, suggesting no long-range attraction to the non-target plants (habitats) tested would occur 

in a field situation. Therefore, the potential risk of C. urabae searching for, and attacking, 

populations of N. annulata and T. jacobaeae in the field is likely to be limited to very close 

range attraction only. In order to compare the strength of the response towards the non-target 

plant-host complexes (N. annulata and T. jacobaeae) to the one towards the target plant-host 

complex (U. lugens), both naïve and non-target host-experienced C. urabae were tested in a 

four-arm olfactometer. The preference shown by C. urabae towards its target plant-host 

complex was approximately twice to three times higher (% time spent per field) than towards 

either non-target. This results suggests that apart from a situation of overlapping distribution 

on a very small scale between the target host and the tested non-target hosts, C. urabae would 

retain a high level of preference to the volatile mix corresponding to its target plant-host 

complex. This would then reduce the likelihood that C. urabae females would search for and 

attack N. annulata and T. jacobaeae in the field. Only if the target host is present in the 

immediate vicinity (blended/overlapping odours from target and non-target plant-host 

complexes) could we imagine that C. urabae may potentially encounter non-targets and, at a 

close range, find them attractive enough to oviposit in. Unfortunately, it was not possible to 

evaluate responses of C. urabae to odour cues from Celama parvitis and its plant-host complex, 

since by the time we conducted the olfactory experiments this non-target species was not 
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available for testing.  However, I was able to test the attraction of C. urabae to odours from the 

host plant (Helichrysum lanceolatum) of this non-target species, where female parasitoids did 

not respond to odour from undamaged leaves of this non-target plant. The results from this 

experiment were not included in Chapter 4 and as such, is an incomplete assessment since the 

parasitoid’s response to C. parvitis larvae and its plant-host complex still needs to be evaluated. 

 The results from the experiments in Chapter 4 should equate to a great advance in our 

ability to undertake more accurate assessments of the risk a parasitoid poses to non-target 

species in the new environment. This chapter shows that if we gain knowledge of the chemical 

cues that parasitoids respond to, this can be used as a valuable complement to laboratory host 

specificity testing assays. It has long been the goal of biological control researchers to be able 

to understand all of the behavioural steps leading up to successful parasitism (Vinson 1984), 

for their candidate biological control agents. However the traditional methods utilised during 

host specifity testing (Van Driesche & Reardon 2004) do not usually adequately enable this 

process to be completed. I have now shown that by incorporating odour preference assays in 

Y-tube and four-arm olfactometers as part of the host specificity testing of a candidate BCA, 

the odour cues being used by the parasitoid can be elucidated. It is possible that not all 

parasitoids will respond as neatly as C. urabae did within this type of bioassay set-up, and 

those that also utilise visual cues for host habitat finding may require the use of wind-tunnels 

where odour and visual cues can be presented separately, or together, may be required. But if 

odour volatiles are a significant cue utilised in host finding as it was in C. urabae, then the 

addition of olfactometer bioassays could be a cost-effective means of adding valuable 

knowledge on host specificity to the overall risk assessment of parasitoid BCAs.  

For example, olfactometers do not need to be large, or prohibitively expensive and 

should be easily able to be housed within the same quarantine laboratories where the host 

specificity testing is taking place. Furthermore, female parasitoids that have been utilised for 
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conducting parasitism assays could be recaptured and after a short period of deprivation from 

any hosts they could be re-tested, once per female, in an olfactometer test. This would provide 

with additional data of the potential effect of pre-oviposition experience in the parasitoid’s 

ability to locate target/non-target hosts. Some researchers are very strict on ensuring 

independence of all host specificity testing data, and do not like to repeatedly use any female 

for more than one assay. Also Withers and Browne (2004) recommend that in the absence of 

knowledge, that naïve parasitoids be used in host testing assays. This is highly compatible with 

olfactometer testing. Each individual naïve female parasitoid could be tested for its innate 

odour preference in Y-tube or 4-arm olfactometers immediately prior to no-choice or choice 

parasitism assays, because in olfactometers the parasitoids are physically separated from the 

host by a mesh screen. This would therefore not compromise the need to use females naïve of 

oviposition experience in the remainder of assays.  

The results from these olfactory experiments combined with the parasitism assays 

should predict more accurately non-target risks. It is my clear recommendation that the 

elucidation of odour preference of parasitoids be attempted by conducting olfactometer assays, 

such as those reported in Chapter 4, during quarantine laboratory host specificity screening for 

potential BCAs. A higher preference by parasitoids towards the target host compared to the 

non-targets, in olfactometer assays, would indicate a potential low risk to the non-targets tested. 

Whereas an equal or lower preference towards the target host compared to the non-targets 

would indicate a potentially higher risk to the non-targets tested. Therefore, results from these 

types of assays would provide valuable information about the match between the BCA and its 

target host compared to non-target species. 
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7.3. INFLUENCE OF HOST DEPRIVATION AND EXPERIENCE ON THE 

OUTCOMES OF HOST RANGE TESTING 

A number of behavioural (e.g. experience) and physiological processes (e.g. host deprivation, 

age, mating status) are known to potentially influence the outcomes of parasitoid host-range 

tests (Withers & Browne 2004, Babendreier et al. 2005). During laboratory assays to assess 

host ranges of candidate parasitoid BCAs, it is essential to employ test procedures early in the 

sequence that maximise the parasitoid’s likelihood to attack the non-target species being tested 

(Withers & Browne 2004). This is the recommended first stage of conducting an accurate risk 

assessment. In theory, responsiveness to non-target host species by parasitoid BCAs may be 

enhanced, unchanged, or reduced by the effect of oviposition experience (Turlings et al. 1989, 

Eller et al. 1992, Withers & Browne 2004). Therefore, the possibility that behavioural and 

physiological processes such as oviposition experience may influence the outcome of the 

original host-specificity testing assays conducted prior to the release of C. urabae, led me to 

re-examine these aspects for this species. 

Chapters 5 & 6 present the results of retrospective host-specificity testing, to both assess 

potential risks to non-target species by C. urabae and to evaluate the potential effects of: (a) 

host deprivation and prior oviposition experience with non-target hosts to the responsiveness 

of C. urabae to the non-target tested (Chapter 5), and (b) prior oviposition experience with the 

target host in the responsiveness of C. urabae to the non-targets tested (Chapter 6). Behavioural 

experiments demonstrated that both host deprivation and prior-oviposition experience with the 

endemic non-target species, Celama parvitis, significantly increased the probability of C. 

urabae in accepting this non-target as a host (Chapter 5). This was demonstrated when C. 

urabae handling time to its first oviposition decreased as the deprivation period prior to first 

oviposition increased. Furthermore, those parasitoids that had previously experienced 

oviposition with C. parvitis (no longer than 1-2 min before re-testing) exhibited a continuous 
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increase in responsiveness towards this non-target host, and this effect was shown to last for 

the complete duration of the sequential no-choice tests (five continuous presentations). 

Additionally, in Chapter 6, I also found that C. urabae females that had prior oviposition 

experience with the target host did not differ significantly in the mean attack frequency on non-

target species (N. annnulata, T. jacobaeae, P. suavis) when compared to naïve females, but 

oviposition-experienced parasitoids did show a shorter mean time to start an attack than naïve 

parasitoids.  

The results of the behavioural observations conducted in Chapter 5 & 6 regarding the 

effect of host deprivation and experience (with target/non-target hosts) are very relevant to 

biological control, since they provide critical information regarding the effectiveness of using 

naïve and experienced female parasitoids to maximise the probability of attack on non-target 

species during laboratory host range tests. In the case of C. urabae, sequential no-choice tests 

using both host-deprived and non-target host experienced parasitoids maximised the 

probability of detecting attacks on the non-target species being tested (Celama parvitis). 

However, in Chapter 6, even though naïve and target host experienced C. urabae did not differ 

significantly in the frequency of attack on non-target species, there was still an effect of prior 

experience with the target host resulting in a shorter mean time to start attacking non-target 

hosts, than when naïve parasitoids were used.   

In a field situation there will be naïve and experienced females present in the 

environment to search for hosts, so when testing naïve and experienced individuals during host 

range testing we get more realistic overall results than if we just tested naïve individuals. The 

behavioural observations described in Chapter 5 & 6 certainly helped to increase the accuracy 

of the risk assessment conducted with C. urabae, since comparisons in the response and 

outcomes of C. urabae to non-targets could be conducted between different situations, such as 

different levels of host deprivation (Chapter 5) and naïve/experienced female C. urabae 

189 
 



Chapter 7: General discussion 
 

(Chapters 5 & 6). Therefore, in order to maximise the probability of attack on non-targets by 

parasitoids being tested in laboratory tests, and in agreement to the suggestions made by 

Withers and Browne (2004), I recommend biocontrol practitioners to: (a) use both naïve and 

oviposition-experienced females separately when conducting no-choice tests and then make 

appropriate comparisons of the resulting data, since oviposition experience can either reduce 

or enhance responsiveness, (b) when using naïve females keep parasitoids separate from hosts, 

but with a source of suitable food for a few days after eclosion before commencing the tests to 

take advantage of any increase in readiness to oviposit induced by host deprivation, and c) test 

oviposition-experienced females with the non-target hosts immediately after removing 

parasitoids from ovipositing on the target host, in order to take advantage of any increase in 

readiness to oviposit induced by experience. 

 

7.4. POST-RELEASE AND RESTROSPECTIVE HOST TESTING STUDIES TO 

IMPROVE NON-TARGET RISK ASSESSMENT 

Accurate knowledge of a parasitoid’s host range and a thorough assessment of its host 

specificity are a key concern in any biological control programme for insect pests. The use of 

laboratory-based host specificity tests have, fairly recently, become a common practice to 

predict host ranges of parasitoid BCAs (e.g. Sands and Van Driesche (2000), Babendreier et 

al. (2003), Berndt et al. (2007), Rowbottom et al. (2013)). The ultimate goal of conducting host 

specificity tests is to identify the ecological host range of a proposed parasitoid BCA. However, 

despite all the important advances that have been made in the last decades for improving the 

predictability of host-specificity testing results (Babendreier et al. 2005, Briese 2005, van 

Lenteren et al. 2006), no single test is able to predict the ecological host range of a candidate 

BCA. Conducting post-release studies (e.g. choice tests in large field cages) and experimental 

studies using retrospective host-specificity testing show great promise in order to verify and 

190 
 



Chapter 7: General discussion 
 

validate predictions made by tests conducted before the release of a BCA, and over time will 

reveal which host testing methods produced the most accurate predictions (Hopper 2001, 

Babendreier et al. 2005, Babendreier et al. 2006).  

 In Chapters 5 & 6 I presented the results of retrospective host-specificity testing to 

assess potential risks to non-target species by C. urabae. The retrospective laboratory host-

specificity testing on Celama parvitis (Chapter 5) showed that, even though C. urabae readily 

attacked larvae of C. parvitis, it was not a suitable physiological host for C. urabae. Therefore 

the risk of potential non-target effects on C. parvitis in the field is likely to be negligible. This 

agrees with the prediction made in the original host testing by Berndt et al. (2010). Laboratory 

testing conducted with P. suavis (Chapter 6), which had not been tested in the original host 

testing by Berndt et al. (2010), showed that this non-target species was almost never attacked, 

and was not a physiological host. This finding is consistent with the results revealed in Chapter 

4, where C. urabae exhibited no olfactory attraction to this non-target species. Therefore, the 

risk of non-target effects on P. suavis are most likely to be nil. Results from the retrospective 

host testing with T. jacobaeae and N. annulata (Chapter 6) showed that both species are readily 

attacked by C. urabae and at a similar rate to the target host U. lugens. Parasitoid larvae were 

found upon dissections of dead larvae of both non-target species, but complete physiological 

development was only revealed within N. annulata. Therefore, these findings confirm N. 

annulata as a physiological host of C. urabae, which is crucial new information and an advance 

on the original host range testing conducted by Berndt et al. (2010). 

Further assessment of the preference/attraction of N. annulata was conducted in a field 

cage test under semi natural conditions. The results confirmed that significantly higher 

parasitism rates occur on U. lugens, and that parasitism of N. annulata resulting from attacks 

in a field situation in both the presence and absence of the target host are likely to be low. These 

results are supported with the findings reported in Chapter 4, where C. urabae was found to 
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respond to odour cues from both N. annulata larvae alone and when feeding on its host plant, 

but when the N. annulata plant-host complex was tested against the U. lugens plant-host 

complex, a significantly stronger preference for the target host was observed.  

The additional information provided by the post-release and retrospective studies 

conducted with C. urabae have helped to more accurately predict potential risks to non-target 

species and to verify, validate and improve predictions made by the original tests conducted 

pre-release. Such studies, where they can occur, will continue to be invaluable for calibrating 

laboratory tests methods conducted prior to release, so over time we will be able to better 

predict non-target impacts and use methods that most accurately estimate ecological host 

ranges of candidate BCAs. 

 

7.5. CONCLUDING REMARKS 

Overall this study has increased our understanding of the courtship and mating behaviour of C. 

urabae, which can be used to improve rearing methods, and the importance of conducting 

behavioural and retrospective studies to improve risk assessment of parasitoids introduced as 

BCAs. In particular, the results of this thesis highlight the benefits that can be obtained by 

incorporating knowledge of the olfactory cues that parasitoids respond to, with the results of 

laboratory and field host-specificity tests to assist in more accurately defining the host 

specificity of parasitoid BCAs. This will provide a better understanding of all steps leading to 

successful parasitism in the context of biological control. I propose olfactory response assays 

as a very useful addition to laboratory host-specificity testing methods able to be conducted 

within quarantine facilities, prior to the release of candidate BCAs. These type of assays should 

be introduced to laboratory screening processes for potential BCAs in order to assist with non-

target risk assessments. Similarly, behavioural observations during laboratory host testing 

should be conducted when possible, since they will provide valuable data to help quantify the 
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potential impacts on the non-targets if they are found to be attacked. Hence, by combining data 

from a number of sources (e.g. olfactory tests, laboratory tests, field tests) and then interpreting 

this data with a good understanding of the physiology and behaviour of the candidate parasitoid 

BCA, it is likely to result in more accurate predictions of the likely behaviour of that parasitoid 

when released into a new environment. This is an exciting area of research in the search to 

improve risk assessment, so it is my hope that this study will provide a new focus for further 

research to improve risk assessment of parasitoids used in biological control programmes. 
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First releases and monitoring of the biological control agent Cotesia urabae Austin
and Allen (Hymenoptera: Braconidae)
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In July 2010, the Environmental Risk Management Authority New Zealand (now the Environmen-
tal Protection Authority) gave approval for release of the parasitoid Cotesia urabae Austin and Allen
(Hymenoptera: Braconidae) as a biological control agent for the gum leaf skeletoniser Uraba lugens
Walker Lepidoptera: Nolidae) in New Zealand. Between January and June 2011, five releases of adult
C. urabae were made at two different sites in Auckland: three at the Auckland Domain (91 female: 102
male) and two at the Manukau Memorial Gardens (86 female: 54 male). Both release sites were closely
monitored throughout 2011. The first cocoons were found one month after the first release, and thus far
132 cocoons have been found at the release sites suggesting initial establishment. The first confirmed
progeny of field emerged parents was confirmed at the Auckland Domain in February 2012 with the
finding of 18 cocoons at that site. Monitoring is continuing to determine if the population persists and
further releases are planned at other sites to ensure establishment. Results of this study along with data
gathered from ongoing monitoring will be useful to provide advice and guidelines to replicate a similar
biocontrol program in other countries affected by U. lugens in the future.

Keywords: biocontrol, parasitic wasps, endoparasitoid, Microgastrinae, Uraba lugens

Introduction
Uraba lugens Walker (Lepidoptera: Nolidae) (gum
leaf skeletoniser) is a moth endemic to Australia
where it is a serious pest of Eucalyptus and some
related species (Kriticos et al. 2007; Berndt & Allen
2010). In New Zealand, U. lugens established in
2001 and is now widespread in the greater Auck-
land region (Berndt & Allen 2010), is also present
in Waikato, Coromandel, Bay of Plenty, Napier,
and was found for the first time in Nelson and
Whangarei in 2011, and Rotorua in 2012 (T.M.
Withers, personal communication). Uraba lugens
can have either one (univoltine) or two (bivoltine)
generations per year (Farr 2002) and in its current
range in northern New Zealand it presents a bivol-
tine phenology (Suckling et al. 2005). It has been
observed on 53 tree species in New Zealand, chiefly
from the genus Eucalyptus, in which there has been
significant damage reported, especially in amenity
plantings (Berndt & Allen 2010). More than 22,000

ha of Eucalyptus plantations are established in
New Zealand, grown mainly for pulp production
(MAF 2011). There is a rising concern about this
invasive moth, since its range continues to expand,
increasing its chances of becoming a serious pest in
Eucalyptus plantations and amenity trees (Kriticos
et al. 2007; Berndt & Allen 2010). It has been esti-
mated that the potential cost of U. lugens infestation
over the next 20 years to New Zealand produc-
tion and amenity tree estates will be NZ$100–142
million (Journeaux 2003).

In order to counteract the threat that U. lugens
poses to commercial eucalypt plantations and orna-
mental trees in New Zealand, the Crown Research
Institute Scion obtained approval to import the soli-
tary endoparasitoid wasp Cotesia urabae Austin
and Allen (Hymenoptera: Braconidae) from Aus-
tralia, and release it as a biological control agent
for U. lugens (ERMA 2010). The decline of the
U. lugens populations resulting from successful

© 2013 The Entomological Society of New Zealand
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biological control would reduce the number of
encounters between humans and larvae, and so
decrease the incidence of allergic responses. The
biocontrol program would also provide economic
benefits to Eucalyptus growers by reducing the sub-
stantial costs associated with maintaining the utility
of Eucalyptus for wood and pulp production, exten-
sion of rotation time caused by periodic defoliation
of Eucalyptus plantations, and will benefit coun-
cils by reducing the costs of protecting or replacing
amenity trees. There are four different species of
Cotesia currently found in New Zealand (Berry
1997), and all of them have been introduced and
released for biocontrol purposes for a variety of
moth pests (Cameron et al. 1989). Cotesia urabae
is now the fifth Cotesia species released in New
Zealand.

There are several biotic, abiotic and procedu-
ral factors affecting the success of a biocontrol
program, including climate, host density, rearing
methodology, release methods and level of mon-
itoring (Hokkanen & Sailer 1985; Hassan 1993;
van Driesche & Bellows 1996; USFWS 2009).
Release techniques are an important component of
the success of biocontrol attempts. Natural enemy
releases can be made at many different life stages
(e.g. eggs, parasitised hosts, pupa, adults), and the
release methods differ according to the biocon-
trol agent released and the pest being controlled
(van Lenteren & Woets 1988; van Driesche &
Bellows 1996; Cugala et al. 2001; Charles &
Dugdale 2011). When cocoons are released, they
are often placed in ‘release stations’ in order to
protect them from predators and rainfall (Overholt
et al. 1994). Adults can be liberated freely in the
environment or released into sleeve cages. These
cages must be large enough to enclose a suitable
number of hosts and strong enough to withstand
rain and wind (van Driesche & Bellows 1996).
Cages used for the releases should be removed
within one or a few days after the release to
prevent overexploitation of the resource and to
encourage the parasitoids to disperse (van Driesche
& Bellows 1996). Independently of the method
used to release the natural enemies, it must be
assured that the active or infective stage released
is highly synchronised with the susceptible host
stage, especially with stage-specific parasitoids
where timing is critical (van Driesche & Bellows
1996).

Parasitoid wasps (Hymenoptera) are used
frequently in biological control. The adult stage of
the parasitoid is the most robust for release; how-
ever, releasing the pupal stage (which often occurs
protected within a cocoon) may maximise the adult
life span (Overholt et al. 1997). Thus, both cocoons
and adults may be released at the same time (Cugala
et al. 2001). Monitoring is essential to confirm the
establishment of a recently introduced biocontrol
agent, determine its effect on target species, under-
stand interactions between the biocontrol agent
and its new environment, and detect non-target
effects (Simberloff & Stiling 1996; van Driesche
& Bellows 1996; USFWS 2009). Thus, monitoring
improves the probability of success for any biocon-
trol program (Hokkanen & Sailer 1985; Simberloff
& Stiling 1996). Here, we report on the release,
monitoring and establishment of the biological con-
trol agent C. urabae in Auckland for the releases
made in 2011.

Materials and methods
Host rearing
Uraba lugens larvae were reared in the labora-
tory in order to provide sufficient hosts to maintain
C. urabae cultures. The host rearing process took
place at the University of Auckland, and the rearing
methodology was adapted as follows from Berndt
et al. (2012).

Leaves containing U. lugens egg batches were
collected from late February until late April 2011
at different sites in Auckland, from either Eucalyp-
tus species or Lophestemon confertus. Egg batch
collections were made mainly from Ngati Otara
Park (36◦56′94′′S 174◦52′46′′E) and Waikaraka
cemetery (36◦55′76′′S 174◦47′76′′E). Leaves were
stored in plastic containers where they were
allowed to dry before being placed in glass petri
dishes to avoid the risk of fungal infection dur-
ing egg development. On eclosion, larvae were fed
on leaves of Eucalyptus or Lophestemon confer-
tus collected from amenity trees in Auckland until
they reached an appropriate stage for parasitoid
attack (i.e. 2nd to 5th instar). Rearing of caterpil-
lars was conducted in an incubator at 15–20◦C with
a 12:12 L:D photoperiod. Uraba lugens cultures
were not reared through multiple generations due
to the availability of field collected egg batches.
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Parasitoid rearing
A total of 212 C. urabae cocoons were shipped
from Tasmania in December 2010 to a contain-
ment facility at Scion, Rotorua. Parasitoids were
reared there, following rearing protocols described
by Berndt et al. (2012) through one generation
to provide adults for the first release. Seventy-six
cocoons from this second generation were sent to
the University of Auckland to continue the culture
production for further releases. Parasitoid rear-
ing methods at the University of Auckland were
adapted from Berndt et al. (2012) as follows.

Adult parasitoids were held in small petri dishes
(55 mm diameter and 15 mm high) containing a
small drop of honey on a piece of Eucalyptus
leaf. This appeared to increase adult longevity,
with some parasitoids alive up to 30 days (G.A.
Avila, personal observation). Host attack arenas
were also modified from Berndt et al. (2012) by
placing mated C. urabae females in large glass petri
dishes (90 mm diameter and 18 mm high), where
U. lugens larvae between the 2nd to 5th instar were
exposed to attack. Rearing of the resulting para-
sitoid larvae was conducted in an incubator at 15◦C
with a 12:12 L:D photoperiod.

From June onwards, all the parasitoid attacks
were conducted with the main purpose of trying
to keep the culture running through winter. There-
fore, at this time, all parasitised caterpillars were
reared in an incubator at 8–10◦C with a 12:12 L:D
photoperiod to slow parasitoid development.

Parasitoid releases
Cotesia urabae were paired for mating prior to
release, and the pair was released together. This
was done because unmated females (which produce
only male offspring) prioritise host attack over mat-
ing (L.A. Berndt, personal observation) and this
could have resulted in few female offspring pro-
duced in the field, potentially causing establishment
failure.

The releases took place in Auckland at two dif-
ferent locations at a distance of 22 km from one
another: Eucalypt Hill at the Auckland Domain
(36◦51′79′′S, 174◦46′55′′E) and Manukau Memo-
rial Gardens (36◦59′41′′S 174◦50′29′′E). These
locations were chosen as they had established
U. lugens populations and trees suitable for release
and monitoring.

A total of 333 adult C. urabae were released
on five dates between January and June 2011 when
host larvae in the field were in their first stages,
between 2nd to 5th instar (Table 1). The majority of
parasitoids were released into sleeve cages contain-
ing approximately 30–60 3rd–5th instar U. lugens
larvae, and a small number of parasitoids were
released free into the environment. Most of the
U. lugens larvae originated from the laboratory
culture, and only in a few occasions wild lar-
vae were used in sleeve cages. The cages were
attached to trees on which U. lugens were present
and further larvae were collected from surrounding
trees and moved to the release trees to supplement
host batches found on those trees. Cages remained
attached for 24 hours in order to maximise the
chance of attack on the host larvae. After that period
the cages were removed to encourage these para-
sitoids to disperse. To monitor parasitod dispersal
at the release sites, additional U. lugens larvae were
attached onto leaves of nearby Eucalyptus and/or
Lophestemon confertus trees by stapling leaves
containing U. lugens larvae into branches. Lar-
vae used to check dispersal (sentinel larvae) were
also in their 3rd–5th instar, and were placed in the
branches of trees located no more than 20 m from
the release tree.

To maximise parasitoid survival, rainy condi-
tions were avoided as well as the exposure of
parasitoids to direct sun. Therefore, most of the
releases took place in the morning and on an over-
cast day. A smear of honey was put on a leaf in the
release cage to provide sugar for the parasitoids to
feed on.

Parasitoid monitoring
Three weeks after each release event, release sites
were visually inspected every second week to check
for parasitoid emergence. Once the first cocoons
were found in the field on 3 June 2011, after
the second release, inspections were conducted
every week until December 2011 and resumed in
late February 2012. Inspections were made in the
release tree and in the nearby trees where sen-
tinel larvae were attached. However, all host trees
located at up to 80 m from the release tree were also
inspected for the presence of parasitoids. Inspec-
tions were conducted by looking for C. urabae
cocoons on leaves up to 2 m high manually and up
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Table 1. Release sites, dates and number of adult parasitoids released at two sites in the Auckland Region.

Cage releases Free releases
No. of No. of

Release site and date release cages release trees Females Males Females Males

Auckland Domain
Release 1: 25/01/2011 10 1 10 20 27 53
Release 2: 14/04/2011 10 1 20 10 14 4
Release 3: 12/05/2011 10 1 20 10 0 5
Manukau Memorial Gardens
Release 4: 28/05/2011 15 3 30 15 21 15
Release 5: 11/06/2011 15 3 30 15 5 9

to 4 m high with binoculars. The date, location and
number of cocoons found during inspections were
recorded, and a mark was made around the cocoons
with a marker pen to avoid double counting in
future inspections. Monitoring for initial establish-
ment was conducted for one year following each
release, and this was intended for observing if the
parasitoid was able to survive in its new envi-
ronment. No U. lugens larvae were collected to
check parasitism in the laboratory during this first
year, to ensure the maximum number of parasitoids
emerged in the field.

Results
By May 2012, a total of 132 C. urabae cocoons
were found at the release sites. One hundred and
twenty-five of these cocoons were found at the
Auckland Domain, at distances up to 60 m from
the release point (Figure 1). Most of these cocoons
were found no further than 20 m from the release
tree, with 55 cocoons (43%) found at the release
tree and 49 cocoons (39%) in a Lophostemon con-
fertus located at 20 m from the release tree. Several
cocoons are likely the result of parasitoid females
attacking sentinel larvae, since many cocoons were
found in the same places where sentinel larvae were
attached. From the cocoons found on February–
March 2012 at the Auckland Domain a sub-sample
of 12 cocoons was collected in early March 2012
to see if the parasitoids are mating in the field.
They were reared in the laboratory at the University
of Auckland and seven males, two females were
obtained from the cocoons; three cocoons never
hatched. Females obtained were paired with males
to mate, and then released back to the field.

Figure 1. Total number of cocoons found during
inspections made in 2011 and early 2012 on the
release tree and at different distances for Auck-
land Domain (black) and Manukau Memorial Gardens
(grey).

Only seven cocoons have been found from the
two releases made at the Manukau Memorial Gar-
dens. Three of these cocoons were located in a
Eucalyptus tree located at 20 m from one of the
release trees. The remaining four cocoons were
found in the release trees (Figure 1).

The first parasitoid cocoons were found in the
field exactly one month after the first release at the
Auckland Domain (Figure 2). However, cocoons
were not found throughout the year, and most of the
cocoons were found during the winter generation
of U. lugens. In the winter generation, C. urabae
pupae were found most commonly during weeks
26 to 28 and weeks 33 to 36. During these weeks,
two apparent peaks in pupation were found, one in
week 27 with 24 cocoons, and the other in week
35 with 16 cocoons (Figure 2). Cotesia urabae
pupation was also detected during weeks 8 to 10
in the summer of 2012, with a peak in week 8 with
18 cocoons found. Unfortunately, since monitor-
ing stopped in December 2011, no cocoons were

D
ow

nl
oa

de
d 

by
 [

G
. A

. A
vi

la
] 

at
 0

1:
11

 1
3 

Ju
ne

 2
01

3 



First releases and monitoring of Cotesia urabae 69

Figure 2. A) Predicted phenology of U. lugens in its northern distribution in New Zealand, based on observations
made by Suckling et al. (2005) and MAFBNZ (2010). B) Predicted and observed appearances of cocoons of C. urabae
from monitoring in 2011 and up to June 2012 at the Auckland Domain. Predicted appearances of C. urabae cocoons
were adapted from observations made by Allen (1990) and Allen and Keller (1991), and are shown in grey shaded
bars with cocoon peaks shaded in black. Observed appearances of C. urabae cocoons in 2011 and 2012 are shown in
striped bars with cocoon peaks shaded in black. Release events are indicated with a black triangle and all occurred
in 2011.

recorded from December 2011 until late February
2012 when monitoring was resumed.

Discussion
As a result of the monitoring process carried out so
far, several C. urabae cocoons have been found
mainly at the Auckland Domain. Based on the
described phenology for U. lugens in its current
northern range in New Zealand (Suckling et al.
2005; Berndt & Allen 2010) and C. urabae in
its Australian native range (Allen 1990; Allen &
Keller 1991), we expected to start finding cocoons a
month after the first release. This is because the first
release was in summer and C. urabae is described

to develop at its’ host development rate, which is
shorter in summer than in winter due to the warmer
temperatures (Allen 1990). Likewise, for the next
releases (2nd to 5th; Table 1) which were made
mainly in autumn, we expected a slower develop-
ment of C. urabae larvae since they would start
overwintering within their host (Allen 1990). Thus,
cocoons were expected to be found at least two or
three months from these releases.

The first cocoons from the first release were
found exactly one month after the release, con-
firming our predictions. Cocoons possibly resulting
from the second release were first found on the
release tree, and also in sentinel larvae attached to
nearby trees, almost two months after that release.
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Most of the cocoons found later in the year were
found nearly three months after the latest releases,
thus also matching our expectations (Figure 2).

However, since more than one release was made
at each of the two sites to improve the likelihood
of establishment, it is difficult to state with cer-
tainty which of the cocoons found were the result
of a release event and which were field genera-
tion cocoons. Therefore, only the cocoons found
in February–March 2011 can be attributed to the
first release, given the fact that this was the first
time that the parasitoids were released in the coun-
try. The cocoons found at the Auckland Domain
in February–March 2012 can be considered as
confirmed field generation cocoons, since the last
release made at this site was in May 2011. This
shows that C. urabae has successfully overwintered
and established, at least initially, in this location.
Cocoons found at 50 m and 60 m away from the
release point confirm that parasitoids were dispers-
ing to wild hosts, since no sentinel larvae were
attached further than 20 m from the release tree.

We found two apparent peaks in C. urabae
pupation at the Auckland Domain in winter 2011,
during July and September, and one in summer
2012 (Figure 2). Taking into account that no moni-
toring was made from December 2011 until Febru-
ary 2012, where we possibly missed the first C.
urabae summer generation, our observations match
the described phenology of C. urabae in its native
range where it is described having two generations
within each generation of its host, U. lugens (Allen
1990; Allen & Keller 1991). There was a gap of
nearly two months between the two peaks in cocoon
numbers found in the winter, which also matches
with the phenology observations of C. urabae made
by Allen (1990) in Adelaide, Australia.

Monitoring at the Manukau Memorial Gar-
dens site has not provided substantial results yet,
with only seven cocoons confirmed from the two
releases carried out at this site. Even though a sim-
ilar number of females were released at this site in
comparison to the Auckland Domain, the number
of cocoons recovered at the Manukau Memorial
Gardens after the releases were fairly low. This
could be related to host availability, since accord-
ing to observations made in the field during releases
and monitoring, host numbers were lower at the
Manukau Memorial Gardens than those observed
at the Auckland Domain.

The effect of the number of individuals released
on the establishment of a biocontrol agent can
be variable (Simberloff 1989; Hopper & Roush
1993; Grevstad 1999a, b; Memmott et al. 1998,
2005). For instance, some studies conclude that
the larger the number of individuals released, the
more chance of establishment (Grevstad 1999b;
Memmott et al. 1998, 2005). On the other hand,
Simberloff (1989) gives several examples of suc-
cessful insect introductions coming from releases
of just a few individuals, less than 10 in some
cases. A large release number may shorten the
time to achieve the desired impacts but this does
not necessarily mean a better chance of establish-
ment (de Clerck-Floate et al. 2005, 2009), since
factors such as host availability and climatic con-
ditions may affect establishment. In the case of this
biocontrol program only 333 (177 females) adults
were released in 2011; however, more releases are
planned to be made in the next years in Auckland
and other regions in order to increase the likelihood
of establishment.

Improvements to the release methods could be
developed for future releases. For instance, adult
parasitoid releases could be complemented by also
releasing cocoons, or U. lugens caterpillars previ-
ously parasitised in the laboratory (van Driesche
& Bellows 1996; Cugala et al. 2001; Sallam et
al. 2001). By doing this, we could significantly
increase the numbers of the next generation biocon-
trol agents that will hatch in the field, which could
increase the chances of the parasitoid becoming
established.

Given the fact that C. urabae was not previously
present in New Zealand, only visual inspections
in the field were considered suitable to monitor
its initial establishment at the release sites during
the first year. However, it is possible that many
cocoons were undetected due to their small size and
the impossibility of searching the higher branches
of all trees. Other biocontrol studies have shown
that initial populations may be too small to detect
and, in some cases, establishment may occur but
may remain undetected for several years (van Dri-
esche & Bellows 1996). Monitoring methods for C.
urabae in New Zealand could be enhanced in the
future by collecting host samples from the release
sites and rearing them in the laboratory to check
for frequency of parasitism. This is a practice that
has proven to be a successful way to check for the

D
ow

nl
oa

de
d 

by
 [

G
. A

. A
vi

la
] 

at
 0

1:
11

 1
3 

Ju
ne

 2
01

3 



First releases and monitoring of Cotesia urabae 71

presence of parasitism in several biocontrol studies
(Sallam et al. 2001; Vergara et al. 2001; Getu et
al. 2003; Castillo et al. 2006). Monitoring should
be carried out over a minimum period of one or
two years (van Driesche & Bellows 1996) in order
to be able to conclude if the biocontrol agent has
successfully established.

The results that could be obtained if the mon-
itoring process for this biocontrol program was
continued, may allow for improvements to opti-
mise future releases. Also, the results of this study
along with ongoing monitoring data will allow us
to provide advice and guidelines to assist similar
biocontrol programs in other countries affected by
U. lugens in the future.
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quantify the dispersal behavior of one
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urabae.
� Parasitoids dispersed up to 20 m

away from the release point.
� A high level of parasitism was

observed at the release tree and at
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Estimates of the dispersal range of a recently introduced biocontrol agent in its new environment are vital
to understanding its relative searching capacity, and to foresee the maximum area that could be covered
in a release event. In New Zealand, the solitary endoparasitoid Cotesia urabae Austin and Allen (Hymenop-
tera: Braconidae) was first released in January 2011 as a biological control agent for the gum leaf skel-
etoniser, Uraba lugens Walker (Lepidoptera: Nolidae). The objective of this study was to utilize an
experimental approach to quantify the dispersal behavior of one generation of C. urabae. In our experi-
ment, which used sentinel larvae as target hosts, parasitoids dispersed up to 20 m away from the release
point but parasitism was highest within 5 m of the release site. A high level of parasitism was observed at
the release tree (87.6%) which suggests that most of the females released may have stayed there. Accord-
ing to the dispersal model developed from the data collected, Cotesia would be able to disperse up to 53 m
in one release event. In addition, significant differences were found between the different directions
tested for dispersal, showing a clear downwind effect on dispersal suggesting that wind has a direct effect
on the dispersal behavior of C. urabae in the field.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction to fight invasive species. These introductions also provide an ideal
The introduction of biocontrol agents into a new environment
through classical biological control programs is an important tool
opportunity to study the ecology of introduced organisms in novel
environments. For example, biocontrol introductions have allowed
the study of factors such as dispersal behavior (Castillo et al., 2006;
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Sallam et al., 2001; Wang and Shipp, 2004; Weisser and Völkl,
1997), establishment (Assefa et al., 2008; de Clerck-Floate and Wi-
keem, 2009; Grevstad, 1999), level of parasitism (Cameron and
Walker, 2002; Cameron et al., 2006; Hill, 1988), and host-parasit-
oid interactions of species recently introduced in new ecosystems
(Berry and Walker, 2004; van Driesche et al., 2003).

A key factor to investigate when commencing a biological con-
trol program is the dispersal range of the recently introduced bio-
control agent (Godfray, 1994). This dispersal range is understood
as the numerical variation in a population density due to the nat-
ural movement of its individuals over time (Nathan, 2001; Ricklefs
and Miller, 2000). Therefore, estimates of the dispersal range of any
biocontrol agent in its new environment are vital to understanding
its relative searching capacity, and to predict the maximum area
that could be covered in a release event in one generation (Castillo
et al., 2006).

Various mark-release-recapture techniques are used to esti-
mate the dispersal of insects when populations are already present
in a determined area (Hagler and Jackson, 2001; Southwood, 1978;
Walker and Wineriter, 1981). However, when estimating the dis-
persal of a newly introduced species it is possible to obviate many
steps (Castillo et al., 2006) and use a rather more straightforward
methodology. In fact, more accurate estimations of dispersal are
possible since all captured individuals are known to be from the re-
leases, given the absence of previous wild individuals.

Several studies have reported on dispersal behavior of recently
introduced biological control agents worldwide (Castillo et al.,
2006; Sallam et al., 2001; Vergara et al., 2001; Weisser and Völkl,
1997). In Germany, Weisser and Völkl (1997) found in a dispersal
experiment that the solitary aphid parasitoid Lysiphlebus cardui
Marshall (Hymenoptera: Aphidiidae), introduced to control the
black bean aphid Aphis fabae cirsiiacanthoidis Scopoli (Homoptera:
Aphididae), successfully dispersed up to 20 m away from the re-
lease point. In a similar experiment in Kenya, Sallam et al. (2001)
report that the parasitoid Cotesia flavipes Cameron (Hymenoptera:
Braconidae) successfully parasitized the Asian cereal borer Chilo
partellus Swimhoe (Lepidoptera: Crambidae) up to 64 m in its re-
lease site. Also, it was found that C. flavipes dispersal was influ-
enced by the wind, having a clear downwind dispersal.

Cotesia urabae Austin and Allen (Hymenoptera: Braconidae) is a
solitary endoparasitoid of the lepidopteran pest Uraba lugens
Walker (Lepidoptera: Nolidae), the gum leaf skeletoniser, which
is a defoliator of a large number of Eucalyptus spp. and other re-
lated tree species (Berndt and Allen, 2010). Cotesia urabae females
may carry up to 400 eggs (Allen, 1989), and they oviposit in small
and large (sixth to seventh instar) hosts in winter and in small and
midsize (fourth to fifth instar) hosts in summer (Allen and Keller,
1991). In laboratory conditions adults live for approximately
27 days at 20 �C (Allen, 1990).

In its natural range in Australia, C. urabae has two generations
within each generation of its host U. lugens, and no overlapping
of adults from each C. urabae generation has been observed in
the field (Allen, 1990; Allen and Keller, 1991). This parasitoid
was introduced for the first time in New Zealand in January 2011
as a biological control agent for U. lugens, and five releases were
made during this year in the Auckland region (Avila et al., 2013).
By June 2012, cocoons have been found at distances up to 60 m
from the release tree (Avila et al., 2013).

The objective of this experiment was to study the dispersal
behavior of one generation of the recently introduced biocontrol
agent C. urabae, in an area containing Eucalyptus trees with sentinel
U. lugens larvae. Dispersal data can be used to develop dispersal
models and to study movement of insects once released (Castillo
et al., 2006; Freeman, 1977; Sallam et al., 2001; Taylor, 1978). Here,
we use an experimental release using sentinel larvae to assess pat-
terns of initial dispersal for C. urabae, and use the data collected to
develop a dispersal model to estimate the dispersal radius of C.
urabae, and provide data to help us understand its movement once
released in the environment.
2. Materials and methods

2.1. Experimental design and procedures

Parasitoids were reared in the laboratory at the University of
Auckland. The rearing methodology was adapted from Berndt
et al. (2013), as described by Avila et al. (2013).

The experiment took place from 9th to 16th May 2011 and it
was conducted at the Colin Maiden Park (36� 52.860S, 174�
50.690E) in Auckland, New Zealand. A total of 49 potted Eucalyptus
fastigata (1 m height) trees were used for the experiment and
placed in a field where no trees with naturally occurring hosts
were present in the vicinity.

The potted trees were set out in concentric circles around a cen-
tral release tree (Castillo et al., 2006). Each of the eight cardinal
directions (N, NE, E, SE, S, SW, W and NW) formed a block contain-
ing six trees randomly assigned to distances (treatments) of 5, 10,
15, 20, 25 and 30 m from the release tree (Fig. 1). This arrangement
provides one observation for each of the 48 combinations of dis-
tance/directions (eight blocks with six treatments each).

Once all the plants were distributed, eucalypt leaves containing
gregarious batches with fifty 3rd–5th instar U. lugens larvae were
prepared to be attached on the trees. It was not possible to keep
an equal density of hosts as distance increased. This was due to
the lack of sufficient hosts to test the independent influence of
density and distance. Therefore, we use an equal number of hosts
in all trees, thus, host density also varied when distance increases.
Two hundred larvae were attached in the release tree (50 larvae in
each N, E, S and W direction) and 50 more larvae in each of the
other 48 trees.

One release of 55 adult parasitoids, between two and ten days
old, was made (35 females and 20 males) on the release tree in
the centre of the six concentric circles. Twenty five of the females
released were confirmed mated females, and the other 10 were gi-
ven the chance to mate with the 20 males two days prior the
experiment. However, the mating status of these females could
not be confirmed. To release the parasitoids, plastic vials with
the wasps were placed in the base of the release tree and the lids
were removed, allowing the parasitoids to disperse. The release
took place during autumn on May 9th 2011 at 9am; the tempera-
ture was 16.5 �C, there was a relative humidity of 95.5%, an average
wind speed of 1 km/h and the prevailing winds were from a SW to
W direction. Wind speed and its direction were also checked every
three days after the release, registering an average wind speed of
0.6 and 1.3 km/h and prevailing winds regularly from W to NW
and S to SW direction on each of the days sampled. The average
wind speed and prevailing winds were calculated according to
the information gathered in one hour of observation. Also, there
was an average wind speed of 8.2 km/h and an average prevailing
wind from a W direction for the whole period that the experiment
was conducted. This information was calculated with hourly data
records obtained from the nearest weather station located no more
than 4 km from the experimental site.

The host larvae attached to the trees were recovered one week
after the release. After collection they were brought back to the
laboratory for rearing to check for parasitism. The rearing of host
larvae was carried out in plastic containers on a diet of Eucalyptus
spp. leaves, which were collected mainly from amenity trees in
parks in Auckland. Leaves were changed every second day. The
containers were placed in an incubator at 18 �C, and were checked
daily for the development of C. urabae cocoons. The number of



Fig. 1. Experimental design to evaluate the dispersal of C. urabae. The dot in the center represents the parasitoid release point, and the rest of the dots being the sampling
points.
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parasitoid cocoons recovered was recorded with the date of emer-
gence, and also the location of the plant where their host was
attached.

Cotesia urabae was not previously present at the site where the
experiment was conducted, thus all parasitized hosts recovered
were parasitized by the females released. By the time that this
experiment was conducted only two releases of the biocontrol
agent had been made in the country in January and April 2011,
in a site located approximately 10 km away from the experimental
site (Avila et al., 2013), with no suitable habitat in between. Addi-
tionally, C. urabae was not yet confirmed as established and its
population was still too small to have dispersed long distances
(Avila et al., 2013).

Parasitism was determined by obtaining the parasitism rate on
each direction and distance, and this was calculated by the follow-
ing formula (Castillo et al., 2006; Vergara et al., 2001):
Parasitism rate ð%Þ ¼ðn�of cocoons recovered from larvae=n
�
of

larvae recoveredÞ � 100

A two-way ANOVA without replication was used to check for
differences between the parasitism rate and the different distances
and directions evaluated. This statistical test has been commonly
used in ecological and behavioral studies (Dalin and Björkman,
2003; Dalin et al., 2004; Hill and Hodkinson, 1995; Koizumi
et al., 1999) to analyze data when you only have one observation
for each combination of the nominal variables (McDonald, 2009;
Sokal and Rohlf, 1981; Zar, 1999), which in our case are distance
and direction. The Holm–Sidak post hoc analysis was used to
determine which means were significantly different from one an-
other. All the data obtained was analyzed with the statistical soft-
ware SigmaPlot v.12.0 (Systat Software, 2010).

A dispersal model was adjusted to the dispersal data by testing
the dispersal equations tested in two studies that evaluate the rela-
tionship between density and distance of insects dispersal (Sallam
et al., 2001; Taylor, 1978). The tested equations were:

N ¼ e^ðaþ c=XÞ

N ¼ e^ðaþ blnXÞ

N ¼ e^ðaþ b
ffiffiffiffi

X
p
Þ

N ¼ e^ðaþ bXÞ

N ¼ e^ðaþ bX2Þ

N ¼ e^ðaþ bXcÞ

where N = number of individuals dispersing to distance X; while a, b
and c are constants

The fitted models were compared based on the coefficient of
determination (R2).

3. Results

Uraba lugens were recovered from the 49 trees used in the
experiment, but after rearing collected larvae, parasitism was con-
firmed in larvae from only 17 trees. A total of 441 C. urabae cocoons
were recovered from larvae collected from these trees.

Parasitism was recorded up to 20 m from the release tree
(Table 1) and dispersal was observed in all directions. However,
77.1% of parasitoid cocoons recovered were from plants located
in a radius no greater than 5 m from the release tree (Table 2).

Significant differences (F = 17.352;P < 0.001) were found be-
tween the parasitism rate observed and the different distances
evaluated. A higher level of parasitism occurred on hosts at closer
proximity to the centre and progressively decreased towards more



Table 1
Dispersal of Cotesia urabae and parasitism rate in the experimental field.

Distance
(m)

N� plants
sampled

N� of
cocoons
recovered

N� of
larvae
released

N� of
larvae
recovered

Parasitism
rate (%)

Release
tree

1 163 200 186 87.6

5 8 177 400 362 48.9
10 8 62 400 347 17.9
15 8 23 400 343 6.7
20 8 16 400 324 4.9
25 8 0 400 283 0.0
30 8 0 400 312 0.0

Table 2
Accumulated frequency table for the parasitism distribution.

Distance (m) Proportion Parasitism (%) Accumulated parasitism (%)

Release tree 163/441 36.96 36.96
5 177/441 40.14 77.10
10 62/441 14.06 91.16
15 23/441 5.22 96.37
20 16/441 3.63 100
25 0/441 0 100
30 0/441 0 100
Total 441/441

Table 3
Least squares means for parasitism rate observed and its Holm–Sidak’s test for the six
distances evaluated. Distances sharing a letter are not significantly different at
P < 0.05.

Distance (m) LS means SE = 0.0438 Holm–Sidak 0.05

5 0.476 A
10 0.164 B
15 0.063 B
20 0.045 B
25 0.000 B
30 0.000 B

Table 4
Least squares means for parasitism rate observed and its Holm–Sidak’s test for the
eight directions evaluated. Distances sharing a letter are not significantly different at
P < 0.05.

Directions LS means SE = 0.0506 Holm–Sidak 0.05

NE 0.326 A
E 0.289 AB
N 0.138 ABC
W 0.064 BC
SW 0.056 BC
S 0.047 C
SE 0.039 C
NW 0.039 C
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distant hosts. A clear dispersal trend into NE and E directions was
also observed (Fig. 2). There were significant differences
(F = 5.382;P < 0.001) between the parasitism rate observed for
the different dispersal directions evaluated, which suggest a clear
influence of wind on the dispersal of C. urabae, with parasitism
more abundant on plants located at the NE and E parts of the field.

The parasitism rate was significantly higher at 5 m from the
centre (mean 47.6%, overall significance level 0.05, Table 3) than
at greater distances. The NE direction had the highest parasitism
rate (mean 32.6%, overall significance level of 0.05, Table 4),
whereas at other distances parasitism decreased to 28.9% and
Fig. 2. Effect of wind on the dispersal of Cotesia urabae. Each circle represents the locat
number of cocoons recovered.
13.8% at E and N directions respectively. In the other directions,
the parasitism rate dropped to 3.9% and no significant differences
were found.

From the six dispersal models tested, the equation that best de-
scribed the dispersal of C. urabae was Eq. (3). This model takes the
following form:

N ¼ e^ð7:757933� 1:1545628
ffiffiffiffi

X
p
Þ

According to this model, we expect that C. urabae adults could dis-
perse up to 53 m in the field after one week of a release event
(Fig. 3).
ion where parasitoid cocoons where recovered, the bigger the circle the bigger the



Fig. 3. Dispersal model and observed number of cocoons of C. urabae resulting from
parasitized U. lugens larvae at various distances from the release point.
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4. Discussion

Biological control strategies can be significantly improved by
knowing how beneficial insect species disperse in their new envi-
ronment (Caltagirone, 2001). However, studies and information
about insect dispersal is scarce, mainly due to the difficulties in-
volved in tracing the movement of small organisms in their envi-
ronment (Godfray, 1994). In this case, where a new biological
control agent was recently introduced, dispersal studies are useful
to understand the relative searching capacity of C. urabae, as well
as its ability to colonize new areas.

We found that C. urabae did not disperse great distances within
one week of release, and generally tended to parasitize hosts lo-
cated no further than 5 m from their release point. Moreover, a
high level of parasitism was observed at the centre itself (87.6%)
which suggests that most of the females released may have re-
mained in the release tree. These results are consistent with other
similar studies, such as the ones conducted with the parasitic wasp
Phymastichus coffea Lasalle (Hymenoptera: Eulophidae) to assess
its dispersal in recent biocontrol programs (Castillo et al., 2006;
Vergara et al., 2001).

The short dispersal distance observed may be explained by a
number of different factors. One reason could be related to the
low number of individuals released (35 females and 20 males),
and their potential rapid dispersal from the release site (Hopper
and Roush, 1993). Another factor could be weather conditions,
and several studies have reported the direct impact of weather
on insect behavior after experimental releases (Fink and Volkl,
1995; McClure, 1990; Weisser et al., 1997). For instance, a decrease
in the number of hosts visited by the biocontrol agent Aphidius
roseae was reported to relate to an increasing duration of rain
exposure (Weisser et al., 1997). In the case of this experiment, a
severe rain event two days after the release may have adversely
affected C. urabae dispersal. Other studies have also shown that
some Cotesia species use infochemicals to locate their hosts, where
females are attracted to plants with a higher number of host larvae
and abundant amount of frass (Ngi-Song and Overholt, 1997;
Ngi-Song et al., 1996), which means that host density could play
an important role in parasitoid dispersal.

Host density is known to be an important factor affecting
predators and parasitoids at individual and also population levels
(Godfray, 1994; Mills, 1994; Turchin, 2003). Parasitoids often re-
spond to spatial variation in host density by moving to, and aggre-
gating in patches of higher host density (Bonsall and Bernstein,
2008; Hasell, 2000; Nguyen Huu et al., 2008; Turchin, 2003). For
example, Münster-Swendsen (1980) found that the parasitoid
Apanteles tedellae (Hymenoptera: Braconidae) were found in higher
densities, when their host Epinotia tedella (Lepidoptera: Tortrici-
dae) was aggregated at a higher density. However, parasitoids
are not universally attracted to areas of high host density. Some-
times they are found exhibiting the opposite response, aggregating
in low-density patches (Godfray, 1994; Hassell and May, 1988;
Walde and Murdoch, 1988). Walde and Murdoch (1988) conducted
a review on the spatial density dependence in parasitoids where
they show that amongst 75 studies looking at aggregation of para-
sitism in the field, only 17 of them show evidence of parasitism to
be directly dependent on host density. The rest of them give evi-
dence of parasitism to be independent (37 studies) or inversely
dependent (21 studies) to host density. The spatial distribution of
hosts could also lead to success-motivated searching behavior,
which often results in an increase in the rate of returning to where
hosts were found and a decrease in the speed of searching. This
success-motivated searching behavior has been observed in field
observations of the related species Cotesia rubecula (Godfray,
1994). Also, when hosts are found isolated in the environment,
the optimal strategy used by parasitoids would be to disperse
immediately after oviposition. This behavior has been observed
in the braconid wasp Cardiochiles nigriceps, which disperses imme-
diately after locating and successfully attacking a host (Strand and
Vinson, 1982). Hence in our experiment, along with representing a
shorter search duration, the higher parasitism found at shorter dis-
tances could be influenced by host density and success-motivated
searching behavior. Future research could be directed towards dis-
entangling the influence of host distance and density.

We found significant differences between the different direc-
tions tested for dispersal. Wind had a direct effect on the dispersal
behavior of C. urabae in the field, showing clear downwind dis-
persal, in this case to the NE and E directions. A large number of
studies have reported downwind dispersal by minute parasitic
wasps (Castillo et al., 2006; Hendricks, 1967; Sallam et al., 2001).
However, there are also some cases in which parasitic wasps have
exhibited upwind dispersal (Corbett and Rosenheim, 1996; Keller
et al., 1985). According to the evidence found in our experiment,
it is quite likely that adult C. urabae are affected by wind and are
likely to have a predominantly passive downwind dispersal.

As with other observations made on insect dispersal (Castillo
et al., 2006; Sallam et al., 2001; Taylor, 1978), even though the max-
imum distance of dispersal observed for C. urabae was 20 m in both
the NE (n = 11) and E (n = 5) directions, the dispersal model sug-
gests that the parasitoids could disperse to higher distances, and
in this case up to 53 m after a single release event. These results
can be compared with field observations made by Avila et al.
(2013) on the results of C. urabae releases made in Auckland in
2011, where empty cocoons were found at 50 and 60 m from the re-
lease tree approximately two and four months after the last release
event made at one of the release sites. However, it was not possible
to determine if these cocoons were the result of the original release
event or cocoons generated by the first field-hatched parasitoids. As
discussed above, dispersal could be influenced by a number of dif-
ferent interacting factors and it is not possible to state with cer-
tainty that cocoons found in the field correspond to offspring of
released wasps. However, the similar distances involved in both
the dispersal model generated from the present study, and the re-
ported distances in Avila et al. (2013) are suggestive.

Previous studies show that dispersal distance can vary greatly
between different species of parasitoid. For instance, the parasitoid
Cotesia flavipes (Braconidae) successfully dispersed and parasitized
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its host, the Asian cereal borer Chilo partellus (Crambidae), up to
64 m from its release site in a 16 day period following a single re-
lease event (Sallam et al., 2001). The parasitoid Phymastichus coffea
(Eulophidae), introduced to control the coffee berry borer Hypoth-
enemus hampei (Curculionidae), dispersed 100 m from the point it
was released within 25 days (Castillo et al., 2006), and yet Lusiphle-
bus cardui (Aphiidae), introduced to control the black bean aphid
Aphis fabae cirsiiacanthoidis (Aphididae), only dispersed 20 m from
its release site in a 6 week period (Weisser and Völkl 1997).

There is little published research on parasitoid dispersal and
this study contributes to our understanding regarding the dispersal
behavior of C. urabae, and also to our broader knowledge of insect
dispersal. There is a great variability on the dispersal range of par-
asitoids which may be influenced by several factors, such as the
morphological characteristics of the species, climate conditions
where the releases took place, host availability and density, food
availability, type of ecosystem and also the time allowed for obser-
vation (Castillo et al., 2006; Ngi-Song and Overholt, 1997; Sallam
et al., 2001; Weisser and Völkl, 1997; Weisser et al., 1997). All
these factors may influence parasitoid dispersal, demonstrating
that the specific dispersal capabilities of agents need consideration
when planning a biocontrol program. Therefore, specific studies for
each new biocontrol agent, such as the data we present here, are
useful to estimate specific dispersal behavior in specific locations
and conditions.
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Abstract 1 Thaumastocoris peregrinus is a sap-feeding insect native to Australia that has become
a serious global pest of Eucalyptus species. To date, T. peregrinus has been found in
more than 10 countries across Europe, Africa, South America and Oceania.

2 In the present study, we used the climate modelling software climex (Hearne Scientific
Software Pty Ltd, Australia) to predict the potential distribution of T. peregrinus
globally and in New Zealand. climex parameters were based on experimental data
obtained in the present study and from records collated from the insect’s native and
invasive distribution.

3 The model of the potential native geographical distribution closely agrees with the
known distribution of T. peregrinus and predicts potential expansion into more tropical
areas of Australia. In New Zealand, the predicted potential distribution of T. peregrinus
matches its current distribution and predicts that, if a suitable host is present, the
species will be able to establish in most of the North Island and in northern and eastern
regions of the South Island.

4 Globally, the model predicts that many of the world’s temperate, Mediterranean and
subtropical areas are climatically suitable for establishment of T. peregrinus. This
predicted distribution closely matches the global distribution of eucalypt plantations,
which are essential for the establishment of this pest.

5 climex projections of potential suitability for T. peregrinus reported in the present
study may prove useful for risk assessments and for the identification of areas
susceptible to invasion by this pest.

Keywords Climate modelling, climex, development, invasive species, thermal
requirements.

Introduction

A number of Australian eucalyptus pests have become invasive
in many parts of the world where they have seriously damaged
eucalypt plantations and economically affected the forestry
sector (Wingfield et al., 2008). One of these is the phytophagous
insect Thaumastocoris peregrinus Carpintero and Dellapé
(Hemiptera: Thaumastocoridae), commonly known as bronze
bug, comprising a tiny, gregarious sap-feeding insect that, in
the last 10 years, has invaded numerous countries across Africa,
Europe, South America and Oceania, where it has become a seri-
ous pest of Eucalyptus trees (Jacobs & Nesser, 2005; Carpintero
& Dellapé, 2006; Noack & Coviella, 2006; Wilcken et al., 2010).

Correspondence: Gonzalo A. Avila. Tel.: +6493737599; e-mail:
g.avila@auckland.ac.nz; gavi002@aucklanduni.ac.nz

Although endemic to Australia, it is considered a pest there too.
It first reached pest status in Sydney, Australia, in 2002, and, to
date, it has been reported from 52 different Eucalyptus species or
commercial hybrids worldwide (Saavedra et al., 2014). The most
suitable hosts species appear to be Eucalyptus camaldulensis
Denhardt, Eucalyptus tereticornis Sm, Eucalyptus viminalis
Labill and Eucalyptus nicholii Maiden and Blakely (Noack &
Coviella, 2006; Martínez et al., 2009; Saavedra et al., 2014). In
New Zealand, T. peregrinus is most commonly found infesting
E. nicholii.

Thaumastocoris peregrinus occurs in widely disparate cli-
mates within its native range that extends between Queens-
land and South Australia (Noack et al., 2011; Nadel & Noack,
2012). These include subtropical (Queensland), hot semi-arid
(inland New South Wales) and Temperate (coastal South Aus-
tralia) climates, in accordance wth the Köppen-Geiger climate
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classification (Kriticos et al., 2012). Furthermore, the native dis-
tribution of T. peregrinus could yet be more extensive as a result
of under-sampling in northern and central parts of Australia
(Noack et al., 2009).

The worldwide invasion of T. peregrinus first began into
the African continent in 2003, and the bug is now present in
almost all South African provinces (Jacobs & Nesser, 2005;
Nadel et al., 2010) along with Zimbabwe, Malawi (Nadel et al.,
2010; Noack et al., 2011), south and west Kenya (Noack et al.,
2011), Tanzania, Uganda (E. Mutitu, personal communica-
tion) and Mozambique (R. Nadel, personal communication).
These localities on the African continent cover Mediterranean,
semi-arid, tropical and subtropical climatic zones (Nadel &
Noack, 2012).

The first European report of T. peregrinus was from Italy
in 2011 (Laudonia & Sasso, 2012) and, subsequently, it was
found in Portugal in 2012 (Garcia et al., 2013). In South Amer-
ica, T. peregrinus was first reported oin Argentina (Carpintero
& Dellapé, 2006), from where it dispersed to Uruguay and
south-eastern Brazil (Wilcken et al., 2010). It is now also present
in Chile (Ide et al., 2011) and Paraguay (Kiriluk, 2012; Soli-
man et al., 2012; R. Garay, personal communication). In March
2012, T. peregrinus was first detected in Auckland, New Zealand
(Sopow et al., 2012).

The first study on the life-history of T. peregrinus was con-
ducted by Noack and Rose (2007) who reared the insects on
Eucalyptus scoparia Maiden, a common host in urban Australia.
However, they experienced difficulties in culturing the insect,
and so their data were limited. Soliman et al. (2012) evaluated
the biology of T. peregrinus on six commercially important Euca-
lyptus spp. and hybrids in Brazil, where the effect of host species
on the life cycle and reproduction of T. peregrinus was demon-
strated. More recently, Nadel et al. (2015) conducted a study
on the population dynamics of this pest in Eucalyptus planta-
tions of South Africa, as well as laboratory experiments aim-
ing to determine the influence of temperature on growth and
survival.

Climate clearly limits the potential geographical distribution
of a species (Kriticos et al., 2012). Using meteorological data
records from locations worldwide and by weighting specific
environmental factors (e.g. rainfall, minimum and maximum
temperature) (Sutherst et al., 2007), climate modelling pro-
grammes are widely used to estimate the level of climatic
similarity between the native range and the potential invasion
areas of pest species, ultimately mapping their potential global
distribution (Guisan & Thuiller, 2005; Hoelmer & Kirk, 2005;
Ward, 2007; Van Driesche et al., 2008).

climex (Hearne Scientific Software Pty Ltd, Australia) has
been widely used to predict the potential distribution of insect
pests (Carnegie et al., 2006; Kriticos et al., 2007). It utilizes a
global meteorological database and process-based algorithms,
which arguably makes it more reliable and accurate than
regression-based models when projecting the potential distribu-
tion of a species into novel climates (Kriticos & Randall, 2001).

In the present study, data on the developmental biology
of T. peregrinus and its current global distribution were
obtained and then used to develop a model of the potential
global distribution of T. peregrinus with climex, version 3
(Sutherst et al., 2007).

Materials and methods

Thermal development assays to estimate the growth
temperature parameters for the model

Laboratory colony rearing. Thaumastocoris peregrinus adults
were collected in late March 2013 from infested E. nicholii trees
at East Tamaki, Auckland (36∘57’12.45’’S; 174∘53’37.77’’E).
These adults were placed on cut branches of E. nicholii foliage
in clear plastic containers. These containers consisted of a plastic
cup (500 cm3) containing a little water into which was fitted
another plastic cup (300 cm3) with a piece of E. nicholii branch
(approximate length 15 cm) inside with the cut end submerged
in the water. All containers bearing adult T. peregrinus for egg
production were held in a laboratory at a temperature of 20 ∘C.
These containers allowed adults to freely move about on suitable
foliage and they produced a large number of viable eggs this way.
The foliage was replaced once a week, whereas the water was
changed daily.

Thermal thresholds and development at different temperatures.
The upper temperature threshold for T. peregrinus development
was estimated initially based on its native distribution. The
hottest localities within T. peregrinus native range correspond
to Wilcannia (NSW) and Cunnamulla (QLD) (Noack et al.,
2011), with mean maximum temperatures of 34.9 and 35 ∘C,
respectively, in the hottest months from November 2012 to
April 2013 (AGBM, 2014). Therefore, to determine the upper
threshold, development of T. peregrinus from egg to adult was
tested at constant temperatures of 35 and 40 ∘C.

The coldest location known to be suitable for T. peregrinus in
its native range corresponds to Canberra (ACT), with a mean
minimum temperature of 2.5 ∘C in the coldest months from May
to October 2013 (AGBM, 2014). Additionally, laboratory obser-
vations have shown that eggs of T. peregrinus may remain viable
for a maximum of 25 days at a constant temperature of 4.5 ∘C
(S. Ide, personal communication). Therefore, to determine the
lower temperature threshold, the development of T. peregrinus
from egg to adult was tested at a constant temperature of 4 ∘C.
Lower temperatures than this were not required.

Eggs collected from the laboratory colony described above
were used to determine the thermal range of T. peregrinus and
also the effect of temperature on development. Groups of 10 eggs
were placed upon a piece of E. nicholii leaf (approximate length
7 cm, width 1–1.5 cm) within a 300-cm3 clear plastic container.
The piece of leaf in the plastic container sat on a layer of moist
cotton, which confined the newly hatched insects to the leaf
and also maintained foliage freshness. The container was sealed
with a fabric-lined tight fitting lid that permitted air flow. Leaves
were constantly provided to all containers bearing live nymphs
or adults. Rates of development were tested at 4, 15, 20, 30, 35
and 40 ∘C. All temperatures experiments were conducted within
Contherm Incubators (Contherm Scientific Ltd, New Zealand)
under an LD 12 : 12 h photocycle at at constant temperature
(±1 ∘C).

Observations on the development of insects were made daily
using a stereoscopic microscope (× 15 magnification). The cot-
ton was re-moistened with distilled water for all treatments at this
time. In treatments performed at 20, 30, 35 and 40 ∘C, the pieces
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of leaf were also replaced daily with fresh ones, whereas, in treat-
ments at 4 and 15 ∘C, fresh leaf pieces were replaced every 2 days
because, at these lower temperatures, foliage remained fresher
for longer. Each day, number of newly hatched nymphs, survival
and duration of instars and adult emergences were recorded. The
total nymphal time was counted from the moment that the eggs
hatched until the insects reached the adult stage. Nymphs that
appeared to be dead were stimulated with a brush when being
observed for approximately 30 s and, if they did not respond, they
were classified as dead and removed. Newly moulted adults were
sexed, paired and transferred to plastic cups. Adults were kept in
these containers until death and the evaluations were performed
daily to determine longevity of adults. The adults’ longevity was
determined from date of moult until date of death.

Nonreplicated observational trials using 15 nymphs of each of
the five instars and 10 adults of T. peregrinus were conducted
at the lower and upper lethal temperature determined for eggs,
aiming to check for potential development and survival. These
observations were conducted in accordance with the method-
ology described above; however, these additional observations
were not subject to statistical analysis because they were only
used to assess whether the lethal temperatures found for eggs
also applied to the other life stages.

Field observations and thermal accumulation requirement
for development. A data logger (Maxim Integrated, San Jose,
California) was used to register the daily maximum (Tmax), min-
imum (Tmin) and true daily mean (Tmean) temperatures at East
Tamaki, Auckland (36∘57’12.45’’S; 174∘53’37.77’’E), where
a confirmed established population of T. peregrinus is present.
The data logger was mounted within a hand-made solar radiation
shield fixed to a pole at 1 m above the ground, which was located
alongside an E. nicholii tree infested with T. peregrinus. The
radiation shield was based on a design by Scottech Radiation
Shields (Scott Technical Instruments, Phoenix, Arizona). Tem-
perature data was recorded for 1 year, from 11 February 2013
to 10 February 2014. Weekly observations were made on the
presence of eggs, nymphs and adults of T. peregrinus on the
lower branches. The number of each life stage found on each
visit was recorded to monitor the development and life cycle of
the field population.

The temperature data collated and the lower developmen-
tal threshold (used as the base temperature b), estimated as
described above, were used to calculate the daily thermal accu-
mulation d (degree-days; ∘d) in accordance with the ‘4-step+’ or
‘trapezoidal’ approximation method (Kean, 2013):

d =
(
Tmax − b

)
+
(
Tmin − b

)
+ 2

(
Tmean − b

)

4

The quantities within brackets were set to 0 if the actual data
were negative to ensure that temperatures less than b did not
result in negative values.

The observed developmental time of T. peregrinus to complete
one generation was recorded for each replicate of the temperature
treatments tested, and used to calculate the required thermal
accumulation (DD) and the development rate (1/D). The thermal
accumulation (DD) to complete one generation at the tested

temperature was calculated as:

DD = (T – b) × D

where T is the temperature tested (∘C), b is the lower develop-
mental threshold temperature and D is the observed time (days)
required to complete one generation at the tested temperature T
(Greenberg et al., 2000).

The development rates calculated for each temperature treat-
ment were used to adjust a nonlinear model and obtain a
mathematical equation to estimate the rate of development and
thermal requirements of T. peregrinus at different temperatures.
We tested four different models that allowed the estimation of
key parameters of insect development, which are the lower and
upper temperature threshold and the optimal temperature. The
four tested equations have been widely used to estimate devel-
opmental rates and thermal requirements of insects (Analytis,
1980, 1981; Briere et al., 1999; Kontodimas et al., 2004; Ranjbar
Aghdam et al., 2011). The tested equations are:

1
D

= a ∗ T ∗
(
T − Xmin

)
∗ 2
√(

Xmax − T
)

(Briere et al., 1999)
(1)

1
D

= a ∗ T ∗
(
T − Xmin

)
∗ 2
√(

Xmax − T
) 1

m

(Briere et al., 1999)
(2)

1
D

= a ∗
(
T − Xmin

)n ∗
(
Xmax − T

)m (Briere et al., 1999)
(3)

1
D

= a ∗
(
T − Xmin

)2 ∗
(
Xmax − T

)
(Kontodimas et al., 2004)

(4)
where T is the tested temperature (∘C), Xmax and Xmin are mea-
surable parameters that represent the lower and upper tempera-
ture thresholds for development, and a, n and m are empirical
constants.

The residual sum of squares (RSS), the coefficient of deter-
mination (r2) and the Akaike information criterion (AIC) were
used to evaluate the goodness-of-fit of each model to experimen-
tal data (Haghani et al., 2009). A good model should have smaller
values of RSS and high values of r2 (Roy et al., 2002; Kontodi-
mas et al., 2004), along with small AIC values (Angilletta, 2006;
Ranjbar Aghdam et al., 2011; Tran et al., 2012). To discriminate
between models, we aimed for the model with the lowest AIC
(Tran et al., 2012).

The fitted model and the daily mean temperature recorded for
East Tamaki, Auckland, was then used to estimate the daily rate
of development of T. peregrinus at this area. The annual thermal
accumulation and the thermal accumulation required to complete
a generation derived from the annual mean rate of development
calculated for T. peregrinus were used to estimate the number of
generations per year using the equation:

G =

365∑
i=1

di

DDa

where di is the thermal accumulation calculated for day i;
and DDa is the thermal accumulation required to complete a
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generation resulting from the annual mean development rate
calculated with the fitted model.

Statistical analysis. Data for the eggs and nymphal development
time and adult longevity were compared among the differ-
ent temperatures tested using a one-way analysis of variance
(anova) when data were normally distributed, and one-way
anova on ranks when data was shown to be non-normal. Addi-
tionally, the survival rate for the nymphal phase was analyzed
using a chi-squared test. All the data obtained were analyzed
with the statistical software package sigmaplot, version12.5
(Systat Software, 2011).

CLIMEX modelling

Outline of the CLIMEX model. climex is a dynamic model that
integrates the weekly responses of a population to climate and
calculates a series of annual indices that allow prediction of the
potential distribution of a species based on these calculations
(Sutherst et al., 2007). Using physiological parameters and mete-
orological data, climex uses an annual growth index (GIA) to
describe the potential for population growth as a function of soil
moisture and temperature during favourable conditions, and up
to eight stress indices (heat, cold, wet, dry stresses and their
interactions) to simulate the ability of the population to survive
unfavourable conditions (Sutherst et al., 2007). GIA is calculated
using:

GIA = 100
52

52∑
w=1

(
TIw× MIw

)

where w is the week of the year, TIW is the temperature index for
week w and MIW is the moisture index for week w.

climex also includes a mechanism for defining the minimum
annual developmental heat sum (degree days above the base tem-
perature) during the growing season that is necessary for popu-
lation persistence (PDD). This parameter is used to calculate the
potential number of generations per year and may also act as a
limiting condition when a minimum of one generation needs to
be completed for the species to survive in a determined location.
To complete a generation, the species must reach the number of
degree-days set for PDD (Sutherst et al., 2007).

Once the growth and stress indices are calculated weekly, they
are combined to generate an overall annual index of climatic
suitability: the Ecoclimatic Index (EI). This index provides an
overall measure of the climatic suitability of a given location to
support a permanent population of the species (Sutherst et al.,
2007). EI is calculated from:

EI = GIA × SI × SX

where GIA is the annual growth index, SI is the total stress and
SX is the interaction between stresses.

The EI ranges from 0 to 100, with these limits respectively
describing unsuitable to optimal conditions for population sur-
vival. EI values greater than 20 have been demonstrated to be
able to support substantial population densities (Sutherst, 2003;
Sutherst & Maywald, 2005). The classification of EI used was:
unsuitable (EI= 0), marginal suitability (EI= 1–4), low suitabil-
ity (EI= 4–12), moderate suitability (EI= 12–25) and optimal
suitability (EI≥ 25).

CLIMEX model parameters and meteorological data. Using the
‘Compare Locations’ module, the parameter values (Table 1)
were determined: (i) from experimental data obtained for the

Table 1 CLIMEX parameter values used for modelling the predicted distribution of Thaumastocoris peregrinus as derived from laboratory constant
temperature rearing and known distribution localities in Australia and Brazil

Index Parameter Values Unitsa

Temperature DV0= lower threshold 4 ∘C
DV1= lower optimum temperature 20 ∘C
DV1= upper optimum temperature 28 ∘C
DV3= upper threshold 32 ∘C

Moisture SM0= lower soil moisture threshold 0.1
SM1= lower optimum soil moisture 0.3
SM2= upper optimum soil moisture 1.2
SM3= upper soil moisture threshold 1.4

Cold stress TTCS= temperature threshold 4 ∘C
THCS= stress accumulation rate −0.00117 week−1

Heat stress TTHS= temperature threshold 35 ∘C
THHS= stress accumulation rate 0.0455 week−1

Dry stress SMDS= soil moisture dry stress threshold 0.1
HDS= stress accumulation rate −0.0015 week−1

Wet stress SMWS= soil moisture wet stress threshold 1.4
HWS= stress accumulation rate 0.0266 week−1

Hot–dry stress TTHD= temperature threshold 28 ∘C
MTHD= soil moisture threshold 0.3
PHD= stress accumulation rate 0.0018 week−1

PDD Number of degree-days above DV0 necessary to complete one generation 790 ∘C days

aValues without units are dimensionless indices
The role and meaning of these parameters are described in Sutherst et al. (2007).
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thermal requirements of the species and by (ii) fitting the
projected distribution to known observations of this species in
Australia, as well as incorporating South American localities.
The CliMond global 10 min gridded climate dataset described
in Kriticos et al. (2012) was used for modelling.

Temperature index: The limiting low temperature DV0, the
lower and upper optimal temperatures DV1 and DV2, and the
limiting high temperature DV3 were inferred, initially, by setting
the parameters to the experimental results obtained for the
developmental assays as a starting point, and then by iteratively
adjusting these parameters to fit the insect’s current geographical
distribution. Therefore, the limiting low temperature, lower
optimal, upper optimal and limiting high temperature parameters
were set to 4, 20, 28 and 32 ∘C, respectively.

Moisture index: The moisture requirements for T. peregrinus
are mediated through the requirements of its host plant. The
parameters were set to reflect the general requirements of trees.
The limiting low moisture parameter SM0 was set to 0.1, to
represent almost the permanent wilting point (Sutherst et al.,
2007).

Cold stress: The cold stress threshold (TTCS) was adjusted
taking into account the thermal requirements observed for
this species and its accumulation rate (THCS) was iteratively
adjusted to fit T. peregrinus records in Canberra, Australia, which
is the coldest location where T. peregrinus populations have been
reported in its native range.

Heat stress: The heat stress threshold (TTHS) was set to 35 ∘C
and the accumulation rate (THHS) was iteratively adjusted to fit
the hottest locations known to be suitable for T. peregrinus within
the semi-arid and subtropical distribution in its native range,
Wilcannia (New South Wales) and Cunnamulla (Queensland),
respectively.

Dry stress: The limiting dry stress parameter (SMDS) was
set to 0.1 to match the permanent wilting point and the lower
soil moisture threshold (SM0). Soil moisture related stresses are
likely to begin at the same soil moisture levels where growth
stops.

Wet stress: According to the subtropical known distribution of
T. peregrinus in Australia, wet stress was used to allow persis-
tence in the small towns of Wondai and Proston in Queensland.
After that first step, the wet stress threshold (SMWS) and accu-
mulation rate (HWS) were adjusted to fit the T. peregrinus known
non-native distribution in subtropical and tropical climates in
Brazil.

Hot–dry stress: The hot–dry stress parameter (TTHD,
MTHD) and its accumulation rate (PHD) were adjusted to allow
persistence of T. peregrinus in Wilcannia (New South Wales),
which is the driest and hottest locality where it has been recorded
to persist in Australia.

PDD: The thermal accumulation (degree-days) required for
development was adjusted using the model fitted to our exper-
imental data that estimates the rate of development of T. peregri-
nus, resulting in estimated degree-days for development ranging
from approximately 1185 at 14 ∘C, 553 at 22 ∘C and 647 at 32 ∘C.

Model validation. After fitting the parameters to known records
of T. peregrinus within Australia and Brazil in South America,
the model was then validated by overlaying the climex distribu-
tion model obtained and the known occurrences in geographical

areas not used for parameter fitting (Africa, Europe and New
Zealand).

Results

Upper and lower temperature thresholds tested

The lower temperature threshold for T. peregrinus was identified
as 4 ∘C. This temperature proved to be lethal for all 100 eggs
reared on E. nicholli. Hatching of eggs was not observed
despite continuing the assay for a period of 6 months (185 days).
Observations made on the additional 15 nymphs of each instar
and the 10 adults held at 4 ∘C showed that activity considerably
decreased relative to higher temperatures; neither adults, nor
first-instar nymphs survived more than 5 days and only nymphs
on their last two instars (fourth–fifth instars) survived longer
(14.5± 4.1 days). None of the nymphs held at this temperature
were able to pass to the next instar.

The upper temperature threshold for T. peregrinus eggs was
evaluated at both 35 and 40 ∘C, and 40 ∘C temperature proved
to be lethal for egg development. Observations made on the
additional 15 nymphs of each instar and the 10 adults held at
40 ∘C showed that neither adults, nor nymphs survived for longer
than 1 day at this temperature. At 35 ∘C, T. peregrinus eggs
showed a variable response, with 88% never hatching (lethal)
and the remaining 12% hatched after 3.5± 0.2 days, whereas
the newly hatched nymphs did not survive longer than 1 day.
Additional observations made on the adults and nymphs exposed
at 35 ∘C showed that neither adults, nor first-instar nymphs
survived for longer than 2 days at this temperature. The longest
surviving individual was a fifth-instar nymph that survived only
4 days at 35 ∘C. Based on these data, the upper temperature
threshold for T. peregrinus lies somewhere close to 35 ∘C.

Development of T. peregrinus at constant temperatures
of 15, 20 and 30 ∘C

There was a significant difference in the incubation period
for T. peregrinus eggs at different temperatures (H = 267;
d.f= 2; P≤ 0.001) (Table 2). The shortest incubation period was
recorded at 30 ∘C, whereas the longest was 15 ∘C. There was vari-
ability in the incubation period within each treatment and the
longest incubation period recorded from one egg was 23 days at
15 ∘C.

The duration of nymphal development for T. peregrinus
on E. nicholii decreased significantly as constant tempera-
ture increased from 15 to 30 ∘C (H = 205.5; d.f= 2; P≤ 0.001)
(Table 2). Additionally, comparing between any two consecu-
tive temperatures tested, the total development of nymphs took
approximately double the time for the lower temperature. The
longest total nymphal development times were recorded at 15 ∘C,
with nymphs taking between 57 and 74 days to reach the adult
stage. The survival rate for the complete nymphal phase was
significantly different between treatments (15 ∘C: 76± 2 days,
20 ∘C: 88± 0.9 days, 30 ∘C: 68± 2.9 days, chi-squared= 11.562,
d.f= 2, P= 0.003).

Adult longevity of T. peregrinus was affected significantly
by temperature (H = 78.7; d.f= 2; P≤ 0.001) (Table 2). The
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Table 2 Mean developmental time (days) for eggs and total nymphal stage, and adult longevity (days) of Thaumastocoris peregrinus reared on Eucalyptus
nicholii at a constant temperature of 15, 20 and 30 ∘C and a 12-h photoperiod

Temperatures (∘C)

15 20 30

Life stage n Mean±SE Range n Mean±SE Range n Mean±SE Range H-value p-value

Egg 100 19.8±0.2 16–23 100 11.2±0.1 7–14 100 5.6± 0.1 4–7 267.0 ≤0.001
Nymph 76 64.7±0.5 57–74 88 30.8±0.2 27–36 68 14.3± 0.1 12–16 205.5 ≤0.001
Adult 76 47.3±2.9 5–90 88 31.2±1.9 4–66 68 14.4± 0.7 7–30 78.7 ≤0.001

n, number of individuals; H-value and P-values, pairwise Kruskal–Wallis statistics (P≤0.05) for each comparison.

longevity of adults varied on average from the shortest adult
lifespan being 14 days at 30 ∘C up to the longest duration of
47 days at 15 ∘C.

Field observations and thermal accumulation requirement
for development

Weekly observations in the field confirmed that all life stages of
T. peregrinus were present in the field during the entire year in
Auckland, although population density decreased from late May
to late August. The annual thermal accumulation calculated for
this period based on the ‘4-step+’ approximation method was
4414.93 degree days.

From the four different models tested, the equation that best
described the observed developmental rate and the thermal
requirements of T. peregrinus was the the Eqn 2 (Briere et al.,
1999). The model takes the form:

1
D

= 0.0000011826 ∗ T ∗ (T − 4) ∗
(

2
√

34 − T
)1∕0.92

The above model presented the best goodness of fit to data
(Fig. 1), especially in describing thermal requirements. The
optimal temperature estimated by the model for development of
T. peregrinus was 27.2 ∘C, and the lower and upper temperature
thresholds were estimated to be 4 and 34 ∘C, respectively. Using
this equation, a mean developmental rate of 0.001104 was
obtained for the year up to February 2014; thus, the estimated
thermal accumulation to complete a generation resulted in
905.65 degree days. From these data, we calculate T. peregrinus
to have undergone a total of 4.9 (≈5) generations per year in East
Tamaki, Auckland. New Zealand.

Model fit and projections

The projected global potential distribution of T. peregrinus
(Fig. 2) shows that many of the world’s Mediterranean, temperate
and subtropical climates are predicted to be climatically suitable
for the development of T. peregrinus, ranging from marginal
to optimal suitability. A limited area of semi-arid climates are
also projected to have a low suitability for the persistence of
T. peregrinus populations, and the model also predicts that some
tropical regions may also be colonized by this insect pest, mainly
regions with a tropical savannah climate. Additionally, the global
potential distribution of T. peregrinus is found to encompass all
geographical locations where major Eucalyptus spp. plantations
have been established (Ball, 1995; Turnbull, 1999).

Figure 1 Fit of the nonlinear model to observed values of developmental
rate per day (egg-adult) of Thaumastocoris peregrinus reared on Euca-
lyptus nicholii in the laboratory.

Native range. The predicted distribution model of T. peregrinus
in its native range (Fig. 3) is consistent with the known native
geographical range of this insect. The climex model predicted
the presence of T. peregrinus in all confirmed areas where this
species has been reported, and also predicts that this species
could survive in some tropical areas of northern Australia. The
climex model predicted that T. peregrinus will undergo 6.2 gen-
erations per year in Sydney (Fig. 4), where severe outbreaks have
been reported in consecutive years from 2002 onward (Nadel
et al., 2010). Thaumastocoris peregrinus population growth in
Sydney is predicted to increase rapidly from mid-June until July
each year as a result of a decrease in rainfall (Fig. 4). From this
point, the model predicts the population will show a sustained
increase until September resulting from rising temperatures.
From mid-September to early April, the population is predicted
to be at its optimal growth rate (Fig. 4). Population growth
would start dropping in mid-April until mid-June as a result of
the influence of both decreasing temperatures and increasing
rainfall during these months.

South America. The climex model projection for South America
(Fig. 5) also fits with all the known occurrences recorded in
Chile, Argentina, Uruguay, Paraguay and Brazil. The model
shows a number of contiguous areas as being climatically
suitable for the development of T. peregrinus, with the largest
areas showing moderate to low suitability and the most optimal
areas (EI≥ 25) being in subtropical and tropical climates and
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Figure 2 Global ecoclimatic suitability for Thaumastocoris peregrinus modelled using CLIMEX.

Figure 3 Known distribution and potential distribution of Thaumastocoris peregrinus in Australia as predicted using CLIMEX. Known current distribution
is shown as point locations (grey dots).

covering most of south and east Brazil, Uruguay, part of Paraguay
and north-eastern Argentina. Additionally, a number of optimal
areas are projected to extend into various countries in South
America (e.g. Venezuela, Peru and Bolivia) where T. peregrinus
has not yet been reported.

Model validation and predictions

Validation of the climex projected distribution model fitted all
observed non-native occurrences. All known global presences
in the validation dataset (Europe, Africa and New Zealand) are
projected to be climatically suitable for the development of T.
peregrinus.

Africa. In northern Africa, a number of sites within countries
along the coastline of the Mediterranean Sea, as well as most
of the elevated sites within Ethiopia possess suitable areas for
T. peregrinus population persistence. The pest has not yet been
reported in these additional areas, although its spread there is
unlikely to be hindered by climatic factors (Fig. 6).

In the southern part of Africa, the CLIMEX model projected
climatically suitable sites mostly in regions with a tropical,
subtropical or semi-arid climate, where most of them present
a moderate (EI= 12–25) or optimal (EI≥ 25) suitability. All
reported occurrences in Kenya, Uganda, Tanzania, Malawi,
Zimbabwe, Mozambique and South Africa are projected to be
climatically suitable for T. peregrinus population persistence,
where most of the known distribution is projected to have optimal
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Figure 4 CLIMEX ‘compare locations’ chart for Thaumastocoris peregrinus in Sydney, Australia. Top: weekly rainfall and maximum and minimum
temperatures. Bottom: CLIMEX growth index, temperature index and moisture index. Within chart reports the predicted generations per year for T.
peregrinus.

suitability. The model also projected marginal to optimal climatic
suitability in a number of countries where T. peregrinus has not
yet been reported such as in central Madagascar, Morocco and
Algeria in the north and Angola and Namibia in the south.

Europe. Most European countries are projected to be climati-
cally unsuitable for T. peregrinus, with the exception of countries
with temperate and Mediterranean climates close to the sea, such
as southern U.K., Ireland, Spain, Portugal and Italy (Fig. 7). In
the latter two countries, all known locality records to date are
in areas projected to have an optimal suitability (EI≥ 25) for
T. peregrinus, as well as in countries where it has not yet been
reported such as Greece, coastal Albania and France.

New Zealand. In New Zealand, the potential distribution of
T. peregrinus covers most of the North Island and the northern
and eastern regions of the South Island (Fig. 8). In the North
Island, many areas are projected to have optimal (EI≥ 25) to a
moderate (EI= 12–25) suitability, with the exception of some
higher elevation areas in the Waikato, Gisborne and Hawke’s
Bay regions, which is mainly a result of wet stress in the
ranges and cold stress inland. In the South Island, most of
the areas projected with an optimal (EI≥ 25) suitability for
T. peregrinus are encompassed within the Nelson-Marlborough
and Canterbury regions. Areas in central Otago and the southern
parts of the South island appear to be unsuitable as a result of cold
stress. Similarly, most of the unsuitable areas of the southland
and West coast regions are unsuitable as a result of both cold
and wet stress. To date, the known occurrences of T. peregrinus
within Auckland falls in the area projected to be climatically
optimal (EI≥ 25) for its development.

The climex model predicts that population growth in Auck-
land (Fig. 9) would be at its maximum during the summer season:
late November to late March. In early April, population growth
would start decreasing as a result of dropping temperatures
and the increase in rainfall, with population growth reaching
its lowest point in mid-July. Population growth is predicted to
start rising again at the end of July as temperatures slowly start
rising, and would keep increasing continuously through the rest
of the year. A total of five generations per year are predicted
by the model for the Auckland region of T. peregrinus, which
agrees exactly with our manual calculations on the number of
generations per year for this area.

Discussion

Thermal thresholds and development

The average total life cycle of T. peregrinus on E. nicholii
(egg-adult) was observed to be 132, 73 and 34 days at 15, 20
and 30 ∘C, respectively. Our fitted equation to the observed
data shows that T. peregrinus can survive and develop in areas
with temperatures fluctuating between 4 and 34 ∘C, which may
explain its wide distribution (Nadel et al., 2010; Noack et al.,
2011; Nadel & Noack, 2012) and predict further invasions.

Previous studies on the life-history parameters of T. peregrinus
conducted by Noack and Rose (2007) in Australia and Soliman
et al. (2012) in Brazil are generally supported by our find-
ings. However, the nymphal developmental time and longevity
for adults in treatments at 20 ∘C were approximately 10 days
longer than the results obtained by Noack and Rose (2007) (at
17–20 ∘C) for both parameters. This may possibly be explained
by differences in the rearing method used, or the quality of
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Figure 5 Known distribution and potential distribution of Thaumastocoris peregrinus in South America as predicted using CLIMEX. Known current
distribution is shown as point locations (grey dots) or at the administration unit level (cross-hatched areas), which refers to unspecific forest areas
where specific record location(s) is/are unknown.

host species, because Noack and Rose (2007) encountered
high mortality during experiments, which significantly reduced
their sample size. In the present study, the mean nymphal
developmental time for T. peregrinus reared on E. nicholii at
30 ∘C was 14.3 days. This nymphal period was closer to the
results obtained by Soliman et al. (2012) rearing T. peregrinus
on the hybrids Eucalyptus urophylla× grandis (15.3 days) and
Eucalyptus urophyla× camaldulensis (15.4) (26± 1 ∘C).

Populations of T. peregrinus have been reported as reaching
outbreak levels frequently in Sydney (Nadel et al., 2010), which
has an annual mean temperature of approximately 18 ∘C with a
summer temperature of 22 ∘C on average (AGBM, 2014). Even
though insects in the field are exposed to variable temperatures,
experiments under laboratory conditions can contribute essential
information that will help to understand the dynamics of an insect
population (Summers et al., 1984). In this regard, the observed
data estimate the optimum temperature for the development of
bronze bug to be 27.2 ∘C, which was within the constant temper-
ature range used in the laboratory tests. Future experiments on

developmental rates at temperatures between 25 and 30 would
be useful to validate this results. We also observed that mortal-
ity was lowest for the nymphal stages at 20 ∘C, although adult
mortality was lowest at 15 ∘C. Additionally, we observed that,
at the highest temperature tested (30 ∘C), T. peregrinus nymphs
developed significantly faster as did eggs. These results may
explain the population outbreaks that occur during the hot sum-
mer season. The maximum critical thermal range for T. pere-
grinus adults was identified as between 32 and 45 ∘C by Nadel
et al. (2015) who reported a mean maximum critical thermal
value of 38.6± 4.7 ∘C. Our results showed that high temper-
atures became limiting at some point between 30 and 35 ∘C,
although the methodology used in the present study was quite
different from that in Nadel et al. (2015). The upper tempera-
ture threshold was estimated by the best fit model to be 34 ∘C,
which closely matches our experimental observations, whereas
the CLIMEX model accurately fitted current geographical distri-
butions when parameterized with a limiting high temperature for
a development parameter (DV3) of 32 ∘C, and a heat stress high
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Figure 6 Known distribution and potential distribution of Thaumastocoris peregrinus in Africa as predicted using CLIMEX. Known current distribution is
shown as point locations (grey dots) or at the administration unit level (cross-hatched areas).

Figure 7 Known distri bution and potential distribution of Thaumastocoris peregrinus in Europe as predicted using CLIMEX. Known current distribution is
shown as point locations (grey dots).
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Figure 8 Known distribution and potential distribution of Thaumastocoris peregrinus in New Zealand as predicted using CLIMEX. Known distribution in
Auckland is shown as a point location (grey dot).

temperature threshold parameter (TTHS) of 35 ∘C. Undoubt-
edly, in nature, the temperature experienced by the insect at the
leaf boundary layer, in combination with degrees of wet or dry
stress when experiencing these range of temperatures, will have
a significant effect on actual mortality in the field. These results
provide evidence suggesting that temperatures are a particularly
important environmental influence on T. peregrinus life-history
and extreme temperatures can limit rates of reproduction, devel-
opment and mortality, as has also been observed in other insect
species (Campbell et al., 1974; Logan et al., 1976).

A larger discrepancy exists between the minimum temperature
threshold determined from our study and that of Nadel et al.
(2015). We found that no eggs hatched at a constant temperature
of 4 ∘C, whereas Nadel et al. (2015) reported 12.2 ∘C as the
minimum critical thermal value for egg development. However,
our minimum temperature threshold of 4 ∘C for adult survival
was very similar to the values reported by Nadel et al. (2015) of
3.8± 1.9 ∘C.

Interestingly, Nadel et al. (2015) reported that T. peregrinus
adults are able to recover when returned to higher temperatures
after short-duration exposure to temperatures within the min-
imum critical range, and vice versa. This useful finding may
help to explain why T. peregrinus can survive in areas where
temperature may be quite low during the year. For example,
T. peregrinus is able to survive in Canberra where the mean
minimum temperature may fall below 1.5 ∘C in the coldest
month (AGBM, 2014). This also suggests why T. peregrinus is
such a successful invader because the ability to recover from
temperature extremes will undoubtedly assist its geographical

range expansion. This ability to recover from extreme temper-
atures is an apt reminder for climate modelling. It is common
for experimental data to have arisen from constant temperature
studies. Therefore, it is extremely important to parameterize
models with data from both field observations and laboratory
experiments to capture the greatest realism.

CLIMEX model projections and predictions

The climex model developed for the potential distribution of
T. peregrinus, predicted a broader geographical distribution of
this pest within Australia than is actually the case at present.
This suggests that T. peregrinus may be able extend its range
northwards into subtropical climates and also to south western
areas, as long as there are suitable hosts available in those areas.
Nadel and Noack (2012) suggested that the current Australian
distribution may be underestimated as a result of a lack of
sampling. It is also likely that other factors, in addition to climate,
may limit T. peregrinus distribution in its native range, including
co-evolved predators, pathogens and interspecific competition.

In terms of the global predicted distribution of T. peregrinus,
the model was well validated to the known distribution records
for this pest. Moreover, the model predicted that Eucalyptus spp.
plantations grown in Mediterranean, temperate and subtropical
zones would be climatically suitable for T. peregrinus persistence
(Turnbull, 1999). This suggests that T. peregrinus has the poten-
tial to be a serious pest of managed eucalypt forests. For example,
the total plantation area of Eucalyptus spp. in India, Brazil and
China (in potential areas that could be invaded) exceeds half of
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Figure 9 CLIMEX ‘compare locations’ chart for Thaumastocoris peregrinus in Auckland, New Zealand. Top: weekly rainfall and maximum and minimum
temperatures. Bottom: CLIMEX growth index, temperature index and moisture index. Within chart reports the predicted generations per year for
T. peregrinus.

the remaining global area of cultivated eucalypts in the world
(Shi et al., 2012).

The potential distribution of T. peregrinus predicted by the
model shows that the pest would be able to survive in several
parts of South America where it has not yet reached. The pre-
dicted distribution in this continent shows medium to optimal
suitability across broad areas of temperate, Mediterranean, trop-
ical and subtropical climates. Hence, T. peregrinus may spread
further, including new countries such as Venezuela and Bolivia.
Such expansion in South America is unlikely to be limited by
the availability of suitable host plants because eucalypt planta-
tions of known susceptible species exist. Currently, >31% of
global managed eucalypt forests are located in South America
(Iglesias-Trabado & Wilstermann, 2008). The known distribu-
tion of T. peregrinus within Africa is currently well validated by
the model and all specific localities where T. peregrinus has to
date been recorded were indeed predicted to be climatically suit-
able by this model. Our model predicts that T. peregrinus could
colonize additional coastal areas of the Mediterranean Sea, and
also other countries in different parts of the African continent
(e.g. Ghana, Cameroon, Zambia), which present moderate and
optimal climatic conditions. We predict that T. peregrinus may
eventually occupy all of the major eucalypt plantations grow-
ing regions of Africa. To combat this, a biological control pro-
gramme is currently underway in South Africa aiming to limit
the negative effects of T. peregrinus (Nadel et al., 2011).

Temperate and Mediterranean climate areas in Europe are also
predicted to be suitable for the establishment and population
persistence of T. peregrinus. To date, the insect has been recorded
in Portugal and Italy and these localities are predicted in
the distribution model. Our model predicts that T. peregrinus
could colonize some coastal regions in Europe, particularly

the U.K. and France. All 1.3 million ha of eucalypt plantations
within Europe are within the projected potential distribution of
T. peregrinus (Iglesias-Trabado & Wilstermann, 2008).

In New Zealand, the model predicts that many parts of the
North Island are highly suitable for the survival of T. peregrinus,
as well as the Nelson-Marlborough and eastern coastline of the
South Island. New Zealand’s plantation eucalypt resource for
pulp and paper is currently dominated by Eucalyptus nitens,
Eucalyptus fastigata and Eucalyptus regnans. The latter two
species are nonhosts for T. peregrinus (Saavedra et al., 2014).
Eucalyptus nitens is a potential host for T. peregrinus (Saavedra
et al., 2014) but grows best in cold and higher elevation sites and
such plantations occur in the central North Island and Southland.
Promisingly, these are the geographical regions predicted by
the current climex model to be too wet and/or too cold for
T. peregrinus to thrive.

The predictions obtained for the Auckland region match
accurately with the original point of the incursion and subsequent
local dispersal that T. peregrinus has undergone subsequent to
the first record in March 2012. In addition, observations of the
established population in the Auckland suburb of East Tamaki
correlate well with the rate of population growth estimated by the
climex model in Auckland. Although, it is possible to find all the
stages of T. peregrinus in the field during all seasons of the year,
there is a substantial decrease in population growth rate during
the colder months, which is predicted by the climex model. The
Eucalyptus spp. that are grown in the warmer coastal regions
of the North Island and eastern coast of the South Island tend
to be ornamental species, along with plantations of a number
of emerging species being developed experimentally as timber
resources for drier climates. It is these species that we predict to
be most at risk of future exposure to T. peregrinus expanding its
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geographical range (e.g. E. camaldulensis, Eucalyptus saligna
Sm., Eucalyptus globoidea, etc.).

A complete understanding of the variables that define the geo-
graphical distributions of invasive species is essential for pre-
dicting their future dispersal and range (Taylor & Kumar, 2012).
Additionally, abiotic factors and dispersal mechanisms play an
important role in predicting the rate of colonization of invasive
alien species into unoccupied sites. In these regards, climex
has some restrictions because it only utilizes climate-related fea-
tures and meteorological data (Sutherst et al., 2007) and it does
not incorporate nonclimatic factors, such as predators and host
availability (Baker et al., 2000; Van Driesche et al., 2008). These
additional variables that influence the dispersal, survival and
establishment of species are also likely to be significant factors
and, if incorporated, would categorically alter the projections of
the model. In the present study, climex has provided us with
important information about the potential geographical distribu-
tion that T. peregrinus may have in New Zealand and worldwide.
This information can be used as a valuable guide for identify-
ing susceptible areas to potential invasion by T. peregrinus, so
that pest-resistant plantation species may be selected for future
plantation resources in those regions, aiming to reduce future
economic losses.
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