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Abstract 

 

Eradicating insect populations is expensive and time-consuming. A better understanding of 

factors affecting surveillance and response options should improve prospects for eradication 

success. This thesis brings four linked components together by understanding the processes 

that interfere with a low-density population’s growth rate and how population models and their 

validation trials can predict the effects of tools used for detection and eradication. 

The effects of spatial separation and predation on mating success for low- and high-density 

populations of flies was tested with 3D printed mazes of increasing complexity. Spatial 

separation and predation negatively affected the probability of mating for low-density, but not 

high-density fly populations. 

Population growth models predicted the effects of eradication tools on the intrinsic rate of 

increase for populations of Bactrocera tryoni, the Queensland fruit fly. The effective sampling 

area (ESA) of tools estimated the probability of individuals interacting with the tools. 

Extinction was predicted for populations exposed to some of the tools examined.  

The effect of combining odours into one trap to optimise fruit fly surveillance was investigated. 

Antagonistic effects were observed. Fly species trap interaction probabilities were assessed by 

predicting changes to the relative ESAs of the traps. Up to a 3-fold increase in trap density was 

estimated to mitigate any reduction of multiple-lure surveillance efficacy when compared to a 

single lure system. 

The odour-based eradication tools expected to result in the extinction of B. tryoni populations 

from in the population models were those that targeted individuals prior to mating. This 

hypothesis was tested on field populations. The assessment methods used did not allow this 

hypothesis to be either refuted or validated.  

Understanding how individuals interact with management tools can help inform the probability 

that individuals will be detected with surveillance tools and how eradication tools will interfere 

with population growth. Eradication can be achieved with tools that either reduce population 

density or require that the pest population density needs to be greater than the prior minimum 

population density before eradication tool use. Allee effects should improve successful 

eradication outcomes.  
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Chapter 1. Introduction 

Deliberate introductions and accidental invasions of new organisms threaten native ecosystems 

(Kenis et al. 2009; Beggs et al. 2011; Tobin 2015) and displace organisms (Mack et al. 2000), 

which may lead to secondary effects such as a loss of keystone species (Christian 2001) or 

facilitate the establishment of other species (Simberloff & Von Holle 1999; Strayer et al. 2006). 

With continued invasive species movement around the globe (Rabitsch 2011; Seebens et al. 

2017), there has been a steep rise in eradication efforts (Tobin et al. 2014; Suckling et al. 

2016a). While natural dispersal by insects can occur over long distances, such as the Tasman 

Sea (Fox 1973), many of the invasion pathways to new ranges are human-mediated (Mack et 

al. 2000; Ward et al. 2006). Their association with human travel (Dominiak & Coombes 2009; 

Enkerlin et al. 2015) or with freight operations (Stanaway et al. 2001; Tobin 2015) assists 

dispersal beyond natural distances. 

On arrival, a large initial density of the founding population or repeated incursion events 

(immigration pressure) will improve the establishment probability of the organism as possible 

constraints on population growth from local biotic or abiotic conditions are lessened (Tobin, 

Berec & Liebhold 2011; Warren, Bahn & Bradford 2012). Meanwhile, low density propagules, 

especially those confined to a discrete area may succumb to stochastic events such as, a large 

weather event or to factors related to the biology of the pest that are suboptimal for its 

surroundings (Lockwood, Cassey & Blackburn 2005), leading to an extinction of the 

population.  

The intrinsic rate of increase of a population is governed by birth and death rates (Birch 1948), 

but external factors can modify population growth rates. At a high population density, the 

carrying capacity of the ecosystem may be met or exceeded. At this point, resources such as 

food or egg-laying sites can lead to intra-specific competition for resources. The population 

growth rate will then oscillate around this carrying capacity value between positive, when there 

are surplus resources and negative when resources are scarce (Moth & Barker 1977; Rodriguez 

1989; Courchamp, Clutton-Brock & Grenfell 1999; Wertheim et al. 2005). At a low population 

density, the probability of a population going extinct may be higher than the probability of it 

surviving because of Allee effects. 
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The Allee effect is a term used to describe the relationship between population density and 

population growth rate, with positive growth predicted when populations are above a critical 

density threshold and negative growth rate predicted when populations are below  this density 

threshold (Courchamp, Clutton-Brock & Grenfell 1999; Stephens, Sutherland & Freckleton 

1999). The Allee effect draws its name from this concept discussed by Warder C. Allee (Allee 

1941; Allee et al. 1949). For example, the populations of Granville fritillary butterfly Melitaea 

cinxia (L.) exhibit increased emigration rates and reduced per capita mating rates when 

population density is reduced (Kuussaari et al. 1998) and this can lead to higher extinction rates 

of the low density populations. The increased probability for the extinction of low-density 

populations result from an inability to find mates (Berec, Angulo & Courchamp 2007; Boukal 

& Berec 2009; Gascoigne et al. 2009; Yamanaka & Liebhold 2009a). Additionally, populations 

may have an insufficient density to co-operatively feed to overwhelm host defences (Gilbert 

1980), to satiate predators or to efficiently cooperate to provide vigilance from predators 

(Stephens & Sutherland 1999; Fagan et al. 2002; Gascoigne & Lipcius 2004). Stochastic birth 

and death rates do not constitute Allee effects (Stephens, Sutherland & Freckleton 1999). 

Researchers have investigated how density-dependant factors can play a role on population 

growth (Allee et al. 1949; Courchamp, Berec & Gascoigne 2008; Gascoigne et al. 2009; Berec 

& Mrkvička 2013). Allee effects may cause extended lag times, the time taken from arrival and 

establishment to spread of a population, and can lower the likelihood of establishment for both 

invasive populations and populations under conservation management (Taylor & Hastings 

2005; Drake & Lodge 2006). Examples of Allee effects are found in the Vancouver Island 

marmot, Marmota vancouverensis Swarth, a social rodent and the Monarch butterfly, Danaus 

plexippus Linnaeus. As populations of M. vancouverensis have decreased in density, there has 

been a corresponding increase in mate-searching time out in the open. This increases the risk 

of predation, which perpetuates the low-density cycle (Brashares, Werner & Sinclair 2010). In 

the Monarch butterfly, multiple mating leads to increased survival, and thus reproductive 

success, and successful mating is facilitated by being in large aggregations (Wells, Wells & 

Cook 1990). There is an inverse relationship between overwintering butterfly aggregation size 

and percentage predation by birds (Calvert, Hedrick & Brower 1979). Butterflies that come 

from larger aggregations have a higher per capita probability of survival from predation and 

greater probability of achieving multiple mating and persisting as a population than butterflies 

from small aggregations.  
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Allee effects can interact with the Allee threshold, a theoretical extinction/establishment 

equilibrium point along a population density curve (Liebhold & Bascompte 2003). When the 

population density falls on the extinction side of the threshold, there is higher probability of 

the population going extinct than establishing. This does not mean to say that a population will 

always go extinct if below the threshold or will always establish if above the threshold. There 

can be variation around these threshold values as values for a species in a given ecosystem can 

change with changes in environmental factors (Walter, Grayson & Johnson 2017) or when 

combinations of Allee effects compound to reduce population growth rates (Berec, Angulo & 

Courchamp 2007).  

Further, Allee-related effects may help explain sudden population crashes observed in invasive 

species that initially appeared to be established and growing rapidly (Simberloff & Gibbons 

2004). Some populations of invasive ants, such as the Argentine ant, Linepithema humile 

(Mayr) in New Zealand have gone extinct without human intervention (Cooling et al. 2012). It 

has been theorised that by escaping natural pathogen enemies and having abundant food rapid 

growth rates of Argentine ant populations has occurred, which has allowed them to dominate 

resources. However, over time, the ants have (re)acquired pathogens or have depleted the once 

abundant resources, and this has reduced their population density and thus competitive ability 

(Lester & Gruber 2016). In some places, their population density may have gone below the 

Allee threshold for their particular environment that allows them to overcome competitive 

interactions for resources for example, and this has led to their subsequent displacement from 

the area. 

1.1. Eradicating pest insect populations 

1.1.1 Surveillance 

Surveillance for new to the country organisms is done to detect a population early in the 

invasion process. Early detection allows for many management options to still be available for 

use. Surveillance can range from attractants, such as sex pheromones to lure the target into a 

trap, to members of the public notifying the biosecurity industry of something “odd looking”. 

Having surveillance increases the odds of a successful pest eradication, because it is more likely 

the area invaded is still small and discrete at the time of detection (Tobin et al. 2014). Whereas 

insufficient surveillance may allow the population to be large by the time of detection, and thus 

have a reduced feasibility and economic benefit for eradication (Epanchin-Niell et al. 2012).  
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Surveillance can be conducted using techniques without specific attractants, such as light traps 

(Brown 2007; Suckling et al. 2014). However, these are not ideal as they can have a large 

amount of by-catch of non-target organisms and low detection sensitivity so not effective at 

detecting the pest. Surveillance can be more efficient by using specific lures based on odour 

(Brockerhoff et al. 2006), sound (Mazzoni et al. 2009; Harvey et al. 2011), vision (Drew, 

Prokopy & Romig 2003) or combinations (Leskey et al. 2012) to attract pests to the traps. The 

more specific the lures, the greater the likelihood of detecting and eradicating the insect (Tobin 

et al. 2014). This is probably because lures, especially pheromones, allow biosecurity 

professionals to detect incursions early and can be used as eradication tools themselves (e.g. 

mass trapping) (Myers et al. 2000; Tobin et al. 2014). Further, lures enable biosecurity 

managers to monitor the progress of an eradication programme and revise the response as 

required (Suckling et al. 2007). Where a single monitoring tool is not enough, a suite of 

surveillance tactics with known or predicted efficacies to increase the probability of finding 

any insects can provide confidence that no detection of individuals over time means an absence 

of a population (Meats & Clift 2005; Holder et al. 2010; Russell et al. 2017).  

The efficacy of the surveillance systems vary depending on attributes of the landscape (Hauser 

& McCarthy 2009), as well as trap efficacy and the cost of sampling effort (Bogich, Liebhold 

& Shea 2008; Epanchin-Niell et al. 2012; Berec et al. 2015). Surveillance efficacy is informed 

by trap density and sampling range of the trap. During surveillance, different numbers of 

insects caught can trigger different management responses, from increased vigilance to attempt 

eradication (Meats, Clift & Robson 2003). A decision for increased vigilance over an 

eradication response may occur when a low number of individuals are discovered, as this may 

not necessarily indicate the presence of a self-sustaining population. Sometimes, there is little 

information available on sampling for the target pest (Davidovitch et al. 2009) and although 

there has been an attempt to collate the collective experiences of responses to invasive species 

(Kean et al. 2018), many species specific parameters are still unknown, including the efficacy 

of trapping systems. In such cases, the initial surveillance and eradication approaches used may 

be continuously optimised during the programme as improvements are made (Baxter & 

Possingham 2011) as happened during the successful eradication of Pieris brassicae L. from 

New Zealand (Phillips et al. 2016). 

To estimate how catch in a trap relates to the probable population size, various authors have 

tried to determine the sensitivity of their systems, by predicting the attraction area of their traps 

(Byers, Anderbrant & Löfqvist 1989; Schlyter 1992; Turchin & Odendaal 1996). For 
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surveillance, the attraction area of a trap can indicate the density of traps required to provide 

adequate coverage of the area sampled. The effective attraction radius (EAR) of a trap assumes 

that all insects within the attraction area are trapped (Byers, Anderbrant & Löfqvist 1989; 

Schlyter 1992). It requires trials whereby comparisons are made between the catch of insects 

in traps with an attractant versus catch in traps without an attractant. Alternatively, another way 

to estimate the efficacy of a trap is by conducting trials whereby a known number of individuals 

are marked, released with an external or internal dye (Suckling et al. 2011; Margaritopoulos et 

al. 2012) or specific isotopes used for identification (Hood-Nowotny et al. 2009; Stringer et al. 

2013) and recaptured. Marked insects may be released at increasing distance from traps or 

within a grid of traps and given a period of time in which to be captured by the trap(s) so that 

the probability of capture over a time period as a function of distance can be determined 

(Elkinton & Cardé 1984). From there the effective sampling area of the trap (ESA) can be 

estimated (Turchin & Odendaal 1996). 

Conducting surveillance for new organisms can be an expensive undertaking, especially when 

the catch in a trap is likely to be zero. While this in itself can indicate a high probability of area 

of freedom from the pest, increases in the efficacy of such trapping systems is desired. 

Efficiencies may be in the form of the spatial deployment of traps based on incursion 

probabilities and operational costs of servicing traps (Epanchin-Niell et al. 2012) or the 

positioning traps based on the efficacy of the lure system (Berec et al. 2015). Recent research 

has assessed the effect of traps that contain multiple lures for the early detection of a range of 

species and the presence of non-target species lures can alter the catch of target species 

(Brockerhoff et al. 2013; Vargas et al. 2016; Chase et al. 2018). This could mean that without 

making changes to the surveillance system some species may only be detected once they are at 

a high density, which will limit the number of management options available to the biosecurity 

agency in charge of the response. 

1.1.2 Eradication 

One of the biggest constraints on the survival of invading species or organisms under 

conservation management is the effect of positive density dependence at low density on 

population growth rates (Courchamp, Clutton-Brock & Grenfell 1999; Liebhold et al. 2016). 

The effect of low density on mate finding in sexually reproducing organisms can be exploited 

for eradication (Yamanaka & Liebhold 2009a).  



 
 

6 
 

Eradication is favoured over long-term pest management because of the likelihood of lower 

costs in the long term (Rolfe & Windle 2014; Tobin 2015; Kean et al. 2018). For some pests, 

there are substantial economic benefits if pest free areas can be achieved (Brockerhoff et al. 

2010; Enkerlin et al. 2015). Yet, even when eradication is the desired outcome, suppression 

tools may not be available. This may come from an absence of tools or from a lack of support 

by the public due to the real or perceived risk from the tools to people, their activities and the 

environment (Aluja 1996; Rolfe & Windle 2014). This perception can be overcome with 

acceptable alternative tools and engagement with the community (Klassen 1989; Myers, Savoie 

& van Randen 1998; Gamble, Payne & Small 2010). 

To increase the effectiveness of population suppression, some tools may be used sequentially 

or contemporaneously. The use of multiple eradication tools will likely lead to faster 

suppression than a single tool (Vargas et al. 2010; Kagbadouno et al. 2011; Beeton et al. 2015). 

Tools can be density independent, having the same effect on the population regardless of the 

density of the pest, such as insecticide sprays that kill a proportion of the population regardless 

of density. Other tools such as the sterile insect technique (SIT) are density dependent and 

increase in efficacy as the density of the wild population diminishes. Here insects are usually 

sterilised with radiation and then released as adults or pharate pupae into the wild to mate with 

con-specifics, resulting in sterile eggs or F1 adults (Knipling 1955; Kean et al. 2011; Suckling 

et al. 2012). These density dependent and independent tools can work together in various ways 

to be additive, super additive or sub-additive to population growth (Suckling et al. 2012; 

Barclay & Hendrichs 2014; Berec et al. 2016). For example, the use of the SIT to suppress a 

population would benefit from an initial knock-down of the wild population with an insecticide 

to reduce the number of sterile insects needed to over-flood the wild population. If both tools 

were used simultaneously, the insecticide would have to target a different life stage to the 

released insects, so that the released insects are not killed, which would reduce the efficacy of 

the combination. Another option is the combined use of inundative release of an egg parasitoid 

and sterile insects to target two different life stages. Population control outcomes can be greatly 

improved if the parasitoids can successfully use sterile eggs from sterile × wild pairings for 

their offspring, as this ‘free’ resource leads to a numerical response from the parasitoids, and 

improves suppression than if either tactic was used alone (Barclay & Chao 1991; Cossentine 

& Jensen 2000; Carpenter, Bloem & Hofmeyr 2004). 

Testing the effects of eradication tools in the field to inform response plans uses many 

resources. The development of population growth models can support the cost-effective 
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development of suppression tools, and help to identify where there is uncertainty of parameters 

and variables or where gaps in knowledge exist (Barclay 1987; Barclay & Chao 1991; Knipling 

1998; Morrison et al. 2007; Tobin, Berec & Liebhold 2011; Suckling et al. 2012; Suckling et 

al. 2016b; Trematerra et al. 2017). The models can be validated by conducting trials to test 

whether the modelled predictions occur. Some authors have estimated the effect of 

management tool use on Allee thresholds (Yamanaka & Liebhold 2009b; Blackwood et al. 

2012) and have hypothesised that eradication tools need not kill every individual in the 

population, rather aim is reduce pest density so that there is a low probability of population 

survival. 

1.2. Aims of the thesis and chapter synopses 

The aim of this thesis was to investigate the interactions between individuals in populations 

and the tools used to delimit and eradicate them. To investigate this, I used Queensland fruit 

fly, (Qfly) Bactrocera tryoni (Froggatt) and Drosophila simulans Sturtevant. Bactrocera tryoni 

is exotic to New Zealand but has been detected multiple times (Figure 1) and was the focus of 

a $13.6 million (NZD) eradication programme in 2015 (Kean et al. 2018) that was conducted 

to protect a $3.6 billion (NZD) horticultural export industry (MPI 2015). As Qfly is not present 

in New Zealand, trials were conducted New Caledonia, and published data informed population 

modelling. Trials using D. simulans were conducted in New Zealand. 

 

 

Figure 1. Global distribution of incursion responses for Bactrocera tryoni. Taken from Kean et al. (2018). 
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This thesis comprises four stand-alone data chapters, each of which can be read as independent 

publications. The data chapters are book-ended by an introduction and a general discussion. 

Chapter 3 on ‘Use of population growth models to estimate the effects of eradication tools’ has 

been published. Chapters 2 ‘The consequences of spatial complexity, predation and population 

density on Allee effects’ and 4 ‘Effect of lure combination for fruit fly surveillance sensitivity: 

using an attraction probability model to offset loss in detection sensitivity’ have been submitted 

to journals for peer-review. Chapter 5 ‘Validation of eradication tool effects predicted by a 

model’ has not been submitted for review. The published manuscript and manuscripts under 

peer-review have been reformatted and slightly modified for style in this thesis. The appendices 

contain further information related to Chapters 2 and 3, as well a list of outputs that are related 

to work presented in this thesis. An overview of the four data chapters and appendices appear 

below. 

1.2.1 Chapter 2 

The consequences of spatial complexity, predation and population density on Allee effects  

In this chapter, I investigated the role of mate finding and predator satiation Allee effects on 

probable population maintenance or establishment. I hypothesised that as individuals in a 

population were placed further apart in space, the probability of mating occurring within a 

specified time, because of the inability of individuals to find each other or to satiate a predator, 

would decrease. I predicted that high-density populations would mediate the mate finding 

predator satiation Allee effects.  

I used mazes to investigate whether high densities of flies were more likely to overcome spatial 

separation effects and predation obstacles to mating, and thus more likely to lead to persistent 

populations than low-density populations. Maze complexity was increased to increase spatial 

separation between individuals and a predator was present in trials. The use of mazes with 

different complexities allowed for trials on spatial separation to be done in a small space rather 

than having to do trials in field cages of increasing volume. A manuscript has been submitted 

for peer review. 

Stringer LD, Sullivan NJ, White R, Jiménez Pérez A, Furlong J, Kean JM, Beggs JR, 

Suckling DM. Insect mazes reveal the effects of spatial complexity and population 

density on mate finding. Journal of Animal Ecology in review. 
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1.2.2 Chapter 3  

Use of population growth models to estimate the effects of eradication tools 

I hypothesised that the intrinsic rate of increase for Bactrocera tryoni, an invasive fruit fly, 

would be lowest when multiple eradication tools were applied to the population. A negative 

intrinsic rate of increase is expected to result in the extinction of the population. This chapter 

explores how population management tools can be applied to achieve eradication of an exotic 

species. In this chapter, published population growth data for B. tryoni were modelled to 

estimate population growth at a constant temperature. Using published data from population 

suppression trials, the effect of the management tools on the intrinsic population growth rate 

was estimated for each tool used separately, then for combinations of tools. Estimated intrinsic 

rates of increase were compared between populations with and without management. This 

chapter has been published. 

Stringer LD, Kean JM, Beggs JR and Suckling DM 2017. Management and eradication 

options for Queensland fruit fly. Population Ecology. 59: 259-273. 

 

1.2.3 Chapter 4 

Effect of lure combination for fruit fly surveillance sensitivity: using an attraction probability 

model to offset loss in detection sensitivity 

To enable the use of many response tools after the detection of a new species, detection of the 

species should occur while the population is still small and discrete. Single-lured traps are often 

used for surveillance, but multiple odour-based lures in traps could improve the efficiency of 

early-detection surveillance systems. However, there can be antagonistic effects due to the 

presence of non-target species-specific odours that can alter the behaviour of the target species.  

Because earlier research on the combination of some fruit fly lures indicated no negative 

effects, I predicted that there would not be any antagonistic effects on catch of a target due to 

the presence of cuelure in combination lure traps. However, if antagonistic effects were 
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observed, I hypothesised that the attraction probability model presented in Chapter 3 could be 

used to predict the increase in trap density required to mitigate negative effects.  

The effect of lure combinations was tested on field populations of the target species. Using 

equations presented in Chapter 3, the inverse of the proportion reduction in catch in multi-lure 

traps over single lure traps was estimated to be the multiple by which trap density needed to be 

increased by to achieve the sensitivity of a single lure trap system. This chapter has been 

submitted to a journal for review. 

Stringer LD, Soopaya R, Butler RC, Vargas RI, Souder SK, Jessup AJ, Woods B, Cook PJ, 

Suckling DM. Effect of lure combination for fruit fly surveillance sensitivity. Scientific 

Reports in review. 

 

1.2.4 Chapter 5  

Validation of eradication tool effects predicted by a model 

In this chapter, field trials attempting to reduce B. tryoni population densities were conducted 

to validate estimates from Chapter 3. I hypothesised that a combination of eradication tools 

would reduce populations of B. tryoni faster than the tools used separately. I investigated: a) 

the effect of no management, b) the use of male annihilation as a lure and kill tool of sexually 

mature adult male B. tryoni, c) protein baiting as a lure and kill tool for sexually immature adult 

male and female B. tryoni, and d) the combination of the lure and kill tools on population 

growth. The combination of the tools targeting sexually immature adult flies and sexually 

mature adult male flies, as well as, lure and kill for sexually immature flies only were both 

predicted to result in negative population growth in the model presented in Chapter 3. Lure and 

kill for sexually mature adult male flies used by itself was not predicted to lead to negative 

population growth by the model. The field results differed from the predicted effects and this 

is discussed. This chapter has not been submitted for peer review. 

1.2.5 Appendix 1 

This appendix contains trial data and analyses done during the development phase of the trials 

that were written up as a publication in Chapter 2 ‘The consequences of spatial complexity, 

predation and population density on Allee effects’. During this process, trials resulted in 
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improvements to subsequent trials that used mazes as a tool to create spatial separation in a 

laboratory setting.  

1.2.6 Appendix 2 

This appendix contains the outline of a population growth model, incorporating the effects of 

control tools on population growth, for Drosophila suzukii (Matsumura). The modelling 

approach was the same as that used in Chapter 3 ‘Use of population growth models to estimate 

the effects of eradication tools’ and was presented to the International Congress of Entomology 

in Florida in 2016. The results from the models are not presented here, but will be submitted 

for publication at a later date through a Stringer-led collaborative project between Better Border 

Biosecurity NZ and the International Atomic Energy Agency (Plant & Food Research NZ, 

AgResearch NZ, Oregon State University and University of Catania). 

1.2.7 Appendix 3 

This appendix presents additional related outputs completed during the enrolment period. This 

thesis has been undertaken while in employment. During this time, there have been additional 

outputs related to this PhD research, but not directly contributing to the content of this thesis. 

 

1.2.8 Compliance with ethical standards: 

This thesis does not contain any studies with human participants performed by any of the 

authors. All applicable national and institutional guidelines for the care and use of animals were 

followed. 
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Chapter 2. The consequences of spatial complexity, predation and 

population density on Allee effects 

2.1. Abstract  

Allee effects, such as a reduced ability to locate mates, can negatively affect species 

establishment and population maintenance. Habitat complexity and/or the presence of 

predators can exacerbate Allee effects, which are difficult to measure experimentally. For 

testing hypotheses about Allee effects, I contend that habitat complexity can be simulated using 

insect mazes of varying mathematical difficulty. 

To demonstrate the concept, I investigated whether the use of 3D printed mazes of varying 

complexity could be used to increase spatial separation between sexes of Drosophila simulans, 

and whether the presence of a generalist predator hampered mate finding when populations 

were small. I examined how increasing D. simulans population density might overcome the 

artificially created effects of increasing the distance between mates and having a predator 

present. 

There was an increase in time taken to find a mate and a lower incidence of mating as habitat 

complexity increased. Increasing the density of flies reduced the searching time and increased 

per capita mating success, and overcame the effect of the predator in the maze. 

Printable 3D mazes offer the opportunity to quickly assess the effects of spatial separation on 

insect population growth in the laboratory, without the need for large enclosed spaces. Mazes 

could be scaled up for larger insects and can be used for other applications such as animal 

learning. 

Publication status: 

Stringer LD, Sullivan NJ, White R, Jiménez Pérez A, Furlong J, Kean JM, Beggs JR, 

Suckling DM. Insect mazes reveal the effects of spatial complexity and population 

density on mate finding. Journal of Animal Ecology in review. 

 

See Appendix 1 for research that informed the trials for Chapter 2  
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2.2. Introduction 

Populations can be affected by inverse density dependence; the Allee effect at low population 

density; and at high density, overcrowding when the carrying capacity of the ecosystem is met 

or exceeded (Allee 1941; Moth & Barker 1977; Rodriguez 1989; Courchamp, Clutton-Brock 

& Grenfell 1999). Allee effects may cause longer lag times for population growth and 

subsequently slow the spread and lower the likelihood of persistence of both invasive 

populations and populations under conservation management (Taylor & Hastings 2005; Drake 

& Lodge 2006). Allee effects interact with the Allee threshold, a probability estimate on a 

population density curve at the equilibrium point between extinction and establishment for a 

low-density population (Liebhold & Bascompte 2003). While an Allee threshold suggests a 

definitive value, in reality the threshold is probabilistic, with a higher probability of population 

growth above the threshold and probable reduction in growth rates to extinction below. 

Moreover, the thresholds may vary depending on spatial and temporal ecosystem factors 

(Walter, Grayson & Johnson 2017). Allee effects include reduced mating probabilities, which 

can be problematic for low density populations (Gascoigne et al. 2009). This may be exploited 

for population management where not all of the population necessarily needs to be killed to 

achieve eradication (Liebhold & Bascompte 2003).  

To date, Allee effects have been quantified mostly from large-scale multi-year population 

studies. For example, reduced per capita reproductive success and increased probability of 

predation of individuals from low-density Monarch butterfly Danaus plexippus populations 

(Calvert, Hedrick & Brower 1979; Wells, Wells & Cook 1990). Another study has estimated a 

trap-catch based Allee threshold for gypsy moth, Lymantria dispar dispar from multi-year 

trapping data from a trap transect placed through the invasion front of the moth in North 

America (Liebhold & Bascompte 2003; Johnson et al. 2006). Such trials use extensive field 

datasets and analyses to understand what factors promote or have the greatest effect on 

population persistence. 

Trying to assess the effect of spatial separation on mate finding and mating success of large or 

mobile species is difficult in the laboratory as space is limited. Study systems must be large 

enough to achieve sufficient distance between individuals, but small enough that the observers 

can still track the individuals. The advent of 3D printers has enabled the production of complex 

shapes such as mazes to be readily created. Mazes of known mathematical complexity 

(McClendon 2001) can be readily used for hypothesis testing. To test the concept, I investigated 
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whether mazes of varying complexity could be used to increase spatial separation to investigate 

mate-finding Allee effects in the laboratory using Drosophila simulans.  

Mazes have often been used to investigate learning in organisms (heat mazes in Drosophila 

melanogaster (Foucaud, Burns & Mery 2010) and water mazes for rats (Morris 1984)). 

However, no literature was found on the use of mazes to modify spatial distance between 

individuals. I hypothesised that the likelihood of mate finding would decrease with increasing 

degree of maze difficulty. Mazes of increasing complexity would increase the spatial separation 

between one male and one female Drosophila simulans placed at opposite ends of the maze. 

With an increase in spatial separation by modifying the maze complexity, the time for 

individuals to find each other should increase and the probability of a female mating occurring 

should decrease within a fixed time. Furthermore, I hypothesised that the presence of a 

generalist pseudoscorpion predator Chelifer cancroides L. (a predator of Drosophila in Plant 

& Food Research-maintained colonies) in the maze would increase the time taken for pairs of 

flies to find each other due to predator avoidance. However,  I expected the presence of multiple 

pairs of flies in the maze would overcome the negative effects of the spatial separation and 

predation on mate finding and per capita probability of mating.  

 

2.3. Methods 

2.3.1 Maze creation overview 

Two-dimensional mazes with known complexity were generated on the website, 

www.mazegenerator.se. Circular mazes were set to have an ‘outer diameter’ of 20 cells (90 

mm). The ‘internal diameter’ setting varied with the desired complexity. Four maze 

complexities were generated: simple, with an external and internal diameter of 20 cells (only 

an outer wall, similar to a Petri dish); easy, with an external diameter of 20 cells, internal 

diameter of 14 cells (three cells of maze); medium, with an external diameter of 20 cells, 

internal diameter of eight cells (six cells of maze) and hard, with an external diameter of 20 

cells and an internal diameter of four cells (eight cells of maze). Adjacent walls (cells) were 3 

mm apart and the height of the maze was 5 mm. Two additional parameter values, elitism and 

river, were set to zero in the maze generator programme. The elitist value controlled the 

solution length of the maze. The non-elitist (elitism = 0) parameter weighted the maze generator 
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programme to generate a maze that had a solution path that went through a large portion of the 

maze, while an elitist maze (elitism = 100) had a short solution length. The river value 

controlled the length of dead-ends. A high river value (river = 100) weighted the programme 

to generate a maze with few but long corridors that led to a dead end, while a low river value 

of 0, as used here, had many short corridors that led to dead ends (Figure 2).  

 

 

Figure 2. Four maze complexities (A- simple; B- easy; C- medium; D- hard) to test factors affecting mate 

finding in Drosophila simulans. Mazes have a central and edge (right hand side) entrance. 

 

The solutions of the circular mazes were between the edge and the centre. A 6 mm diameter 

hole was drilled in the centre of the maze so that flies of one sex could enter the maze at this 

point. The other sex entered from the opening at the edge of the maze. 
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2.3.2 Maze creation detail 

I exported the 2D maze as a scalable vector graphics file (.svg) (without a solution shown) from 

the maze generator website. This file was opened in Inkscape v.0.91 (Free Software Foundation 

Inc. Boston MA., USA). In Inkscape, the walls in the maze were initially broken into sections 

and were treated as separate entities or “paths”. To create a single path (wall) for editing, the 

maze sections were combined (ctrl-K). The edit paths by nodes option was selected to create 

an outline of the maze walls, allowing the user to visually confirm all walls were selected thus 

had a continuous outline. When the outline was confirmed, the stroke to path option was 

selected to create the solid walls of the maze. At this point, the maze was only a collection of 

walls. To create the base of the maze, a separate circle was added and sized to fit the outer wall 

of the maze. The object to path option was selected for the base only to make it a solid object. 

The walls and the base were overlaid so that all edges were overlapping. Following this, both 

the base and the walls of the maze were selected (ctrl-A), then under the extensions toolbar, 

the “generate from path” option was selected and the paths to openSCAD option was chosen 

to convert to the two objects into an openSCAD file (.scad).  

The openSCAD file was opened in OpenSCAD v.2015.03 (free software released under the 

general public license version 2). OpenSCAD is able to render the .scad file into a 3D image. 

In this case, the file still had the two parts overlaid in space, the “poly_path,” the base of the 

object and the “poly_line,” the maze wall portion of the object. The file was first previewed to 

confirm that the two parts of the image overlapped. If not, the file was created again in Inkscape 

to ensure that the edges aligned. Initially, the image appeared as a solid cylinder as both the 

base and the walls of the image were fully extruded to the same height by default. The extrusion 

height of both objects was modified in the left hand panel by finding the section of code related 

to the height of each object (end of the code) and revising the poly_path (base) height to 1 mm 

from the bottom of the image, and poly_line (wall) 6 mm from the bottom, or 5 mm above the 

base (6 mm-1 mm). The refreshed image showed a 1 mm base under a 5 mm wall. When the 

maze was ready, the image was rendered and saved as a .stl file for printing. I used UP! version 

2.18 (Beijing TierTime Technology Co. Ltd.) to print the maze files using an UP mini 3D 

printer with white ABS filament (3D printing systems Pakuranga, Auckland, New Zealand). A 

piece of clear 2 mm thick Perspex was attached to the top of the maze with masking tape so 

that fly behaviour could be observed. 
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2.3.3 Spatial complexity trial 

A single pair of flies was tested to determine whether the time to find a mate and the probability 

of mating changed with increasing spatial separation, caused by the complexity of the maze. In 

this microcosm, flies were given one hour to find each other and mate. Males were released 

through the hole in the centre of the maze and females through the side entrance generated by 

the maze generator. The entrances were then closed with masking tape. The four complexity 

levels (simple, easy, medium and hard) were tested simultaneously and replicated 30 times. As 

time of day during the photophase did not appear to influence mating rates (Appendix 1), up to 

three replicates were conducted per day. Time taken for mate location was recorded, as well as 

whether the pair mated. This was assessed visually and any pairs mating were recorded as 

successful if the pair remained in copula, without the female trying to avoid the male. The 

average mating time was 17 m 56s (+2 m 50s); minimum copulation time recorded to the 

nearest minute was, 14 minutes; maximum 24 minutes. 

2.3.4 Fly density  

I tested whether there was an increase in the probability of mating and a reduction in the time 

for pairs to find each other when there was a higher density of flies in the maze. One, three and 

five pairs of flies were tested in the ‘easy’ solution maze. I used a single maze complexity as 

the effect of spatial separation was not being tested. In addition, to determine whether there 

would be any effect of a predator on mate finding and mating, a 6-day starved male Chelifer 

cancroides was added. This predator may have participated in trials 6-days earlier. The predator 

was added to the halfway point between both the male and female maze entry points 

immediately prior to the addition of the flies. Each replicate comprised one of each of the three 

fly density levels with and without a predator (six mazes total per replicate). After the predator 

was added, male flies were placed in the centre of the maze and held there using a thin (1 mm) 

gate inserted through the Perspex lid until all female flies were added to the maze through the 

side entrance. When all flies were present in the maze, the males were allowed to leave the 

centre and the trial was started. All six treatments were run simultaneously for each replicate 

(n = 30 replicates). Time for the first pair to find each other was recorded, as well as any 

predation and the number of total pairs mating following the criteria above. 

The minimum distance that the flies had to travel to meet each other was investigated by using 

the tracking software MaxTRAQ v1.91 (Innovision Systems Lapeer, MI, USA) (Figure 3). The 
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distance to solve the maze from edge to centre was measured and the distance was divided by 

two assuming that both insects would move towards each other at the same rate. 

 

 

Figure 3. Illustration of the MaxTRAQ movement tracking software. A maze containing Drosophila 

simulans and a male Chelifer cancroides is shown. The shortest possible solution has been digitised 

manually (green line) to measure the distance. 

2.4. Statistical analysis 

To model the effect of spatial complexity on maze solution length (millimetres) and 

percentage of single-pair fly trials where flies found each other, I performed a linear 

regression using Origin v. 8.5 (OriginLab Corporation). To analyse the effect of the number 

of pairs of flies and the presence of a predator on time to find a mate, and the probability of 

mating occurring, I used a Generalized Linear Model (GLM) with a Poisson distribution 

logarithm-link function, and a GLM with a binomial distribution logit-link function 

respectively. The GLM analyses were performed in GenStat v. 17 (VSN International Ltd.). 
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2.5. Results 

The flies failed to perform in the way I anticipated as single pairs, with only three of the 30 

pairs of flies mating in the simple maze and one pair of flies mating in the medium complexity 

maze. No flies mated in the easy or hard complexities in the one hour allotted. However, as 

predicted, fly mating rates increased with increasing fly density. 

2.5.1 Spatial Complexity 

The maze experiments showed a positive linear relationship between the complexity of the 

maze and the solution length (R2 = 0.984). The minimum distance flies needed to travel to meet 

each other increased by 7, 10 and 15 fold for flies in the easy, medium and hard mazes 

respectively, compared to the flies in the simple maze. The maze complexity also affected the 

percentage of flies that found a mate in the 1 hour period (R2 = 0.957) in the single pair 

treatments (Figure 4).  

Figure 4. Relationship between the maze complexity and the percentage of trials where pairs of flies 

found each other (y axis) and the minimum walking distance required for a pair of Drosophila simulans to 

encounter each other (z axis) after starting at opposite ends of the maze. 
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2.5.2 Fly density 

The average time for one fly of each sex to find the other varied with the number of pairs that 

were in the maze and whether there was a predator present (Table 1). The time for initial mate 

finding was faster in the multiple pair fly treatments than for the single pair of flies. The 

presence of a predator in the maze increased the time it took for all flies to find each other 

(Table 2), with 18 male and 15 female flies killed by the predators during the experiments 

(https://youtu.be/BEaRsO0h2v0). 

Table 1 Time for the first female and male Drosophila simulans to find each other in a maze with or 

without a pseudoscorpion predator (Chelifer cancroides) present and the percentage of flies finding each 

other and mating within a treatment in trials of varying fly density. 

No. of 

pairs 

Predator 

present 

Mean initial 

discovery 

time 

% of trials with 

successful mate 

finding 

% of trials 

with mating 

occurring 

Percentage 

of flies 

mating 

Number of 

flies killed (in 

N replicates) 

1 Yes 25m15s 53% 3% 3% 8 (8) 

 1 No 17m10s 76% 10% 10% - 

3 Yes 16m35s 96% 43% 15% 12 (11) 

 3 No 16m31s 96% 40% 20% - 

5 Yes 12m40s 100% 46% 13% 13 (10) 

 5 No 7m28s 100% 60% 25% - 

 

  

https://youtu.be/BEaRsO0h2v0


 
 

28 
 

 

Table 2. GLM Poisson log-link regression of time taken for a pair of Drosophila simulans to find each 

other (first pair only), with or without a Chelifer cancroides (predator) present. The reference parameters 

were one pair of flies and no predator present. The antilog can be considered as the multiple by which the 

change has occurred compared to the expected result for the reference parameters (1 pair and no 

predator). 

Parameter 

Estimate 

(s.e.) t P 

Antilog of 

estimate 

3 pairs 

-0.2372 

(0.0480) -4.95 <0.001 0.7888 

5 pairs 

-0.7345 

(0.0540) -13.61 <0.001 0.4797 

Predator 

present 

0.2651 

(0.0413) 6.41 <0.001 1.303 

 

Despite increasing the time it took for individuals to find each other in the maze, the presence 

of a predator did not reduce the probability that at least one pair would mate. There was no 

effect of the interaction term of the predator presence and number of pairs mating, so this was 

removed from the analysis and main effects only are shown (Table 3). The biggest effect on 

mating was the number of pairs present in the maze, with an increase in the percentage of flies 

mating as the density of flies in the maze increased. 
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Table 3. GLM binomial logit-link regression of the probability that mating would occur at all in trials 

where different numbers of pairs of Drosophila simulans were in the presence of a predator (Chelifer 

cancroides) or not. The reference parameters were one pair of flies and no predator present. The antilog 

can be considered as the multiple by which the change has occurred compared to the expected result for 

the reference parameters (one pair and no predator). 

Parameter 

Estimate 

(s.e.) t P 

Antilog of 

estimate 

3 pairs 

1.844 

(0.538) 3.43 <0.001 6.324 

5 pairs 

2.095 

(0.530) 3.96 <0.001 
8.127 

Predator 

present 

-0.167 

(0.259) -0.64 0.519 0.8463 

 

2.6. Discussion 

Mazes of increasing complexity increased the spatial distance between individual Drosophila 

simulans, providing a baseline for testing mate-finding effects in this system. As complexity 

(solution length) increased, the initial distance between flies increased. 

The probability that flies would find each other within the one hour allowed to navigate the 

maze decreased with increasing complexity, with all flies only finding each other when there 

was only an outer wall present (similar to a Petri dish). Over half of the flies did not find each 

other in the most complex maze offered, a maze that had a route that was 15 times longer than 

the simple Petri dish style maze. 

At the individual fly level and replicate ‘population’ level, the increase in fly density was able 

to overcome the spatial separation effects and the effect of the single predator in the system. 

The addition of multiple flies increased fly density in the mazes, and the per capita percentage 

of females mating and percentage of any mating event occurring per replicate increased in both 
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the predator present and predator absent trials. The predator killed flies in eight (27%) of the 

30 trials in the single pair treatments. Even though a greater number of flies overall were killed 

in the multiple pair fly trials, flies were killed at a similar rate between the different fly density 

treatments and all multiple pair fly trials had flies of each sex remaining at the end of the trial. 

In the single pair trials, the presence of the predator increased the time that was taken for the 

pair of flies to meet and this may have reduced the probability of mating occurring in the single 

trials. When the predator was present only one of the single pair populations or 3% of the 

replicates had a mating event, while 43% and 46% of the three and five pair populations, 

respectively, were successful at mating. Under the trial conditions of only one hour to start 

mating, the higher fly density population would be more likely to persist than the single pair 

populations. This increase in density, led to a greater chance of finding and successful mating 

by pairs and a reduced likelihood of attack because of a Type II functional response with 

satiation of the natural enemy (Brunel-Pons, Alem & Greenfield 2011), and the increased 

finding rate in the multiple pair fly treatments. A difference in prey handling time or multiple 

predators would probably increase the fly density requirement needed to maintain a population, 

as more prey would probably be removed from the population.  

Kramer et al. (2009) used a meta-analysis approach on data from natural populations and 

concluded that the most common sources of Allee effects were from mate limitation, reduction 

in cooperative defence, reduced predator satiation, cooperative feeding, or over-dispersal and 

change in habitat, concurring with other authors (Courchamp, Clutton-Brock & Grenfell 1999; 

Etienne et al. 2002; Taylor & Hastings 2005; Yamanaka & Liebhold 2009). The maze used 

here offers a simple way to assess the effects of mate limitation and predator satiation on 

probable population growth. Mazes could be used for a large number of other behavioural 

applications including traditional aspects of organism learning. The 3D printed mazes can also 

work for larger organisms; a pilot study assessed a larger version of the maze for Queensland 

fruit fly, Bactrocera tryoni (Appendix 1). Flies were able to successfully navigate and mate 

during their natural dusk mating period (LDS unpublished data). By overhead recording of the 

maze trials, any assessment of behavioural responses to non-visual stimuli can be assessed with 

image analysis. Natural dispersal was limited in the maze system, as the flies were forced to 

walk rather than fly. My next step would be to determine the correlation between maze 

complexity and real world distance, in order to model real world spatial separation effects from 

laboratory-derived datasets.  
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2.8. Supplemental Materials 

 

2.8.1 Drosophila simulans rearing 

Colonies were maintained on a diet of potato flakes (128 g) casein (28 g), castor sugar (20 g), 

baking yeast (8 g), methyl paraben (0.6 g), ascorbic acid (1.3 g) and benzoic acid (0.6 g) at 

25°C in ambient day length. Twenty millilitres of the diet/oviposition material were added to 

a 120 ml circular vial (110 mm × 43 mm i.d.) and 20 ml of water were added to hydrate the 

diet/oviposition material. Drosophila simulans pupate out of the diet on the edge of the vial. 

The vials were lined with waxed baking paper so that pupae could easily be removed. To 

facilitate pupal removal, the baking paper was sprayed lightly with water and each pupa was 

placed into separate poly carbonite test tubes (75 mm long, 10 mm i.d.) stoppered with a water-

moistened cotton wick. Pupae-filled tubes were kept in a sealed bag to maintain high levels of 

humidity. No food was added to these tubes. Tubes were checked once daily for eclosion. On 

eclosion the adults were sexed and 30% (by volume) sugar water was added to the cotton wick. 

Adult flies were used once when they were between 48-72 h old, when the majority of 

Drosophila are sexually receptive (Manning 1967).  

2.8.2 Chelifer cancroides rearing 

The Chelifer cancroides colony of many hundred individuals was maintained on a diet of D. 

simulans and cultured following Read et al. (2014). The D. simulans were maintained as above. 

Prior to pupation of D. simulans in the vials, an additional 20 ml of water was added and the 

larvae/diet solution and was gently mixed so that it could be poured into the C. cancroides 

colony weekly. The C. cancroides were observed feeding on adult flies but may have also fed 

on the larvae or the diet itself. For the trials using C. cancroides, five sub-colonies of six males 

and six females were developed from the main colony, one colony for each day of the working 

week. Sub-colonies were fed a diet of ~20 mixed sex adult D. simulans once a week 

immediately after participating in trials. The following day all dead and live flies were removed 

from the colony so that the colony was starved for six days prior to use. They had access to 

water ad libitum and tissue paper to hide in. The colonies were maintained at 25°C in ambient 

day length. 
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Chapter 3. Use of population growth models to estimate the effects 

of eradication tools 

 

3.1. Abstract 

Several tephritid fruit flies have explosive population growth and a wide host range, resulting 

in some of the largest impacts on horticultural crops, reducing marketable produce, and limiting 

market access. For these pests, early detection and eradication are routinely implemented in 

vulnerable areas. However, social and consumer concerns can limit the types of population 

management tools available for fruit fly incursion responses. Deterministic population models 

were used to compare eradication tools used at typical densities alone and in combination 

against the Queensland fruit fly (‘Qfly’), Bactrocera tryoni. The models suggested that tools 

that prevent egg laying are likely to be most effective at reducing populations. Tools that 

induced mortality once Qfly was sexually mature only slowed population growth, as successful 

mating still occurred. Release of sterile Qfly when using the sterile insect technique (SIT) 

interferes with the successful mating of wild flies, and of the tools investigated here, SIT caused 

the greatest reduction in the population at the prescribed release rate. Used in tandem with SIT, 

protein baits slightly improved the rate of population reduction, but the male annihilation 

technique (MAT) almost nullified control by SIT due to the mortality induced on sterile flies. 

The model suggested that the most rapid decrease in population size would be achieved by SIT 

plus protein baits. However, the model predicted both the SIT and protein baits when used 

alone would result in population reduction. The MAT can be used prior to SIT release to 

increase overflooding ratios. 

Publication status: This is a post-peer-review, pre-copyedit version of an article published in 

Population Ecology. It has been lightly modified for this thesis. The final authenticated version 

is available online at: https://doi.org/10.1007/s10144-017-0593-2 

Stringer LD, Kean JM, Beggs JR and Suckling DM 2017. Management and eradication 

options for Queensland fruit fly. Population Ecology. 59 (3): 259-273  
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3.2. Introduction 

Eradication is often seen as a more desirable and cheaper outcome than ongoing pest 

management for invasive insect populations (Suckling et al. 2007; Brockerhoff et al. 2010; 

Rolfe & Windle 2014; Tobin 2015). This can be achieved through the use of active pest 

management using population control tools, interrupting some of the requirements for 

population establishment or continuation (Tobin, Berec & Liebhold 2011). The way in which 

eradication tools can be used is determined by the context of the eradication, and this can affect 

the feasibility of eradication. In an urban area, fewer tools may be available for use than in a 

forest or agricultural landscape due to real and perceived risks posed to people (Gamble, Payne 

& Small 2010). Population management tools can be combined in various ways resulting in 

additive or synergistic effects on population growth (Berec, Angulo & Courchamp 2007). 

However, incompatible combinations may interact negatively, effectively cancelling one or the 

other out (Suckling et al. 2012; Barclay & Hendrichs 2014a).  

If available population management tools can be used in combination, the simultaneous or step-

wise deployment of these may lead to faster pest suppression than a single tool (Kagbadouno 

et al. 2011). A benefit of using a suite of compatible tools is that it may be more cost effective 

than using a single tool (Blackwood et al. 2012). For example, parasitoids are unlikely to cause 

extinction of a target insect population (but see Kuris 2003; Elkinton, Parry & Boettner 2006), 

but may work synergistically with the SIT if the biology of the target and parasitoid are 

compatible. Such is the case for the codling moth Cydia pomonella (L.), where sterile eggs 

resulting from use of the SIT provide a resource for an egg parasitoid. Thus, SIT can 

simultaneously reduce the wild codling moth population and increase the parasitoid population 

“for free” resulting in a population reduction greater than would be expected by the two tools 

working independently (Barclay & Chao 1991; Cossentine & Jensen 2000; Carpenter, Bloem 

& Hofmeyr 2004). 

The sterile insect technique (SIT), generally involves the release of infertile insects, usually 

males sterilised by radiation, into the environment to compete with wild males for mates 

(Knipling 1955). The SIT is seen as a density-dependent tool, in that it will have a greater per 

capita effect on small or sparse populations than on large or dense ones. Unlike density-

independent tools that have the same effect on the population regardless of the density of the 

pest; for example insecticide sprays will typically kill a fixed proportion of the population 

regardless of its size. Population suppression using the SIT is expected to improve as the ratio 
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of sterile to wild males increases, because a high proportion of wild females are expected to 

mate with sterile males (Kean et al. 2011).  

Some tephritid fruit flies are among the most devastating horticultural crop pests globally. 

Their rapid population growth and ability to use multiple host crops during a season 

(Papadopoulos et al. 2001) has made them the target of a large number of eradication 

programmes (Suckling et al. 2016). The Queensland fruit fly (‘Qfly’), Bactrocera tryoni 

(Froggatt) is endemic to the eastern states of Australia. There are 27 records for Qfly incursion 

responses undertaken in Australia, French Polynesia, the Cook Islands, and New Zealand 

(Kean et al. 2018). Outside of the context of eradication, Qfly population management has been 

achieved by various combinations of organophosphate cover sprays (fenthion, dimethoate), the 

male annihilation technique (MAT) using cuelure to attract males to kill devices, protein bait 

sprays acting as lure and kill for both sexes, the SIT with release of both sterile males and 

sterile females, and orchard hygiene (e.g., the removal of fallen fruit) (Jessup et al. 2007; Lloyd 

et al. 2010; Clarke et al. 2011; Dominiak & Ekman 2013; Suckling et al. 2016). SIT is 

particularly effective on Qfly because female flies do not tend to mate multiple times 

(Radhakrishnan et al. 2009). The two organophosphate cover sprays potentially produce > 99% 

mortality of eggs and larvae (Reynolds et al. 2012), but their use is becoming more restricted, 

limiting their usefulness as a control tool (Dominiak & Ekman 2013). Australian Qfly 

eradication programmes comprise two weeks of protein bait sprays then a minimum of 10 

weeks of SIT release as well as increased population monitoring (Florec et al. 2013). 

I compared the consequences of different control tools used alone and together on Qfly 

population growth. I reviewed published and unpublished literature to parameterise a simple 

population growth model, and compared the expected impacts of different control tools 

individually and in combination. I did not consider organophosphate cover sprays, soil 

drenches, host tree removal and orchard hygiene because these would be expected to act in a 

simple density independent manner on Qfly populations. 
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3.3. Methods 

 

3.3.1 Model structure 

 

I used a sex and age-structured discrete time model to simulate the effects of the different tools. 

Population growth was followed through time for a population with overlapping generations. 

The positive relationship between population density and population growth on a low-density 

population (the Allee effect; e.g., Gascoigne et al. (2009)) was not factored into the models, 

thus all available individuals were able to interact at each time step, even when few individuals 

were present. Populations affected by control tools comprised wild males (WM), wild females 

(WF), sterilised males (SM) and sterilised females (SF) at both the pre-reproductive teneral 

stage (t) and as sexually mature (m) adults.  

The model had a daily time step and assumed a constant temperature of 25°C. Within a time 

step the order of simulated events was designed to mimic daily Qfly biology. Qflies display 

diurnal foraging behaviour (Balagawi et al. 2012) but are most strongly attracted to cuelure in 

the early morning (Weldon, Perez-Staples & Taylor 2008), so lure-based mortalities (trapping, 

male annihilation) were implemented first. Insect development and maturation were 

implemented next, corresponding to the middle of the day, followed by natural mortality (e.g., 

predation and old age). Finally, mating and oviposition occur at dusk (Fletcher 1974; Collins, 

Pérez-Staples & Taylor 2012). The population remaining at the end of the day formed the 

starting population at the beginning of the following day (Figure 5).  
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Figure 5. Flowchart of model implementation. Juvenile (eggs through to pupae) on the left and adults on 

the right.  

 

3.3.2 Stage structure, development and natural mortality 

 

Qfly is holometabolous, with four distinct life stages; egg, larva, pupa and adult. Adults are 

sexually dimorphic and are obligate sexual reproducers. Qfly also has a pre-reproductive 

teneral adult phase that can last for many days. During the teneral phase males do not respond 

to cuelure, but males and females will search out protein sources (Balagawi et al. 2014). At 

sexual maturity, both male and female flies are less attracted to protein sources, and 

predominantly males only are then attracted to cuelure (Clarke et al. 2011). 

Development rates were estimated at a constant temperature of 25°C using degree-day values 

provided by Yonow et al. (2004). The juvenile stage (egg-pupae) was estimated to take 25 days 

to complete. Therefore, at each time step n/25 juveniles matured to become teneral males or 

females. I assumed an equal sex ratio (Dominiak et al. 2008).  



 
 

39 
 

At 25°C, the teneral period for adult males and females is approximately 7 days (Yonow et al. 

2004). Because of the complexity of the adult interactions with control tools, it was important 

to have a realistic transition through the teneral stage, in terms of both the mean duration and 

the variability. Therefore I implemented this stage as an escalator boxcar train (De Roos, 

Diekmann & Metz 1992) with four sub-stages and 4/7 of the population of each stage 

advancing to the next each day.  

Queensland fruit fly has a number of parasitoids. Mortality from parasitism was estimated from 

data presented by Lloyd et al. (2010). Lloyd et al. (2010) determined that parasitism was 7.4% 

and this was caused by three parasitoids, Diachasmimorpha kraussi (Fullaway), D. tryoni 

(Cameron) and Fopius arisanus (Sonan) that parasitise during the juvenile stage (prior to 

eclosion) (Ero, Hamacek & Clarke 2011; Zamek et al. 2012). Daily survival of the juvenile 

stage (sJ) was estimated by combining the mortality for the entire juvenile stage of 25 days 

(59.4%) and raising it to 1/development time (25 days) = 97.9%.  

Daily adult survival (sA) was determined from mark-recapture studies of wild fly populations 

present in the summer months (Bateman & Sonleitner 1967; Meats 1998b) (Figure 6). The 

estimates do not account for the effect of temperature on population growth, although it is 

expected that survival rates will depend partly on temperature and the life history of the 

population (Bateman 1967; Yonow et al. 2004). 

 



 
 

40 
 

 

Figure 6. Estimated adult Queensland fruit fly, Bactrocera tryoni survival over time from published data 

sources, following juvenile survival prior to day 1 of the figure. 

 

3.3.3 Mating and oviposition 

 

Individuals mate only once per day during dusk (Fletcher 1974; Collins, Pérez-Staples & 

Taylor 2012). Male flies can mate again the following day, while females rarely mate again 

(Radhakrishnan et al. 2009). I assumed the adult population was well mixed, so ignored 

potential spatial effects of the probability of finding a mate each day (e.g., Kuno 1978) and 

simply assumed that all sexually mature flies mate once per day with a mating probability (w) 

of 80% in a population of equal numbers of females and males (Perez-Staples, Harmer & 

Taylor 2007). For the models, wild and sterile females were assumed to mate only once in their 

lives and then not take part in further mating events, however, I tested the sensitivity of the 

model to this assumption. If previously mated males survived to the next day, they were able 

to partake in mating events the following day (Radhakrishnan & Taylor 2008).  
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The number of eggs produced per day was calculated from data presented by Fitt (1990) who 

collected flies from wild-harvested fruit and monitored their oviposition for 63 days in field 

cages at 25°C. The average number of eggs per female from week 2 (when all females were 

assumed mated and laying eggs) until week 7 (when half of the females had died) from Fitt 

(1990) was used for the number of eggs per female per day parameter (9.2 eggs/female/day). 

The wild-harvested fly data were assumed representative of a natural population. All 

successfully mated females were assumed to find hosts in which to lay their full daily 

complement of eggs (v).  

3.3.4 Control tools  

 

3.3.4.1 Active space of cuelure  

 

Meats and Edgerton (2008) assessed the dispersal distance of male B. tryoni released from a 

point source to cuelure-baited traps. To determine the daily probability of trapping a fly, I 

converted data from mature cuelure-responsive male flies caught in traps over 14 days to daily 

catch and plotted this against distance (x) (Figure 7). The logarithmic regression for daily catch 

was estimated as: 

y = -0.014ln(x) + 0.0804          (1) 

The effective sampling area (ESACL) in hectares per day for one cuelure trap was estimated 

using the equation for a logarithmic function from Kean (2015): 

ESACL =  π × 0.014 × exp(2 × 0.0804/0.014)/2  

        10,000        (2) 
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Figure 7. Relationship between distance from a cuelure attractant and probability of cuelure-responsive 

male Queensland fruit flies, Bactrocera tryoni attracted per day; data revised from Meats and Edgerton 

(2008). 

 

A typical trap catch probability surface would show high catch rates at the trap in the centre, 

tailing off with increasing distance 360° around the trap. The effective sampling area condenses 

this volume into a cylinder of unit height; the area of the top surface of the resulting cylinder 

is the ESA correlation coefficient between catch and distance, and this can be used to estimate 

the probability of capture (Turchin & Odendaal 1996; Kean 2015). Attraction probability 

estimates were made for attractants placed in a systematic grid using:  

Pattractsystematic = ERF(0.886× ESACL × Trap density)     (3) 

ERF denotes the Gauss error function (Cacho, Hester & Spring 2007; Kean 2015) or the 

probability that the (0.886× ESACL × Trap density) value encompasses the whole area to be 

sampled. The daily ESACL was estimated at 0.214 ha (Eq. 2) and the daily probability of a fly 

being attracted to a cuelure source, 0.211 (Eq. 3). 

Capture probabilities were also estimated for randomly placed attractants using:  
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Pattractrandom = 1-exp(-ESACL × Trap density)      (4) 

Because the result from Eq. 3 is always greater than or equal to that from Eq. 4, systematic 

placement of baits or traps always gives a better result than random placement. Randomly 

placed traps may have a high degree of trap-active-space overlap and a lot of free space between 

traps, but the difference is minimal between equations 3 and 4 when the ESACL × Trap density 

value is small (< 0.2). 

 

3.3.4.2 Male Annihilation Technique  

 

The Male Annihilation Technique (MAT) for Qfly is a lure and kill system whereby an 

attractant lures males to a poisoned bait which they ingest (El-Sayed et al. 2009). The 

likelihood of attraction from the predicted ESACL and the survival rate of flies feeding on 

malathion (sMAT) (5%) from Mahat and Drew (2015) were used to determine the probability 

of daily survival from a MAT programme. The model used 10 MAT devices applied 

systematically per hectare (Anon. 1996), thus 10 × ESACL led to an approximate cover of 2.14 

ha and the daily probability of survival from MAT was estimated by multiplying equations 3 

or 4 by sMAT. The daily survival of sexually mature male flies in a hectare containing 10 

systematically spaced MAT devices was estimated as 5.7%, similar to data presented by Jessup 

et al. (2007) and Lloyd et al. (2010). The daily survival of males in a hectare of 10 MAT 

devices placed randomly was 16.2%. 

For example, the number of wild sexually mature males (WmM) that survived MAT placed 

systematically per day was equal to the number of males that survived MAT plus the last stage 

teneral (WtMt4) males maturing from the day before. 

WmM = ((WmM (t-1) × Pattractsystematic × sMAT × sA) + WtMt4 (t-1) × sA) × 

 Pattractsystematic × sMAT × sA     (5) 

See Table 4 for definition of terms. 
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Table 4. Variables (italicised), parameters (non-italicised) and data sources used to estimate Queensland 

fruit fly, Bactrocera tryoni, population growth rate and the effect of various population control tools, † 

estimated here. 

Parameter Symbol Value Unit Source 

Wild pre-reproductive males WtM simulated  † 

Wild sexually-mature males WmM simulated  † 

Wild pre-reproductive females WtF simulated  † 

Sexually-mature unmated wild females WmFu simulated  † 

Fertile-mated wild females WmFr simulated  † 

Sterile-mated wild females WmFs simulated   

Sterile males SmM simulated  † 

Sexually mature unmated sterile 

females SmFu 

simulated 

 

† 

Sexually mature mated sterile females SmFr simulated  † 

Survival of wild adult flies sA 87.7% /day 

(Bateman & Sonleitner 

1967; Meats 1998a) 

Survival of sterile adult flies sS 83% /day 

(Meats 1998a; Meats, Clift 

& Robson 2003) 

Juveniles J simulated  † 

Juvenile survival sJ 97.9% /day 

(Myers 1952; Barton 

Browne 1956; Bateman 

1967; Meats 1984; Fitt 

1990; Lloyd et al. 2010) 

Oviposition v 9.238 /♀/day (Fitt 1990) 

Mating success w 80% /event 

(Perez-Staples, Prabhu & 

Taylor 2007) 

Sterility q 99.5% /event 

(Collins et al. 2008; 

Collins et al. 2009; 

Dominiak et al. 2014) 

ESA for one cuelure device  ESACL 0.214 ha/day † 

Survival from MAT device sMAT 5% /event (Mahat & Drew 2015) 

ESA for one protein bait device ESABait 0.005 ha/day † 

Survival from Naturalure bait applied 

every 7-days sBait7 15% /event (Lloyd et al. 2003) 

Survival from Naturalure bait applied 

every 14-days sBait14 46% /event † 
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3.3.4.3 Protein baits  

 

Queensland fruit fly seek out and feed on protein sources to attain sexual maturity. After they 

have consumed enough protein to mature, flies are unlikely to require further protein feeding 

(Balagawi et al. 2014). As with the MAT, protein baits contain a toxicant that kills flies after 

it is consumed. Protein-based lures attract both males and females but are less attractive than 

cuelure-baited traps (Meats, Clift & Perepelicia 2002; Dominiak & Nicol 2010). This is thought 

to result from having a short range of attraction due to the low volatility of odours emanating 

from the protein (Clarke et al. 2011).  

To determine the mortality from protein baits, weekly bait efficacy data from a glasshouse trial 

by Lloyd et al. (2003) were used. The bait was Naturalure™, which contains spinosad as the 

toxicant. For management, baits are re-applied weekly or after significant rain. The mean 

survival, sBait (15% after 3.5d) from the baits over a seven-day period from Lloyd et al. (2003) 

was applied to subsequent models. In addition, as bait applications are labour intensive, the 

effect of baits applied less often or not directly after rain was also assessed. For this scenario, 

it was assumed that bait application was fortnightly. The efficacy of baits as they age was 

estimated by linear regression of the data from Lloyd et al. (2003): mortality on ingestion = -

7.4(× days) + 105.5; R² = 0.99. From this model, predicted mean survival (after 7 d) was 46.3%. 

To estimate the ESA for protein baits (ESABait), I used data published by Weldon and Meats 

(2007). They ran a series of experiments assessing the recapture rates of pre-reproductive 

teneral (three-day-old) laboratory-reared male and female B. tryoni to protein and cuelure-

baited traps. There was no difference in the percent of male and female flies caught in the 

protein traps, nor in dispersal distance for males to protein or cuelure-baited traps within 88 m, 

the greatest extent of the trial (Weldon & Meats 2007). Male and female flight and wild and 

laboratory-reared fly dispersal are equivalent (Weldon & Meats 2010), so it is presumed that 

the dispersal results presented by Weldon and Meats (2007) would be representative of wild 

populations. Since the proportion of male and female flies captured at protein baits was similar 

and the dispersal distance for males caught in cuelure and protein baits was equivalent, the 

probability of capture to protein baits as a function of distance data was estimated from the 

probability of capture by cuelure-baited traps (Figure 7). To determine the relative attraction 

of protein baits over cuelure baits, the ratio of catch of males in protein-baited traps to males 

in cuelure-baited traps was determined as 2.4% and a sensitivity analysis was conducted on 

this value. ESACL was multiplied by 2.4% to provide an estimate for ESABait (0.0051 ha/day). 
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Daily survival for a fly in an area trapped with 100 baits/ha, the standard baiting density used 

for Qfly control (Anon. 1996), was estimated as 59.2% per day for systematically placed baits, 

or 65.9% for randomly placed baits that were reapplied weekly. The daily estimates for baits 

reapplied after 14 days were 74.1% for systematically placed baits and 78.3% for baits placed 

randomly. 

For example, the number of sexually immature wild males (WtM) that survived baits per day 

when baits were placed systematically at a weekly interval was equal to the number of teneral 

males that survived baits at t-1 plus the new teneral males from the day before. Substituting 

ESACL for ESABait in equation 3 and modifying equation 5 the survival under a baiting regime 

is:  

WtM = ((WtM(t-1) × Pattractsystematic × sBait7 × sA) + J/25(t-1) × sA) × 

Pattractsystematic × sBait7 × sA      (6) 

 

3.3.4.4 Sterile Insect Technique 

 

Currently both sexes are released for the Qfly SIT and the sex ratio is assumed 1:1. At 60Gy, 

a dose that has been suggested for operational release, the sterility (q) value of flies is 99.5% 

and mating is non-assortative, therefore the likelihood of mating occurring between sterile × 

sterile and sterile × wild is equal (Collins et al. 2008; Collins et al. 2009; Dominiak et al. 2014).  

The target overflooding ratio of sterile male to wild male flies is 100:1, with releases made 

weekly (Anon. 1996). Flies were assumed sexually mature upon release, thus not affected by 

the presence of protein baits in the environment. I simulated weekly sterile insect releases, 

adjusting the release numbers each time to achieve the desired overflooding ratio to the wild 

population on that day. This meant that the overflooding ratio could be greater than desired if 

sterile insects from previous releases were still present in the population. Field based datasets 

from Meats (1998b), and Meats et al. (2003) were used to derive the daily survival rate (sS) 

(83%) for the SIT flies. The effect of the MAT on survival was the same for sterile male flies 

(SmM) as it was for the wild males.  

Data on mating propensity and re-mating rates have shown that laboratory-reared protein-fed 

sterile and fertile male flies are equivalent (Perez-Staples, Harmer & Taylor 2007; 

Radhakrishnan & Taylor 2007; Radhakrishnan & Taylor 2008; Radhakrishnan et al. 2009). 
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Released sterile males were assumed protein-fed, thus physically equivalent in this model. All 

insects were assumed to be able to find each other, so no effect of density on the ability to find 

mates was calculated. Only one mating event per individual could occur at the end of each day, 

but surviving males were able to mate again on subsequent days. Females only mated once in 

their lives and then become either mated reproductive wild females (WmFr) that could oviposit 

eggs, or sterile mated female flies (WmFs) and did not oviposit any eggs. The only factors in 

the model limiting successful mating for wild females was the number of wild and sterile male 

flies and number of sterile unmated females (SmFu) that competed for mates until they were 

mated and removed from the available mating pool. The effect of released sterile females was 

assessed as part of a bi-sex release strategy rather than a male only strategy that has been 

achieved for other species (Vargas et al. 2010). 

Pmate = Mating probability for wild females =  

minimum value of either 1 or w × (WmM + SmM)/(WmFu + SmFu)   (7) 

Whether the mating event from Eq. 7 then led to the eggs being oviposited at a daily rate of (v) 

was dependent on the ratio of wild to sterile males to determine whether the successful mating 

event was with a sterile or wild male.  

Psuccess = Probability of mating with a wild male = WmM/(WmM + SmM)  (8) 

modified from Knipling (1955) and survival until the following egg laying event 

Neggs = WmFu × Pmate × Psuccess × sA × v      (9) 

Radhakrishnan et al. (2009) showed that a proportion of females can remate in the laboratory. 

A sensitivity analysis was conducted on the number of mating events and its effect on 

population growth rate. Starting from 0% (a single mating event), remating at t + 1, t + 2, t + 

3… t + n was increased by 10% increments up to 100%. As SIT males do not appear to initially 

have many sperm and do not replenish their sperm (Radhakrishnan et al. 2009), sperm 

competition was not expected to exist, thus the order of mating events was not expected to 

influence the production of offspring. In this model, each time a mated reproductive wild 

female re mated with wild male her reproductive output (number of eggs) was multiplied by 

the number of successful mating events (Collins, Pérez-Staples & Taylor 2012). The 

reproductive output did not change from her previous state when a wild female either did not 

mate or mated with a sterile male.  

 



 
 

48 
 

3.3.4.5 Measuring effects on population growth. 

 

All simulations were started with a population of 1,000 juveniles of mixed developmental stage 

from egg through to pupae and were run for 365 days. After 8 days, population trajectories 

(measured as juveniles) settled into an exponential trend, either positive or negative. This 

enabled the effects of different control tools and combinations to be quantified, by fitting an 

exponential function to population trajectory from day 8 onwards. As baselines for measuring 

the impacts of tools, I used the exponential rate of increase of an uncontrolled population (i.e., 

no effect of tools) and the exponential rate of decrease of a population with no mating (w = 0, 

i.e. the maximum possible effect of a tool). 

 

3.4. Results 

 

Starting with a population of 1,000 juveniles, the systematically placed MAT devices 

outperformed the randomly placed MAT devices by reducing the adult male population size 

which in turn reduced the rate of sexual success of wild females. The MAT impacted on the 

population immediately as it targeted the sexually mature males, yet both MAT device 

placement types were unable to prevent exponential growth of a population (Figure 8). The 

daily probability of a male contacting a MAT device within an array of systematically placed 

MAT devices at 10/ha was 99.3%. To achieve > 99.9% daily contact rate, 13 MAT devices 

were required to be deployed. For randomly placed baits, the respective estimates were 88.2% 

at 10/ha and 36/ha required to achieve > 99.9% daily contact rate. However, since survival at 

malathion-impregnated MAT devices is predicted to be 5% (Mahat & Drew 2015), the 

surviving males in the population were able to mate with available females allowing for 

exponential growth of the population. 



 
 

49 
 

 

Figure 8. Estimated effect of control tools used alone on Queensland fruit fly, Bactrocera tryoni 

population growth. The control tools were 10 MAT/ha; 100 baits/ha (s = systematic and r = random 

placement of control tool); SIT released at a 100:1 ratio (sterile:wild of each sex) at 7 day intervals. The 

estimated effect of no control tools on population growth is shown for comparison. Starting population 

was 500 male and 500 female juveniles. 

 

Baits were predicted to reduce population sizes once teneral adults were present in the 

population, and if 100 baits/ha were re-applied weekly, baiting was predicted to lead to the 

eventual extinction of a population. However, if baits were replenished less often, such as every 

14 days, then Qfly populations were expected to grow exponentially because of the reduction 

in bait efficacy in the second week (Table 5). 
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Table 5. The intrinsic growth rate (rN) of Queensland fruit fly, Bactrocera tryoni, populations when under 

management with various control tools.  

No 

mating 

No 

control 

Bait 

(7d) 

random 

Bait (7d) 

systematic 

Bait 

(14d) 

random 

Bait (14d) 

systematic 

MAT 

systematic 

MAT 

random 

SIT 

100:1 

bi-sex rN 

x         -0.062 

 
 

 x     x -0.06 

  x      x -0.06 

     x   x -0.059 

    x    x -0.058 

        x -0.049 

   x    x x -0.032 

   x   x  x -0.031 

   x   x   -0.029 

   x    x  -0.026 

   x      -0.025 

  x     x x -0.02 

  x    x  x -0.018 

  x    x   -0.015 

  x     x  -0.012 

  x       -0.01 

         x   x x -0.001 

     x x  x 0.001 

     x x   0.005 

     x  x  0.008 

    x   x x 0.009 

     x    0.011 

    x  x  x 0.012 

    x  x   0.016 

    x   x  0.019 

    x     0.022 

       x x 0.072 

      x  x 0.075 

      x   0.081 

       x  0.086 

 x        0.09 

Negative rN values from the combinations above the double line indicate that populations were expected 

to decrease in size, populations below the double line with positive rN values were expected to increase in 

size. The ‘x’ symbols indicate the combination of tools used across the row. Baits were re-applied every 7-

days (7d) or 14-days (14d). The rN no control (maximum possible rN value) and no mating (minimum 

possible rN value) are shown for comparison. Results are shown in order from most effective to least 

effective. Control tools were 10 MAT/ha and 100 baits/ha placed either systematically or randomly. SIT 

insects were released every 7 days at a rate of 100:1 sterile:wild male (and female) flies. 
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The SIT outperformed all of the control tools by reducing populations faster and eventually 

leading to eradication of the population (Figure 8; Table 5). However, the effect of releasing 

sterile females had no effect on population growth rate, although an initial competitive 

interaction with the wild females for mates reduced the starting population. The SIT was 

expected to perform better as the overflooding ratio of sterile to wild flies increases (Figure 9). 

The model assumed one mating event per lifetime of the female. The sensitivity analysis on 

the effect of female re-mating suggested that population growth was expected to only become 

positive when > 85% of females were re-mating the day following a mating event (Figure 10). 

 

Figure 9. The combination of SIT release overflooding ratio and number of MAT/ha (in parentheses) on 

Queensland fruit fly, Bactrocera tryoni, intrinsic growth rate. Zero population growth is expected when 

values fall on the horizontal dashed contour at value y = 0, with positive growth expected for values above 

and negative growth below the line. The dash-dot horizontal contour at y = -0.062 indicates population 

growth rate when there is no reproduction. 
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Figure 10. The effect of female Bactrocera tryoni mating multiple times on population growth rate during 

a sterile insect release programme. Three scenarios were tested: solid line - sterile and wild females 

remating regardless of previous mating partner (wild or sterile male), dotted line- only wild females that 

had previously mated with a sterile male remating, dot-dash line- both sterile and wild females who had 

previously mated with a sterile male remating. The dotted and dot-dash curves only separate when the 

effect of sterile female remating impacts on growth rates. 

 

 

When baits were combined with MAT devices, the combination of the MAT acting 

immediately on a population of sexually mature males, with protein baits reducing the 

subsequent number of sexually mature adults, led to a faster reduction of the population size 

than if either tool was used alone. However, if baits were not reapplied weekly, then no MAT 

+ bait combinations were predicted to reduce population growth (Table 5).  

The combination of the MAT plus the SIT only marginally improved the outcomes compared 

with the MAT tool used alone (Table 5). MAT was disruptive to the SIT, greatly reducing the 

effect of sterile insects on population growth. This was due to the unequal mortality induced 

by the MAT on the released sterile and wild male fly populations. The simulated release of SIT 
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flies was once per week, so the sterile insect population replenishment occurred weekly. In the 

population growth model, wild male fly numbers were replenished daily through the daily 

population maturation mechanism. This led to a greater negative effect on the sterile fly 

population over time than for wild flies and allowed for a greater proportion of wild × wild 

mating events to occur than if the SIT was used alone. As few as two MAT devices per hectare 

were predicted to be enough to negate SIT efficacy (Figure 9). 

In comparison, the combination of baits plus the SIT at the prescribed rates was far better than 

baits alone, and the presence of baits improved the SIT alone outcome. The model estimated 

that 71 baits/ha applied weekly were enough to reduce population growth rate, and if applied 

with SIT, fewer baits would be required (Figure 11A). There did not appear to be a large gain 

by increasing the overflooding ratio of SIT to wild flies from 50:1 to 100:1 to reduce the 

population growth rate because at 50:1 mating success was already virtually zero, and the 

model estimated that as low as a 12:1 overflooding ratio would begin to reduce population 

growth (Figure 11B). Further, fewer sterile flies were expected to be required for release if 

baits are applied simultaneously with the SIT.  

The combination of all three tools used simultaneously did not improve the outcome from SIT 

alone. Instead, the result on population growth rate was very similar to that of the bait + MAT 

combination as the sterile flies were killed by the MAT devices (Table 5). 
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Figure 11. The combination of SIT release overflooding ratio and number of baits/ha on Queensland fruit 

fly, Bactrocera tryoni intrinsic growth rate. The contour lines indicate the number of baits/ha (in 

parentheses) starting from 0/ha for the topmost contour and increasing by 10/ha for each subsequent 

contour until 100/ha is achieved. Zero population growth is expected when values fall on the horizontal 

dashed contour at value y = 0, with positive growth expected for values above and negative growth below 

the line. The dash-dot horizontal contour at y = -0.062 indicates population growth rate when there is no 

reproduction. SIT overflooding ratio is increased by 10 insect for every estimate (A); SIT overflooding 

ratio is increased at a finer scale (2, 5, 7, 10 & 15:1) (B). 

 

3.5. Discussion 

The population modelling predicts that the most effective tools for controlling Qfly was protein 

baits and SIT used together, although either tool is likely be effective on its own at the simulated 

application rates. The model estimated that the SIT was the most effective tool when used alone 

at the recommended rate of 100:1, and a release ratio as low as 12:1 may prevent exponential 

growth of a population. Since the likelihood of mating is probabilistic, the SIT is most effective 

at reducing a population when the ratio of sterile to wild flies is large. The high overflooding 

ratio is more easily achieved on small populations, as fewer total insects are required to be 

produced by an insect rearing facility. As the number of individuals in the wild population 



 
 

55 
 

increases, the corresponding number of flies required for release increases. There is a goal of 

developing a male-only Qfly strain for the SIT (HIAL 2016). This would reduce the cost of 

producing a large number of males, as the corresponding number of females would not be 

reared, as is the case with the current bi-sex release system. This will allow for either a higher 

overflooding ratio per release, or ability to release flies over a larger area, or the ability to target 

high-density wild populations with the SIT only. There appear to be large gains if a male-only 

strain can be developed to increase SIT male production as the presence of sterile Qfly females 

is predicted to have a minor effect on population control due to the low levels of multiple 

mating. Females rarely mate multiple times (Radhakrishnan et al. 2009), in contrast, sterile 

males can mate multiple times, and so have the ability to remove available unmated sexually 

mature females from the potential egg-laying population with each mating event. The models 

predicted that there was not a significant reduction in the population growth rate when the 

sterile fly release rate was increased from 50:1 to 100:1, suggesting that the current 100:1 

release ratio could be reduced without compromising effectiveness. 

The sensitivity analysis on the effect of females multiply mating indicated that multiple mating 

females would be unlikely to negate the effect for sterile insect release on population growth 

rate unless they were mating every day. In practice, it is likely that only ≈ 10% of females 

participate in daily re-mating (Radhakrishnan et al. 2009) The presence of the high 

overflooding ratio of sterile to wild male flies had a greater effect on whether females 

participated in a successful mating event whereby eggs could be laid on subsequent days, which 

agrees with Barclay (2005). 

As few as 71 protein baits/ha were expected to reduce Qfly populations when reapplied every 

week. However, with longer intervals between applications, the efficacy from a baiting 

programme appeared to be low. This model used values that had been generated for foliar bait 

sprays. With the development of effective bait-based lure-and-kill technologies that protect the 

bait from weather effects, but still have good visitation rates by flies, kill efficacy may be 

maintained with longer intervals between bait applications (Piñero, Enkerlin & Epsky 2014). 

There is a perception that protein baits are not effective at managing Qfly populations and that 

they are labour intensive. However, the model and eradication programme data (Kean et al. 

2018) both suggest that when applied as recommended, protein baits will be effective. Qfly 

populations may persist if regular bait coverage through time is not maintained. Further, if 

protein baiting, or any eradication or management programme, is only conducted over only 

part of the pest’s range, then there is a high likelihood of reinvasion from nearby refugia (Byers 
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& Castle 2005). Refugia can occur when small infested areas are not under population control. 

The Qfly catch data presented by Lloyd et al. (2010) suggest that this occurred during a multi-

year area-wide management programme. In orchard areas, where there is even spacing between 

trees and all areas in an orchard can be accessed and managed, Qfly populations were better 

suppressed than in urban areas. In urban situations, access to properties may not always be 

guaranteed and a large variety of hosts could make it harder to optimally space control tools.  

The ESA estimate for baits was very sensitive to changes in bait-attraction efficacy. The 

ESABait used here was estimated as 2.4% of that of attraction to cuelure. Once the daily ESABait 

dropped below 0.0036 ha, or bait attraction of 1.7% of that of attraction to cuelure, the ability 

of baits to suppress population growth failed. Further data sets, similar to those presented by 

Epsky et al. (2010) for Ceratitis capitata (Wiedemann), investigating the relationship between 

bait attraction and distance will improve or validate this estimate.  

Cuelure, which is used as the attractant to lure male flies to the insecticide is most effective 

once the male flies are sexually mature. While MAT can provide male population knock-down, 

the models predicted that MAT is unlikely to reduce populations significantly when used alone. 

This is because of the assumption that 5% of the males attracted to a MAT/day were expected 

to survive. Regardless of MAT device density, these surviving 5% of the male population have 

the potential to mate with wild females, resulting in offspring. This differs from the bait 

estimate where a higher percentage of attracted individuals are expected to survive, but because 

attraction was modelled to occur daily prior to sexual maturity, there were multiple 

opportunities for the individuals to die. The models here did not assume density-dependence, 

and if population density was reduced to a point whereby individuals could not easily find each 

other, there could be potential for MAT use to lead to population extinction. This outcome is 

similar to that of Barclay and Hendrichs (2014b) who modelled the likely effect of MAT on 

Bactrocera dorsalis (Hendel), and concluded that removing > 99% of males would be required 

to reduce fly populations. They estimated better success when females were also removed from 

the population. This was observed in the MAT + bait combination model, where the 

combination reduced populations more rapidly than either tool alone. However, when the 

timing between bait applications was increased to 14 days, wild fly populations were not 

expected to be controlled even though the combination of MAT + bait was better than either 

tool alone. The MAT did not improve population suppression outcomes when used with SIT 

and only slightly improved the result from the baiting alone estimate. This trend was observed 

when all three tools were combined, where MAT + bait + SIT was not better than SIT alone or 
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the bait + SIT combination as these populations were already being reduced at almost the 

maximal rate as indicated by the no mating estimate (Table 5). Sterile fly survival in the 

presence of MAT is perhaps hard to achieve as flies may repeatedly feed on cuelure during 

their lifetime to improve their mating success (Kumaran, Hayes & Clarke 2014). At least 

shortly after release, flies may not be attracted to cuelure-baited MAT devices if pre-fed with 

cuelure prior to release and could instead spend time mating (Shelly, Edu & McInnis 2010) as 

was recently shown for B. tryoni fed raspberry ketone a related molecule to cuelure (Akter et 

al. 2017). Further, the strong negative effect of MAT on SIT outcomes does suggest that if flies 

are to be released in an area, a minimal number of surveillance traps should be used to monitor 

the progress of the pest management or eradication programme to prevent the removal of large 

numbers of released sterile flies. 

The models here suggest that the SIT is expected to be an effective tool by itself. The only 

limitation is maintaining a high overflooding ratio of sterile to wild flies. The higher the ratio 

is, the faster suppression is achieved. However, this requires a large number of flies to be 

reared, sterilised and released. This is labour intensive, thus costly. Potential positive and 

negative interactions between various combinations of tactics have been theorised or shown by 

various authors (Barclay 1987; Barclay & Chao 1991; Morrison et al. 2007; Tobin, Berec & 

Liebhold 2011; Suckling et al. 2012; Suckling et al. 2016). To increase the rate of population 

suppression, some tools may be used step-wise or concurrently. From the example above, the 

use of the SIT to suppress a population would benefit from an initial knock-down of the 

population if the desired overflooding ratio cannot be achieved. During early research into the 

potential use of sterile insects for Qfly population suppression (see Dominiak & Ekman 2013 

for review), the successful eradication of Qfly from Trangie, New South Wales, Australia was 

attributed to male population suppression prior to sterile fly release (Andrewartha, Monro & 

Richardson 1967). If this is the case, then some tools could be applied both step-wise and 

concurrently. First, the combination of MAT + baits could be applied to reduce both the 

population growth rate and the number of sexually mature male flies in the population. Prior 

to the SIT, the MAT devices would need to be removed or otherwise turned off, but if SIT flies 

were released as sexually mature flies, baiting could be maintained. Such a combination would 

benefit from an economic analysis to optimise direct costs related to the application of both 

baits and the SIT at variable rates, as well as the penalty or benefit costs to industry and society 

related to the time taken to achieve suppression or eradication (Blackwood et al. 2012; 
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Epanchin-Niell et al. 2012). If the sterile flies are not sexually mature and therefore susceptible 

to baiting, then baiting should cease prior to sterile fly release.  

For rapidly reproducing species, tools that can be used together offer the best likelihood of a 

population reduction and those tools that remove females prior to reproduction are going to be 

most successful. An issue with urban eradications is the ability to use all tools available. Some 

tools are less accepted by the public than others (Gamble, Payne & Small 2010), and placement 

of the approved tools may not be optimal in heterogeneous environments. The systematic 

spacing of lure and kill devices, reducing free space between devices or excessive overlap of 

the active space of devices is one of these issues. SIT can support these urban eradications as 

they are perceived to be a more acceptable control tool than tools that use an insecticide 

(Gamble, Payne & Small 2010). If SIT flies are physically fit, they are likely to be sufficiently 

mobile so as to access areas that baits or MAT cannot (Suckling et al. 2011). 

Management and eradication programmes are expensive (Brockerhoff et al. 2010). Some of 

the most costly programmes will be those targeting rapidly reproducing species, because the 

area infested will grow quickly and the number of propagules required to be removed to achieve 

control will be close to the total population. This will require a high density of population 

control tools to be used to have any chance of a successful management or eradication. Even 

though the use of SIT or protein baits together or alone was predicted to reduce population 

growth by the model, the ability to use multiple tools is attractive as the combination of tactics 

can be tailored to the environment or budget in which the management or eradication is being 

conducted, reducing costs and social disruption. 
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Chapter 4. Effect of lure combination for fruit fly surveillance 

sensitivity: using an attraction probability model to offset loss in 

detection sensitivity 

 

4.1. Abstract 

Surveillance for invading insect pests is costly. Since the successful establishment of new pests 

is a rare event, the trapper, who inspects the traps that contain only the lure for the target 

species, usually finds the traps empty. Multiple lures placed into one trap might increase the 

efficiency of the surveillance system. I investigated the effect of the combination of the 

Tephritidae male lures – trimedlure, cuelure, raspberry ketone and methyl eugenol – on catch 

of Ceratitis capitata, Bactrocera cucurbitae, B. tryoni, B. dorsalis, B. aquilonis and B. 

tenuifascia. The combination of trimedlure, cuelure and methyl eugenol significantly reduced 

the catch of the methyl eugenol-responsive B. dorsalis. I estimated the increase in trap density 

required to offset a reduction in catch. The inverse of the proportion of catch in the multi-lure 

traps to catch in the single-lure trap was predicted to be the multiple by which trap density 

needed to change by to maintain surveillance efficacy. This density change was modelled for 

a hypothetical B. tryoni population of males, where the effective sampling area of cuelure traps 

for this species has been estimated. Based on the data here and from previous research, 

combinations of some male lures for the early detection of tephritid flies appear compatible 

and any reduction in surveillance sensitivity can be offset by increasing the density of traps in 

the area. 

Publication status: 

Stringer LD, Soopaya R, Butler RC, Vargas RI, Souder SK, Jessup AJ, Woods B, Cook PJ, 

Suckling DM. Effect of lure combination for fruit fly surveillance sensitivity. Scientific 

Reports in review. 
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4.2. Introduction 

Surveillance for insects of interest to biosecurity agencies is conducted to detect incursions as 

soon as possible, in order to support trade while mitigating the risk of pest establishment. A 

reduction in the sensitivity of a surveillance detection grid could lead to a delayed detection of 

the target species, which could increase the time taken to initiate and cost of an eradication 

programme (Epanchin-Niell et al. 2014; Tobin et al. 2014; Liebhold et al. 2016). One of the 

more costly aspects of a surveillance grid is trap servicing (Mayo, Straka & Leonard 2003). 

While finding an empty trap is a desired outcome, as it indicates that the pest is unlikely to be 

present, there is the potential to improve the efficacy of the surveillance system to target more 

than one species at a time.  

Lure combinations offer the prospect of greater surveillance effort being achieved for only a 

small increase in the cost for the additional lures, and without a significant increase in labour 

costs, making such efficiency gains attractive (Brockerhoff et al. 2013). Recent work has 

sought to trap three species of fruit fly (Diptera: Tephritidae) using a combination-lure 

(Dominiak et al. 2011; Shelly, Nishimoto & Kurashima 2012; Vargas et al. 2012; Vargas et al. 

2013; Vargas et al. 2016).  

Insect trapping systems often use odours such as pheromones or host volatiles to attract insects 

to a trap. Odours are a powerful monitoring tool for the early detection of a species and for 

population monitoring (Elkinton & Cardé 1980). The ability to combine odours for multiple 

species into a single trapping station saves the trapper from placing out and servicing a large 

number of traps. However, some odours combined in a single trap may not be compatible. This 

has been observed in moths where the presence of pheromones of closely-related species that 

can use different ratios of the same or related compounds (Cardé & Baker 1984; Gibb et al. 

2006; Linn et al. 2007), can reduce catch of the target (Brockerhoff et al. 2013). Interactions 

have also been observed in male attractants for fruit flies (Diptera : Tephritidae), where the 

presence of cuelure reduced the catch of Bactrocera dorsalis (Shelly, Pahio & Edu 2004), but 

this was overcome by adjusting the ratios of the odours presented (Vargas et al. 2015). 

The sensitivity of a trapping system can be predicted by estimating the probability of catch of 

an insect from a population as a function of distance from a trap, such as but not limited to, the 

effective sample area (ESA) (Turchin & Odendaal 1996; Kean 2015) or the effective attraction 

radius (Byers, Anderbrant & Löfqvist 1989; Schlyter 1992; Manoukis, Hall & Geib 2014). The 

ESA multiplied by the density of traps in the target area then estimates amount of trap cover 
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provided by a surveillance system, up to a maximum of 100% coverage when there is 

substantial ESA overlap. While a surveillance system may have 100% coverage of an area plus 

some overlap of the active spaces of traps, this does not mean that the system will catch 100% 

of the target insects present (Barrett et al. 2009). 

This sensitivity of a trap is dictated by the effectiveness of the lures, stronger lures require 

fewer traps per area than less attractive lures to have a comparable surveillance efficacy (Byers, 

Anderbrant & Löfqvist 1989; Manoukis, Hall & Geib 2014), and by the spatial positioning of 

traps such as a grid or random or an intermediate arrangement (Berec et al. 2015).  

I trialled the combination of multiple male lures: raspberry ketone, cuelure, trimedlure and 

methyl eugenol, for use in fruit fly surveillance traps. I estimated the change in efficacy from 

a single lure trapping system for a particular species to a multi-lure system that contained 

additional odour sources. Any reduction in catch may be a result of a change in the behaviour 

of the target insect, because of additional odours reducing attraction, from reduced release rates 

in the mixtures through azeotropic effects or chemical interactions. This change reduces the 

effective sampling area of a trap. I estimated what a potential change in grid sensitivity for a 

target species, because of the presence of a lure for an additional species, may mean for the 

probability of detection for that target, and modelled whether the original sensitivity of the 

surveillance system could be regained by increasing the density of traps of the less sensitive 

multi-lure system. 

4.3. Methods 

 

4.3.1 Fruit fly lure combinations 

Combinations of standard commercially available and novel lures were trialled to assess any 

impact on catch relative to catch with a single-component lure. Trials were carried out in 

Hawaii, USA, New South Wales (NSW) and Western Australia (WA), Australia. Lures 

comprised various combinations of cuelure (C), trimedlure (T), methyl eugenol (M) and 

raspberry ketone (R) (Table 6).  

In Hawaii, the species targeted were Mediterranean fruit fly, Ceratitis capitata (Wiedemann), 

attracted to trimedlure; oriental fruit fly, Bactrocera dorsalis (Hendel), attracted to methyl 
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eugenol; and melon fly, B. cucurbitae (Coquillett), attracted to cuelure and raspberry ketone. 

In New South Wales (NSW), Queensland fruit fly, B. tryoni (Froggatt), attracted to cuelure and 

raspberry ketone was targeted, and in Western Australia (WA), C. capitata, attracted to 

trimedlure and the Northern Territory fruit fly, B. aquilonis (May), attracted to cuelure, a 

species closely related to B. tryoni were targeted. In addition, B. tenuifascia (May) was 

attracted in large numbers to methyl eugenol in WA, so the effect of lure combinations was 

assessed. 

 

Table 6. Lures used (grams of active ingredient [a.i.]) for Tephritidae trapping trials carried out in 

Hawaii, NSW, and WA Australia. 

Lure Code Grams (a.i.) 

Trimedlure * T 3.5 

Methyl eugenol * M 5.5 

Cuelure * C 2.0 

Raspberry ketone * R 2.0 

Trimedlure plug Tp 3.0 

Cuelure on cotton 

wick 

Cw 1.0 

Trimedlure plug + 

cuelure wafer 

WA-TC 3.0 

1.0 

 

Farma Tech International Corp. (North Bend, WA, USA) (www.farmatech.com) fruit fly lures 

were formulated on to a wafer (polymer matrix) 5.1 × 7.6 × 0.6 cm (2” × 3” × 1/4”) at + 12%. 

Lure loadings (+ 10%) were 5.5 g for methyl eugenol, 2 g for cuelure and raspberry ketone and 

3.5 g for trimedlure, the same rates used in trials by Vargas et al. (2013). Comparisons between 

captures of pest fruit fly species associated with the three test sites (i.e. Hawaii, NSW and WA) 

were made using single, double and triple combinations of the lures: trimedlure, methyl 

eugenol and cuelure. Raspberry ketone was only used in the triple combination. All lures were 

http://www.farmatech.com/


 
 

69 
 

fitted into Lynfield traps (Cowley 1990). Gloves were changed between the placing out the 

different lure treatments to prevent possible contamination. Dichlorvos (DDVP strips) in 

Hawaii (Hercon Vaportape II, Emigsville, PA) and Killmaster® pest strips in Australia were 

added to traps to kill flies entering the traps.  

4.3.2 Hawaiian trial 

In Hawaii, trials were conducted for 24 h. This was to simulate areas of lower capture and to 

prevent traps from overflowing. Trials were conducted near Numila, Kauai Island, HI, at a 

large (c. 1,400 ha) commercial coffee [Coffea arabica L. ‘Arabica’ (Rubiaceae)] plantation 

(lat. 21.910, long.-159.548), at an average elevation of 125 m, where C. capitata, B. dorsalis 

and B. cucurbitae co-occur. Field attraction experiments were conducted on 14-15 November 

2013. Traps were hung in coffee trees and placed 20 m apart using a randomized complete 

block design with ten replicates of each treatment (Table 6). The DDVP strips were aged for 

two days before the trial to reduce repellent effects.  

 

4.3.3 New South Wales trial 

The effects of trimedlure and methyl eugenol on cuelure-responsive B. tryoni was tested in 

Somersby, Central Coast in NSW (lat. -33.367, long. 151.305). Five replicates of the five 

treatments were placed out in a mixed citrus orchard in a randomized complete block design. 

Traps were placed out at 1130 h and were initially operated for 24 h. After 24h, very few insects 

were trapped and many zeros were recorded. Traps were operated for a further 36 days (26 

February 2014 until 30 March 2014). The DDVP was aged as above. 

 

4.3.4 Western Australian trials 

Various combinations of lures were tested in Western Australia. The combination of trimedlure 

and cuelure was tested for the trimedlure-responsive C. capitata in an orange Citrus × sinensis 

orchard in the West Swan area (lat. -31.833, long. 116.000) near Perth, and the cuelure-

responsive B. aquilonis in a grapefruit Citrus × paradisi orchard in Kununurra (lat. -15.779, 

long. 128.742). Lures were not replaced during the trials; pest strips aged as above. 
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4.3.4.1 WA trial 1 

The initial trial compared the Farma Tech lures to current standard lures used in WA for C. 

capitata, a 3-g trimedlure plug, and for B. aquilonis, 1 g of cuelure on a cotton dental wick. 

Five replicates of each treatment were carried out, laid out in a rectangular array of 5 x 2 traps 

in a systematic design. Traps were placed 20 m apart. Because of an initial low population, C. 

capitata traps were checked weekly and operated from 8 August 2014 until 15 January 2015. 

Trapping for B. aquilonis occurred from 27 August 2014 until 31 November 2014. Traps were 

checked every 2 weeks.  

 

4.3.4.2 WA trial 2  

In the second C. capitata trial the Farma Tech lures, T, TMR and TMC combinations were 

tested as well as current standard trimedlure plug (Tp). The Farma Tech lure loadings were as 

above and the trimedlure plug (Tp) as in Table 6. Pest strips were added as above. Five 

replicates of each treatment were used, laid out in a randomized block design. Traps were out 

from 9 February 2015 until 11 May 2015. Traps were serviced weekly. 

The lure combinations tested for B. aquilonis were the Farma Tech lure, C, TMR and TMC, as 

well as the standard cuelure-loaded dental wick (Cw). The Farma Tech lure loadings were as 

above and the cuelure on a cotton dental wick (Cw) as in Table 6. Pest strips were added as 

above. Six replicates of the lures were used, laid out in a randomized block design. Five of the 

replicates were laid out in a grid, with one replicate per row of trees. The remaining replicate 

was placed out in a 2 × 2 array. In addition to catches of B. aquilonis, there were large catches 

another fruit fly, B. tenuifascia, so the catch of these flies was also analysed.  

Target species were caught only in traps that contained their specific lure (i.e. no C. capitata 

or B. dorsalis were trapped in cuelure-only traps). Consequently, analyses for the different 

species did not include the traps that did not contain their lure.  
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4.3.5 Surveillance sensitivity 

The probability of an insect being trapped is a function of distance from the trap and time. The 

probability of an insect being attracted to, and entering a trap, decreases as its original distance 

from the trap increases. If this is displayed as a catch probability surface, it will show a high 

probability of catch at the trap in the centre, with catch tailing off with increasing distance 360° 

around the trap (assuming no wind etc.), similar to the shape a ball under a blanket would make. 

The Effective Sampling Area (ESA) condenses the area under the probability surface into a 

cylinder of unit height, the area of the top of the resulting cylinder is the ESA. This value isn’t 

an estimate of the actual trapping area of a trap, rather this value can be interpreted as a density 

conversion coefficient that can then be used to estimate probability of capture per area over 

time (Turchin & Odendaal 1996; Kean 2015). The estimated daily ESA of cuelure traps for 

male B. tryoni from Stringer et al. (2017; Chapter 3), was used to estimate the probability that 

uniformly distributed B. tryoni would be trapped (Ptrapped) in a grid of traps following the 

inverse cube law for detection, Eq. 1 (Koopman 1956; Hansen 2007). 

Ptrapped = ERF(0.886×ESA×Trap density)  =  ERF(0.886×Trap cover)           (10) 

Trap cover is the combined area that is covered by the traps and their effective sampling areas; 

ERF denotes the Gauss error function (Cacho, Hester & Spring 2007; Kean 2015), or the 

probability that the 0.886×Trap cover value encompasses the whole area to be sampled. As the 

0.886×Trap cover value increases, the probability that a fly will be trapped increases. Once 

Ptrapped is estimated, the catch can be predicted by multiplying Ptrapped × Pop (trappable 

population of males). This estimate becomes the baseline target catch from which to determine 

the amount of change in the catch of flies in response to the use of different lure combinations. 

The proportion of the catch by the multi-lure traps was estimated by dividing the catch in multi-

lure traps by catch in the single-lured specific traps: 

Proportion of catch = Pcatch’ = (catch in multiple-lured trap/catch in single-lured trap)  (11) 

The inverse of Pcatch’ (1/Pcatch’) was calculated to predict how that reduction could be 

reversed. The result was hypothesised to be the multiple by which the original trap density 

needed to be increased by to regain the trap sensitivity of the single-lure trap surveillance 

system. 

I modelled this hypothesis by calculating the number of flies expected to be trapped in a single-

lure trap surveillance system Npop from a hypothetical population of 80 trappable male B. 
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tryoni. Then compared this to the expected catch in a multi-lure surveillance system Npop’ (Eq. 

12) when there had been an increase in trap density (1/Pcatch’). 

Npop’=Pop × Ptrapped × Pcatch’ × 1/Pcatch’          (12) 

4.3.6 Statistical Analyses 

Analysis methods for the four trials were similar. Data for each assessment were primarily 

analysed graphically. However, to allow a measure of variability to be included in figures, data 

at each assessment were analysed using a Poisson generalized linear model (GLM, McCullagh 

& Nelder 1989), with a logarithmic link. Where there was over-dispersion (dispersion>1), this 

was estimated.  

Total counts for each trap were calculated, and analysed formally. Initially, the total counts 

were analysed with a Poisson-gamma Hierarchical Generalized Linear Model (HGLM) (Lee, 

Nelder & Pawitan 2006), which included lure as a fixed effect with Poisson distribution and 

logarithmic link, and spatial factors (replicate etc.) as random effects with a gamma distribution 

and logarithmic link. The importance of the spatial factors for trap catch was assessed by a Χ2 

test of the change in deviance on dropping the term, as implemented in GenStat’s HGRTEST 

procedure (GenStat Committee 2015). Where random effects were found to be important, the 

fixed treatment effects, and any contrasts between treatments, were assessed using a similar 

test as implemented in GenStat’s HGFTEST procedure, but using an F-test of the statistic to 

adjust for bias in a similar manner to that used for REML (Kenward & Roger 1997). 

Denominator degrees of freedom for this were those associated with traps. 

Where Poisson GLM were used for the final analyses (no important random effects), treatments 

were assessed using F-tests where there was over-dispersion, and Χ2 tests otherwise. 

In the results, approximate 95% confidence limits were obtained on the logarithmic scale, and 

back-transformed for presentation. In the figures illustrating changes with assessment, all 

results were adjusted to counts/trap/day. For clarity, confidence limits for only three selected 

means from within the plot are shown, but drawn to the side. 

All statistical analyses were carried out by Ruth Butler with GenStat v. 18 (Payne, Murray & 

Harding 2015). 
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4.4. Results  

4.4.1 Fruit fly lure combinations 

4.4.1.1 Hawaii and NSW 

The catch per trap of C. capitata males did not vary significantly between the different lure 

types (P = 0.299). Catch of male C. capitata in traps containing the addition of methyl eugenol 

was 62-64% of the catch in traps that contained trimedlure alone. Catches of both B. cucurbitae 

males (P = 0.649) and B. tryoni (P = 0.112) did not differ significantly for the lure combinations 

tested. There was a significant reduction in catch of B. dorsalis only in the combined lure traps 

containing trimedlure, methyl eugenol and cuelure (TMC) (P < 0.05); catch in the combination 

lure was 32% of the catch in the methyl eugenol-only-baited traps (Figure 12). 

 

Lure

T TM TC TMC TMR M TM MC TMC TMR C TC MC TMC TMR C TC MC TMC TMR

M
e

a
n 

tr
a

p
 c

a
tc

h

0

20

40

60

80

100

120

140

160

180 Ceratitis capitata Bactrocera dorsalis Bactrocera cucurbitae Bactrocera tryoni

 

Figure 12. Mean catches of three species of fruit fly in Hawaii (catch/24 h), and one in Australia (right 

panel; catch/37 days) in the presence of attractants for different fruit fly species. C = cuelure, M = methyl 

eugenol, T = trimedlure, R = raspberry ketone. Dotted horizontal lines in each panel are at the means for 

the single-component lure. Error bars show 95% confidence limits for the means. 

4.4.1.2 WA trial 1 

Catch was very low until mid-October, with catches in almost all traps remaining below 5 

flies/trap/day before this date (Figure 13). At the end of October, mean trap catches increased 

steadily for both lure types until after 24 November, when catches increased dramatically. After 

this date, there was a more than 4-fold increase in catch for the next assessment for the 
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trimedlure, and a more than 3-fold increase in catch for the combination lure. Catches remained 

relatively high until the final assessment.  

The combination lure caught just over half the number, mean 215.2, of C. capitata that were 

caught with trimedlure alone, mean 418.8. However, this difference was not statistically 

significant (P = 0.053), largely because of the small number of replicates (only 10 traps), and 

the generally high variation between catches.  

For B. aquilonis (Figure 13), mean catch over all assessments was about 25% greater with the 

combination lure (498/trap) than with cuelure alone (403/trap), although this effect was not 

significant (P = 0.128). 
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Figure 13. Mean trap catch at each assessment for each of two lures for Ceratitis capitata and Bactrocera 

aquilonis male fruit fly. Tp = 3 g trimedlure plug, Cw= 1 g cuelure on a cotton dental wick, and WA-TC 

trimedlure 3 g plug + cuelure 1 g wafer. Error bars show 95% confidence limits for the largest, smallest 

and a mid-range mean from within each plot. 

4.4.1.3 WA trial 2 

In the trials testing additional Farma Tech combination lures against the standard lures for 

surveillance, the mean C. capitata trap catch per day for the four treatments at each assessment 

was low for the entire trial, with catches in all traps remaining below 2/day (Figure 14). There 

were strong replicate to replicate differences, indicating possible fly hotspots, so this was 

adjusted for in the final analysis by including replicate as a random effect. Even after adjusting 
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for replicates, there was high over-dispersion, so this was allowed for in the final Poisson-

gamma HGLM used. 

The two trimedlure-only lures, the wafer and plug (T, TP) caught on average 3 times as many 

C. capitata (28 and 22/trap respectively; mean=25; T vs TP P = 0.258) than the two wafer 

combination lures (TMR, TMC with 9 and 7/trap respectively; mean=8; TMR vs TMC P = 

0.965; T or TP vs TMR or TMC 0.001< P <0.005) (Figure 14). 
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Figure 14. Mean Ceratitis capitata male trap catch (totalled over assessments) for four lures (A) over time, 

and (B) for the entire trial with lures ordered by their means. Error bars are 95% confidence limits. C = 

cuelure, M = methyl eugenol, T = trimedlure, R = raspberry ketone. Tp = 3 g trimedlure plug. 

 

The mean trap catch per day in the four treatments for B. aquilonis was quite low for the trial 

(Figure 15). Changes in catch over time were quite similar for all four lures, with a peak in 

catch in all treatments at the second to last assessment (18 May 2015) for B. aquilonis. Catch 

per trap per day of B. tenuifascia was initially high then dropped to near zero for the remainder 

of the trial and no flies were caught with the C or CW lures (Figure 15).  
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Figure 15. Mean trap catch per day of Bactrocera aquilonis and Bactrocera tenuifascia males at each 

assessment for each of the four lures. Error bars show confidence limits for the largest, a small, and a 

mid-range mean from within the plot. C = cuelure, M = methyl eugenol, T = trimedlure, R = raspberry 

ketone, Cw = 1 g cuelure on a cotton dental wick. 

 

For B. aquilonis catches totalled over all assessments, there were no strong spatial trends across 

the trial, so no adjustments for such trends were made in the final analysis. There was moderate 

over-dispersion, so this was allowed for in the analysis. There were significant differences in 

catch between the treatments (P = 0.013 for an overall test): catches for the C (mean, 21.0/trap) 

and CW (mean, 17.5/trap) lures were the highest, significantly larger than those for TMR (mean 

10.3/trap) in both cases (P = 0.003 and P = 0.023 respectively), but significantly greater than 

TMC (mean 13.8/trap) only for C (CW: P = 0.243; C: P = 0.038). Differences between CW 

and C, and TMR and TMC were not significant (P = 0.312 and P = 0.207 respectively) (Figure 

16). 

For B. tenuifascia, there were some strong replicate to replicate differences. However, since 

none of this species was caught in the C and CW traps, adjustment for such a difference can be 

unreliable. Therefore, as for B. aquilonis, no adjustments for such trends were made in the final 

analysis, and the substantial over-dispersion was allowed for in the analysis. There were 

significant differences in catch between the lures (P < 0.001 for an overall test), which related 

primarily to there being no catch with the C and CW lures, but a large catch with both of the 

other lures. However, the catch with TMR was about 1.5x that with TMC (P < 0.001), at 

1182/trap compared with 787/trap. 
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Figure 16. Mean trap catch (totalled over assessments) for Bactrocera aquilonis and Bactrocera tenuifascia 

males for four lures with lures ordered by their means. Error bars are 95% confidence limits. Note that 

an upper confidence limit for a mean of 0 cannot easily be obtained, and so is not shown. C = cuelure, M = 

methyl eugenol, T = trimedlure, R = raspberry ketone, Cw = 1 g cuelure on a cotton dental wick. 
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4.4.2 Surveillance sensitivity 

The predicted times increase in the density of traps in a less sensitive surveillance system was 

modelled (Figure 17).  

 

Figure 17. The modelled number of traps required to maintain trap grid sensitivity as a function of 

percentage change in trap sensitivity.  

The model behaved as expected and the predicted number of male B. tryoni trapped in a 

surveillance grid that used cuelure only was equal to the number predicted to be caught in a 

less sensitive surveillance grid that had a greater density of traps to offset catch reduction. This 

was predicted to be the result as Pcatch’ and Ntraps’ in eqn. 3 cancel each other out. By using eqn. 

2, it is predicted that to maintain a similar probability of detecting B. dorsalis when using the 

TMC combination, which had 32% of the catch of methyl eugenol alone, 3.1 times the density 

of TMC traps would be required to maintain the sensitivity of a methyl eugenol only trapping 

grid. If this was translated to the New Zealand fruit fly surveillance trapping grid, this would 

require a change from methyl eugenol traps placed 1200 m apart, 0.007 traps/ha (MacLellan & 

King 2015), to traps with TMC lures placed 600 m apart, 0.022 traps/ha. The surveillance grid 

for both trimedlure and cuelure responsive species has a trap spacing 400 m apart (MacLellan 

& King 2015). If the combination lure was used in traps for surveillance for B. dorsalis, as well 
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as for the trimedlure- and cuelure-responsive species, placed 400 m apart, grid sensitivity for 

B. dorsalis would still be as good as, if not better than, B. dorsalis-lure-only baited traps placed 

1200 m apart. 

 

The percentage reduction in trapping results for C. capitata in Western Australia with the 

combination lure was similar to that of B. dorsalis in Hawaii; thus the calculated required 

increase in density was also similar (3.1 times). For B. aquilonis, an increase of 1.7 times the 

traps would be required to maintain sensitivity of a grid of single lure traps. 

 

4.5. Discussion 

Trapping of the cuelure-responsive species B. cucurbitae, and B. tryoni, and of the trimedlure-

responsive species, C. capitata, in the presence of each other’s lures in the same trap did not 

significantly reduce the efficacy of the respective traps in the Hawaiian trial. These results 

corroborate earlier research (Vargas et al. 2012; Vargas et al. 2013; Vargas et al. 2016).  

The catch of B. dorsalis attracted to methyl eugenol was significantly reduced in traps that 

contained trimedlure, cuelure and methyl eugenol together. The reduction of B. dorsalis catch 

has been reported earlier when lures were placed in Lynfield-type traps, but not when the 

combination of lures were placed in Jackson traps (Vargas et al. 2012). This reduction could 

be offset by either increasing the amount of methyl eugenol on the combination lure (Vargas 

et al. 2015) or by increasing the density of traps used for the early detection of B. dorsalis (e.g. 

Lance & Gates 1994).  

Catch of C. capitata was greater in the standard 3-g trimedlure plug-alone trap than in the plug 

plus cuelure combination in Western Australia. The 3-g plug caught more flies over a 20-week 

period than the combination lure and catch of flies was greatest at the end of the trial. Heat can 

affect the release rate of compounds from a substrate and trimedlure appears to be the most 

volatile of the compounds tested here, followed by methyl eugenol then cuelure and raspberry 

ketone (Suckling et al. 2008; Vargas et al. 2017). An increase in release rate of trimedlure did 

not appear to increase the catch of C. capitata, and most importantly, high rates of the male 

attractant did not appear to repel C. capitata, unlike B. oleae (Rossi) (Navarro-Llopis et al. 

2011). The lures were not replaced during the 20-week trial and it is likely the effect of lower 

catch in the combination lure could be related to the ratio of trimedlure to cuelure changing 
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over the course of the study, as the trimedlure evaporated at a higher rate than the cuelure. The 

ratios of the lures in a combination trap can play an important role on the catch of different 

fruit fly species (Vargas et al. 2015). Based on results in the literature (Shelly, Nishimoto & 

Kurashima 2012; Vargas et al. 2012; Vargas et al. 2013; Vargas et al. 2016), I did not expect 

to see an effect of cuelure on C. capitata catch. Any potential overlap in lure active space, 

because of the close trap spacing of 20 m, was not expected to impact on the results as any 

repellent effects were expected to affect all traps, therefore relative change in catch would 

remain the same. 

 

I expected that the catches of C. capitata in traps baited with the Farma Tech lures using 

trimedlure alone and with the full combination in WA trial 2 would be similar, as these lures 

were the same type and loadings as those used in Hawaii. However, the combination lure traps 

caught only a third of the numbers caught with trimedlure-only traps (Figure 14). While 

temperature probably had a similar effect to that mentioned above, the catch was consistently 

higher in the trimedlure-alone traps through time. A lower but non-significant reduction of 

catch of C. capitata was observed in the Hawaiian trial when trimedlure was in the presence of 

methyl eugenol. It is unlikely that methyl eugenol is abundant in the citrus orchards used in 

Australia, as the only time it has been reported from citrus is after the application of an 

abscission compound that was assessed to help with fruit harvest (Moshonas & Shaw 1978). 

Geography and habitat differences of the two places has probably had a role to play. Where the 

trials were done in Western Australia, it is hot and dry, in Hawaii warm and humid. This is the 

first time the combination lure has been trialled on C. capitata outside of Hawaii, and it appears 

that geographic or habitat differences have affected the combination lure to lead to the 

reduction in C. capitata catch in WA.  

It appeared that the combination of trimedlure and methyl eugenol negatively affected the catch 

of B. aquilonis. Catches of B. aquilonis to both the cuelure-alone lures were similar, as was 

catch to cuelure plus trimedlure traps. Since catch was not different in cuelure-alone and 

cuelure plus trimedlure traps, it is likely that the presence of methyl eugenol affected catch. B. 

tenuifascia was not trapped in cuelure-only baited traps, but was attracted to the combination 

trap containing all lures. Catch was ×1.5 greater in the TMR traps than in the TMC traps, 

suggesting that cuelure has a negative effect on catch. It has been shown that females of both 
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B. tenuifascia and B. aquilonis are attracted to the male lures methyl eugenol and cuelure, 

respectively (Fitt 1981).  

The approach used here to estimate the inverse ratio change in catch to predict the increase in 

trap density required, offers a system that is not reliant on prior knowledge of the probability 

of trapping an insect with distance (ESA). However, it does need knowledge of the relative 

effect on catch of the target species with and without additional lures to estimate the density of 

less-sensitive traps required to maintain the relative surveillance efficacy of the original one-

lure system. This estimate was tested against the ESA of a cuelure trapping system for B. tryoni 

(Chapter 3). The ESA value is developed from spatial trapping data such as mark-release-

recapture trials where the number of and distance from the traps of the released insects are 

known. ESAs have not been developed for many species and can differ for the same species 

depending on lure and trap combinations. One potential pitfall of this approach is that it does 

not assume any overlap in attraction area so that the traps are not competing with each other 

for insects (Suckling et al. 2015). As the density of traps increase, so does the probability that 

the attraction area of multiple traps will begin to overlap. However, as long as the insect does 

not suffer from sensory fatigue (Sanders 1997), the increase of relative trap cover improves the 

likelihood of trapping an attracted insect.  

The reduced catch of B. dorsalis in traps that contained trimedlure, cuelure and methyl eugenol 

(TMC) represented a significant reduction in trap catch, which is probably related to a reduction 

in trap sensitivity. However, because the catch of the other two species was not significantly 

affected, in the New Zealand trapping system example used here, it is predicted that the 

probability of B. dorsalis being trapped with 400 m between traps would be as good if not 

better than the current 1200 m inter-trap distance of the methyl eugenol-only system. Of 

concern is the reduction of C. capitata catch in multi-lured traps in Western Australia, as this 

would suggest that combination traps should be placed 225 m apart, or 3.1 times the density of 

traps/ha, to maintain the trap cover achieved by the current trimedlure system that has traps 

placed 400 m apart in New Zealand.  

The benefits of combining lures into a single trap are that fewer traps need to be checked and 

the surplus surveillance resources can be redistributed. A possible negative effect of combining 

lures is that a higher density of traps might be required. In the example here, to maintain trap 

grid sensitivity for B. dorsalis in a combination-lure trap, more methyl eugenol lures would be 

required for surveillance, but since the traps that contain trimedlure or cuelure are currently 
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400 m apart, closer than needed to offset the reduction, the only increase in cost would be the 

additional lures. If the reduction in catch of C. capitata in WA was due to the presence of 

methyl eugenol then there is the risk that a combination lure used in a grid of traps placed 400 

m apart for the early detection of fruit flies would detect C. capitata later than a single lure 

grid. This is because the sensitivity of the trap for C. capitata is reduced and it was estimated 

that to maintain grid sensitivity, a combination lure surveillance grid would need traps to be 

placed 225 m apart. It appears that the reduction in C. capitata catch due to the presence of 

additional lures may differ between geographic regions. Post detection, if sensitivity of the 

trapping system is perceived to be reduced because of the presence of multiple lures, sensitivity 

could be increased by placing out the single lure for the target species only. While the 

probability of fruit fly eradication is high, primarily due to the large numbers of tools available 

(Suckling et al. 2016), the risks of a late detection are that the population would be larger by 

the time it was detected, and the probability of accidental transportation elsewhere in a country 

prior to detection would be greater. This would lead to a prolonged, thus, expensive eradication.  

The potential options for surveillance in the NZ example given are to: 1. Keep all lures separate 

and trap for each species separately; 2. Combine trimedlure and cuelure into a single trap placed 

at 400 m spacing and keep methyl eugenol in a separate trap, placing these latter traps at 1200 

m apart; 3. Combine all lures into one trap, placing these 400m apart. Based on the results here 

it appears that the recommendations would change depending on the area that trapping was 

conducted. In Hawaii, all three lures could be combined, in Western Australia all three lures 

could be combined but trap density would need to be increased for the early detection of C. 

capitata, or lures remain separate. It is not known whether option 2 is viable as this was not 

tested in Western Australia. Many countries maintain a trapping grid for the early detection of 

fruit flies. If those countries are considering on combining lures but do not have any fruit flies 

present to test the effects of combination on catch, these results are not easy to interpret. 

Decisions will have to weigh the risks posed to each country. In this and previous trials, the 

cuelure/ raspberry ketone responsive species have not been negatively affected by the presence 

of trimedlure nor methyl eugenol. However, B. dorsalis catch has been reduced in the presence 

of other lures, but this reduction in catch (i.e. grid sensitivity) would be offset with the higher 

density of traps that is often used for cuelure or trimedlure responsive species. The catch of C. 

capitata provides the most difficulty for interpretation as this is the first time a reduction in 

catch has been observed due to the presence of additional lures. More work is required to 

determine why this difference has been observed in Western Australia but not in Hawaii. 
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Large numbers of insects are making their way around the globe and these movements do not 

appear to be slowing down (Suckling et al. 2016; Seebens et al. 2017). If climate changes as 

predicted, new areas may become more climatically suitable for new species (Stephens, 

Stringer & Suckling 2016). Combining lures for the early detection of a new species offers the 

ability to maintain surveillance for current threats and for a small increase in cost mainly of 

lures, add the ability to survey for new pests. Any reduction in trap sensitivity due to the 

presence of additional lures could be offset by increasing the density of traps. 
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Chapter 5. Validation of eradication tool effects predicted by a 

model 

5.1. Abstract 

A model was developed to predict the effect of control tools on Bactrocera tryoni Queensland 

fruit fly population growth rates. The model predicted that the greatest decreases in population 

growth rate by a lure and kill tool would result from a protein bait tool used alone that affects 

sexually immature flies, or by protein baits used in combination with the male annihilation 

technique (MAT) that targets sexually mature male flies. The MAT was not predicted to lead 

to negative population growth rate when used by itself. The effects of both lure and kill tools 

were tested in the field in an attempt to validate the model’s predictions on population growth 

rates. Fewest flies were trapped in plots using the MAT, and in plots containing both the MAT 

protein baits together. Surprisingly, plots containing the protein bait had the greatest number 

of flies recorded, contrary to what was predicted by the model. This result may be real or in 

part due to the choice of the population assessment method or the experimental nature of the 

tool targeting the immature flies. 
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5.2. Introduction 

Pests are expanding their ranges around the globe with little sign of slowing down (Seebens et 

al. 2017). There are economic benefits of either maintaining pest free areas or eradicating the 

invader (Brockerhoff et al. 2010; Enkerlin et al. 2015), but these benefits can be tempered by 

the magnitude and error around the estimated benefits (Myers, Savoie & van Randen 1998). 

Beyond economic reasons, a desired outcome of performing eradication over pest management, 

is the perceived risk or documented effects of the pest from elsewhere on cultivated land, 

natural ecosystems or affecting human health (Rolfe & Windle 2014; Tobin 2015).  

While a single control tool may achieve eradication (Kean et al. 2018), a combination of tactics 

may improve eradication outcomes and achieve eradication faster than a single tactic (Barclay 

& Chao 1991; Kagbadouno et al. 2011; Beeton et al. 2015), increasing the rate of population 

suppression if all tools are compatible.  

Population growth models are an efficient way to estimate the effects of control tools on 

population growth without the need for large expensive and time consuming field trials 

(Barclay 1987; Barclay & Chao 1991). Models often use published data that have been 

generated in the field or in the laboratory. Where data are poor, model sensitivity analyses may 

identify parameters in the model that have the greatest influence on outcomes, and therefore 

should be the target of additional data collection. Models can then be validated by comparing 

their predictions with observed effects in the real world (Morrison et al. 2007).  

A deterministic population model for Bactrocera tryoni (Froggatt) predicted that populations 

would decline towards extinction when subjected to a combination of two lure and kill systems 

targeting sexually immature flies (protein baits) and sexually mature male flies (MAT), as well 

as, the use of the tool targeting sexually immature flies alone. This model assumed that sexually 

immature flies were removed prior to mating, and when used with male removal any remaining 

sexually mature female flies would probably have a low probability of finding a mate. In 

contrast, the simulated lure and kill tool that targeted sexually mature male flies only would 

reduce the population size but not the growth rate. This was expected to be least effective when 

used alone as only a proportion of the male population is removed and this only occurs once 

the males have reached sexual maturity and therefore they may have already mated by the time 

they have been lured and killed (Chapter 3).  
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These results predicted by the model presented in Chapter 3 were tested using a field 

experiment. The hypothesis was: the use of both eradication tools, or the tool that targeted 

sexually immature male and female flies only, would lead to a negative population growth rate, 

whereas the growth rate would be positive for populations that were only subjected to the tool 

that removed the sexually mature males only.  

5.3. Methods 

5.3.1 Relative attraction of lures 

Trials used two tools that differ from the tools that were used to inform the models presented 

by Chapter 3. One product was SPLAT® (Specialized Pheromone and Lure Application 

Technology, ISCA Technologies Inc., Riverside, CA, USA). It is a mixture of waxes and oils 

in which attractants and toxins can be added. This SPLAT was loaded with 10% by weight 

cuelure [4-(p-Acetoxyphenyl)-2-butanone] as the attractant for sexually mature male B. tryoni. 

The other product was Anamed (ISCA Technologies Inc., Riverside CA), designed to attract 

flies searching for proteins. This was used to attract sexually immature B. tryoni. As these 

products differed from the earlier products that were used to inform the population models, the 

catch of B. tryoni to the SPLAT and Anamed treatments was compared to the catch of flies to 

the protein bait and cuelure attractants that were for the modelling in Chapter 3. This was done 

to determine whether the probability of attraction to the treatments used here was different to 

the probability of attraction to the products used of the modelling. The relative change in catch 

was used to refine the model to predict the effective sampling area (Turchin & Odendaal 1996; 

Kean 2015) of the SPLAT and Anamed treatments. If there were any unexpected results, a 

difference in the effective sampling area of products could perhaps explain any observed 

differences. 

The treatments were Anamed, protein hydrolysate (informed modelling in Chapter 3), SPLAT 

with cuelure, cuelure on a wafer matric (Amulet®), cuelure on a cotton wick (informed 

modelling in Chapter 3) and empty control traps. The treatments were placed into yellow 

McPhail traps with clear lids, with mesh inserted to exclude flies from the lures and a DDVP 

cube (2,2-dichlorovinyl dimethyl phosphate) (Bio-Trap Australia Pty, Victoria, Australia) to 

kill flies in the traps (Figure 18). This was replicated five times in a navel orange (Citrus X 

sinensis) orchard with each replicate containing all treatments. The trial ran from 29 February 

2016 until 23 March 2016. 
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Figure 18. A McPhail trap (without the clear lid showing) with mesh inserted to prevent Bactrocera tryoni 

access to the attractant and yellow DDVP cube to kill any B. tryoni in the traps.  

 

5.3.2 Eradication tool effect on population suppression 

To assess the effect of tactics used singly and in combination for suppression of B. tryoni 

populations, four treatment plots were set up: SPLAT targeting sexually mature male flies; 

Anamed targeting immature flies; a combination of both lure and kill tools; a control treatment 

that only monitored the population. All trials were conducted in Valencia late oranges (Citrus 

× sinensis var. Valencia late) in the La Foa area, New Caledonia, lat. -21.711, long. 165.828. 

Trials ran from 26 April 2016 until 02 August 2016, starting approximately one month prior to 

fruit being at a susceptible stage of ripeness for oviposition by B. tryoni and finishing 

approximately three weeks after fruit were harvested at two sites, and 26 April 2016 until 04 

September 2016 at one site where the fruit were harvested later. As the results did not change 

from 02 August until 04 September at the late-harvest site, data analyses only include data up 

to 02 August 2016. 

 

To kill flies attracted to the SPLAT that contained cuelure, spinosad at 2% was added as the 

toxicant. Spinosad is a toxin derived from a soil bacterium Saccharopolyspora spinosa Mertz 
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& Yoa and kills the flies after contact or ingestion. Three grams of SPLAT was applied with a 

caulking gun per point at target rate of 100 points per hectare (Figure 19).  

 

 

Figure 19. Male Queensland fruit fly, Bactrocera tryoni, feeding on cuelure-baited SPLAT®. 

 

Anamed contained 1% spinosad to kill flies. Three grams of Anamed was smeared onto a 10-

15 cm section of the tree branch with a dish brush (Figure 20) to increase its surface area and 

maximise the release rate of attractant odours (proprietary knowledge ISCA). The Anamed was 

applied at a target rate of 300 points per hectare.  
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Figure 20. Anamed being applied to an orange tree branch. 

 

In the plots where both products were applied in the same tree, a distance of 0.5 m was 

maintained between the SPLAT and Anamed. SPLAT was reapplied at 3-weekly intervals, 

Anamed 2-weekly intervals. Reapplication was not needed after heavy rain, as neither product 

is very water-soluble. No treatments were applied to control plots.  

The sexually mature male populations were monitored using five Lynfield traps per plot 

(Cowley 1990) baited with Amulet cuelure, containing cuelure (94 g/kg) to attract flies and 

fipronil (3.4 g/kg) as the insecticide to kill flies attracted into the traps (Crop Care Australasia 

Pty., Murarrie, QLD). Traps were placed 15 m apart down the centre of the plots at least 0.5 m 

away from a SPLAT or Anamed lure and kill point. Traps were assigned spatial positions of 

‘Edge, -1, Centre, 1, Edge’. Traps were serviced every two weeks and the number and sex of 

flies was counted. The Amulet lures were not replaced during the trial.  

To assess the effect of the eradication tools on population growth, the relative number of eggs 

oviposited by females in each of the treatment plots was examined. Three oranges (≈ 500g), 

were harvested from the inner 5 m2 of each plot. Female population assessments were made by 

rearing fruit flies from collected fruit. Fruit were collected once they were ripe enough for 
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oviposition and again just prior to crop harvest by the grower. The fruit were set up to allow 

for collection of pupae (Figure 21) and subsequent adult eclosion to confirm the species 

identification. 

 

Figure 21. Three fruit harvested to assess the effect of population control tools on female fruit flies by 

collecting late instar larvae exiting the fruit to pupate. 

 

Three replicates were blocked by site (Figure 22). Each plot was 0.5 hectare (70 m x 70 m) in 

size. Applications of the SPLAT and Anamed treatments were maintained until the fruit were 

harvested by the orchard owner. As each site had a different planting regime leading to varying 

inter-tree distances, each plot had a different configuration of control tool applications to 

maintain the target rate/ha of the product. Emphasis was put on placing a barrier of product at 

the edge, leading to higher density of the products along the edges and a uniform distribution 

of the product in the internal part of the plots (Figure 23).  
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Figure 22 Trial layout at Site 2. Cuelure-baited male population monitoring traps were placed down the 

centre of the plots. The edge, 1, centre, -1, edge traps were aligned from left to right along one row of 

trees. 
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Figure 23. Spatial arrangement of SPLAT (grey) and Anamed (orange) at the three sites. Larger Anamed 

circles at Site 1 indicate two applications of the treatment in a single tree. No coloured circle indicates no 

treatment placed in the relevant tree in a row. If multiple points of either the same or different products 

were applied to the same tree ≈ 0.5 m between points was maintained where possible. 

5.4. Statistics 

I performed a Generalized Linear Model with a Poisson distribution logarithm-link function to 

test for the main effect of treatment and site on the catch of male flies in the transect of traps. 

As both main effects were significant, neither could be dropped from the model. A Kruskal-

Wallis non-parametric rank based test was used to test the effect of treatment on the number of 

male B. tryoni caught in traps across the three replicates. Pairwise comparisons in catch 

between the treatments was explored using a Mann-Whitney-U test. The effect of spatial 

position on catch of male flies in traps along the transects was assessed using a Χ2 test. No 

larvae were recovered from the fruit assessments. All analyses were done using GenStat v.17 

(VSN International Ltd). 
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5.5. Results  

Six species of tephritid fruit flies were trapped in the cuelure-baited Lynfield traps over the 

course of the study. Only males were caught of B. tryoni (n = 1405), B. mucronis (Drew) (n = 

125), B. perpusilla (Drew) (n = 32) and B. caledoniensis Drew (n = 7). Males and females were 

trapped of B. psidii (Froggatt) (n = 403♂ and 3♀) and B. aneuvittata (Drew) (n = 15♂ and 3♀). 

5.5.1 Relative attraction of lures 

Traps containing SPLAT with cuelure caught 28% of the flies that the cuelure in cotton wick 

traps caught (Figure 24). This value was used to modify equation 3, the predictive model of the 

daily probability of attraction, used in Chapter 3. Even with the lower rate of attraction, 100% 

of the 0.5 ha was still expected to be sampled by the SPLAT cuelure when placed out at density 

of 100 points/ha. A total of nine female B. tryoni were trapped during the trial, so the ratio of 

catch in Anamed: protein was not assessed. 

 

Figure 24. Mean catch of Bactrocera tryoni males and females to different lures placed in Lynfield traps. 
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5.5.2 Eradication tool effect on population suppression 

The catch per trap per day of male B. tryoni differed significantly between the three sites (GLM, 

P < 0.001) (Figure 25). The control plots were expected to have the highest number of flies 

recorded, but significantly more flies were trapped on average in the Anamed plots. The rank-

based catch in traps from most to least flies: Anamed→Control→SPLAT→SPLAT + Anamed 

(Kruskal-Wallis, P < 0.001 within each site and across all sites). Data from all three sites were 

combined for pairwise comparisons of the different treatments. The counts of flies trapped had 

a high probability of being statistically greater in the Anamed treated plots than in the control 

(P = 0.04), the SPLAT (P < 0.001) and the SPLAT + Anamed (P < 0.001) treatments. SPLAT 

and SPLAT + Anamed plots had fewer flies caught in them than in control plots (both P < 

0.001), and SPLAT and SPLAT + Anamed plots had similar catches of flies in the plots (P = 

0.157).  

 

 

Figure 25. The catch per trap per day of male Bactrocera tryoni trapped in Amulet cuelure baited 

Lynfield traps placed at the three different sites. 
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The effect of cuelure-baited male monitoring trap position down the centre of the plot on catch 

was initially done for Site 2 as it had the highest catch of all of the plots. Since no differences 

were observed at Site 2, the analysis was not performed for the remaining two sites that had 

fewer flies. There was no effect of trap position, such as the edge versus the centre traps on the 

catch of the flies in the traps in the control plot (Χ2 = 7.699, d.f. 4, P = 0.103), nor in the Anamed 

treated plot (Χ2 = 0.1197, d.f. 4, P = 0.998), SPLAT plot (Χ2 = 6.857, d.f. 4, P = 0.144) or 

SPLAT + Anamed plot (Χ2 = 4.306, d.f. 4, P = 0.366) (Figure 26).  

Since, no flies were reared out of the collected fruit, the effect of the treatments on the relative 

female populations could not be assessed.  

 

Figure 26. The effect of trap position on the mean catch of Bactrocera tryoni male flies in cuelure-baited 

traps placed down the centre of each treatment plot at Site 2. 
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5.6. Discussion 

The number of flies trapped at the different sites varied, indicating a probable larger population 

of flies at Site 2. However, all sites showed the same effect of the different treatments on the 

catch of male B. tryoni. Catch was ranked from highest to lowest: Anamed, Control, SPLAT 

& SPLAT + Anamed. This result was surprising as the greatest catch of flies was expected to 

occur in the control plots that did not have any population management tools applied. This was 

particularly true for the Anamed plot where the mortality of the flies was predicted to be greater 

than in the SPLAT plots. The Anamed treatment was expected to lure and kill flies while they 

were searching for protein prior to attaining sexual maturity (Balagawi et al. 2012; Balagawi 

et al. 2014). The Anamed here appeared to increase the density of sexually mature male B. 

tryoni in the area as recorded by the transect of cuelure-baited traps. Small amounts of protein-

feeding may improve the reproductive output of males (Prabhu, Perez-Staples & Taylor 2008). 

However, there was not any effect of trap position along the central transect on the catch of 

flies (Figure 26). If sexually mature male flies were coming into the plots, then a greater number 

of flies would be expected to be trapped in the first traps encountered (i.e. the edge traps) and 

fewer flies would be trapped in the central traps. This would be similar to what has been 

observed for Dasineura mali (Keiffer), apple leaf curling midge, where greater numbers of 

insects were trapped at the first traps encountered as the insects moved into the crop (Suckling 

et al. 2015). The data do not support the hypothesis that the sexually mature flies were moving 

into the crop unless their behaviour is to move in the top section of the canopy effectively 

avoiding the first traps below as there was not any effect of trap position on catch in the 

monitoring traps that ran down the centre of the plots.  

It is not known whether the male flies that were trapped in the central transect of cuelure-baited 

population monitoring traps had previously fed on Anamed. If so, they may have not consumed 

a lethal dose or may have not yet died from the Anamed when they were caught in the traps.  

Dispersal is considered an important characteristic of B. tryoni, with both immigration and 

emigration playing a role in local population dynamics (Sonleitner & Bateman 1963; Bateman 

& Sonleitner 1967; Fletcher 1973). High rates of dispersion in this species are considered an 

evolved behaviour associated with finding suitable hosts in rainforest (Fletcher 1974a). Using 

the mark/release/recapture technique, considerable effort has been made to determine how far 

B. tryoni can disperse. Dispersal distance has implications for the setting of quarantine 

restrictions. While a single B. tryoni was recorded at 94 km from a release point by (MacFarlane 
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et al. 1987), this is considered highly unusual (Dominiak, Worsley & Nicol 2013), with most 

reported dispersal events being over much shorter distances of only a few hundred meters to a 

few kilometres (Bateman & Sonleitner 1967; Fletcher 1973; Fletcher 1974a; Weldon 2005; 

Meats, Smallridge & Dominiak 2006; Weldon & Meats 2007; Weldon & Meats 2010). 

Modelled analysis of B. tryoni trap data similarly not only reflects relatively low dispersal 

distances, but also reinforces the problems of detecting low populations of flies (Meats 1998; 

Meats, Clift & Robson 2003; Meats, Smallridge & Dominiak 2006; Meats 2007; Meats & 

Edgerton 2008). If mate finding in a population can limit population growth, then over dispersal 

may increase the spatial distance over which mates are spread, reducing density. If this is 

coupled with dispersal prior to mating, then successful mating events may be reduced (Shaw 

& Kokko 2015). 

To fit in the with the grower plots, where growers in the La Foa area have many smaller crops 

of mixed fruit varieties, the plot sizes used here were 0.5 ha. The centre of the plots were only 

35 m from the edges. This distance may have been too small to see differences in the population 

as measured in the middle of the treatment plots, especially if flies were immigrating over the 

top of the canopy as predicted by Wang et al. (2016) using an individual-based, spatially 

explicit model for Qfly movement and host fruit detection in a tree canopy. Alternatively, 

sexually immature flies could have been attracted into the Anamed-baited area without being 

trapped at the cuelure-baited traps until they were sexually mature, thus responsive to the 

cuelure or trap efficacy was relatively low so that flies would often miss the traps they 

encountered. 

The effect of mortality on the population in the plots containing SPLAT only was expected to 

be less than in the Anamed plots unless a high proportion of the males could be removed 

(Barclay & Hendrichs 2014). Male B. tryoni that feed on cuelure are more successful at 

attracting females than non-cuelure-fed males (Kumaran, Hayes & Clarke 2014), but the males 

are attracted to cuelure once sexually mature, so can potentially mate prior to feeding on the 

cuelure, allowing the population to continue to grow. Despite this prediction, plots containing 

SPLAT had a very small number of male B. tryoni trapped with only 6-7 % of total catch per 

site occurring over the trial in the SPLAT and SPLAT + Anamed plots respectively. The catch 

in these two treatments were not different from each other. Recent work by Vargas et al. (2018) 

showed a similar result of the combination of two tools targeting different aspects of fly biology 

not necessarily being better than a tool use alone for Ceratitis capitata (Wiedemann) 

Mediterranean fruit fly. This small catch in the cuelure SPLAT-treated plots may have come 
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from direct mortality from feeding on the SPLAT, as observed at multiple SPLAT droplets 24h 

after application (Figure 27). However, it also could have been in part due to the large number 

of cuelure point sources competing with the monitoring traps (Suckling et al. 2015).  

 

Figure 27. Dead male Bactrocera tryoni at a 24-h old SPLAT droplet. 

 

With such a large number of point sources of cuelure in the environment, it was predicted that 

there was 100% odour coverage in the area as well as active space overlap, meaning that the 

odour was flooding the entire area of the plots where experiments were taking place. If the low 

catch in the plots was not a result of high mortality, the large amount of the odour present may 

have contributed to the observed result. The presence of excessive amounts of odour could 

either be creating false trails whereby the individuals are responding to the different odour cues 

and not following the odour produced by the monitoring trap (Bartell 1982), or leading to 

competitive attraction, with SPLAT diverting the flies away from the traps (Miller et al. 2010). 

If this was not occurring, then it is plausible that flies were expressing sensory fatigue (Sanders 

1997), where either the central nervous system (brain), or the periphery of the sensory system 

(the odourant binding proteins in sensilla along the antenna), were overstimulated leading to a 

change in orientation behaviours. However, habituation, a lack of a response to odours when 
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presented in otherwise clean air has only been observed in moths and one beetle but not in 

Diptera (Vick et al. 1973; Suckling et al. 2018), and this has been to sex pheromones, not 

kairomones (odours not from a con-specific source) as the odours used here. If sensory fatigue 

was occurring, then the fresh air may have allowed flies to re-orient to either SPLAT lures or 

the monitoring trap. If the reduction in catch of the male B. tryoni in cuelure-baited monitoring 

traps was due to effect from a high density of the same odour, then in future, using a different 

attractant other than cuelure to monitor the population could overcome any spatial competition 

from nearby lures (Suckling et al. 2015).  

A different lure could also help with monitoring the male and female populations. The 

assessment of collecting juvenile B. tryoni from the citrus fruit growing on the trees was used 

as the approach to assess the relative population size of gravid females in the different treatment 

crops. Bactrocera tryoni is attracted to citrus, but citrus does not appear to be a good host fruit, 

and survival of larvae is only slightly improved once the fruit has been picked off the tree 

(Muthuthantri 2013). Placing other fruit types in each of the plots was considered but it was 

deemed too hard to find a steady supply of clean fruit that were not already potentially stung 

to use for trials. A recent product to the market is Biotrap fruit fly attractant gel lure that attracts 

both male and female B. tryoni (as well as other fruit flies) (Biotrap 2017). This lure is long 

lasting (3 months) and using this to monitor population of both female and male B. tryoni 

should overcome any issue in related to monitoring populations with either fruit or with the 

cuelure in cuelure treated plots.  

There have been a large number of publications on B. tryoni but there still is not a lot known 

about its ecology (Fletcher 1973; Fletcher 1974b; Fletcher 1974a; Fletcher 1979; Drew, Zalucki 

& Hooper 1984; Clarke et al. 2011). Especially the behaviour of where the flies go in the field 

while they are still sexually immature adults and what they are doing, just searching for proteins 

or something else. Even the phenology of populations in tropical climates has proven difficult 

to predict. Population peaks do not appear to be primarily driven by temperature (Drew, 

Zalucki & Hooper 1984; Muthuthantri 2008; Muthuthantri et al. 2010), nor necessarily by the 

presence of ripe fruit, as indicated by catch in traps immediately in this trial when the traps 

were placed out in the presence of unripe fruit (but see Fletcher 1973). 

Models are useful to predict what may happen in the real world, but the real world does not 

always behave as the model predicts. The results were consistent between plots, yet not what 

was predicted by the model (Stringer et al. 2017; Chapter 3). Some of this may have come from 
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the trial design, such as the 0.5 ha plot size and the method used to monitor the female 

population as discussed, and may have been from the use of Anamed a relatively new product 

to the market. Anamed appeared to be attractive as indicated by the large catch of male flies in 

the treated plots. Perhaps an increase in the percentage of the toxicant used would have led to 

a different relative population size result if the result here was due to sexually immature flies 

being attracted to Anamed but not being killed. Observational studies would help elucidate the 

results here. An Anamed type product would be an ideal alternative to current protein bait 

sprays to manage fly populations. Its viscosity and oil content prevent it being washed away in 

rain, something that is an issue with bait sprays, requiring re-application. In its current form, 

Anamed is more labour intensive to apply, but this is tempered by the fact that reapplication is 

every two weeks, instead of weekly with protein bait sprays and not required after rain, 

potentially reducing overall labour costs.  

Cuelure was attractive, with male flies observed arriving less than five minutes after the SPLAT 

was placed out. The flies displayed territorial behaviour, butting other flies away preventing 

access to the SPLAT. Since the consumption of cuelure improves mating success (Kumaran, 

Hayes & Clarke 2014) the males may have displayed this behaviour to reduce the competition 

for mates later in the day. It is unlikely that the males are displaying the behaviour to defend 

the site for mating purposes, as it has been observed that males and female arrive at mating 

sites simultaneously, rather than males arrive prior to females for the purpose of mating 

(Ekanayake et al. 2017).  

The predictions of the models developed in Chapter 3 were neither supported nor refuted in 

this field study, as the effects of the treatments on female mating and oviposition success were 

not successfully assessed. While it is still likely that an isolated population of B. tryoni would 

be eradicated faster by using multiple complementary tools to target different life stages of the 

fly, the methodology used in this trial needs to be revised before testing again. Notably, the 

assessment methodology for the females needs to be changed. Biolure (Biotrap 2017) could be 

a suitable formulation to attract both sexes of B. tryoni into traps. Since the odours used in 

biolure for attraction are different to cuelure, there would be a limited effect of trap competition 

from cuelure odour sources. In addition, using a fruit that is a major host for B. tryoni such as 

but not limited to, guava Psidium guajava (Hancock et al. 2000) rather than the abundant citrus 

that was used in the crop would improve the probability of oviposition by female flies. These 

fruits could be hung in mesh bags to assess the relative number of mated female B. tryoni 

between each treatment area. In addition, flies may have immigrated into the plots. Trials 
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should be conducted over larger areas (>4 ha) to reduce the effects from the immigration of 

mated flies into the plots.  
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Chapter 6. General discussion  

6.1. Context of the study 

Biosecurity is a high priority for New Zealand (MPI 2016). New Zealand has benefited from 

its isolation from the rest of the world by avoiding being invaded by many of the pests and 

diseases that have affected other countries. Because of this, and thanks to successful 

eradications, New Zealand has a thriving horticultural industry estimated to be worth over $8 

billion (NZD) annually (Plant & Food Research 2016). One example of the successful 

eradication of a pest that has potentially saved millions of dollars and enabled the horticultural 

industry to grow is for Ceratitis capitata, the Mediterranean fruit fly. Ceratitis capitata was 

detected and then eradicated in both 1907 and 1996 (Anonymous 1907; Cockayne 1907; New 

Zealand Department of Agriculture 1907; Holder et al. 1997). However, despite NZ’s rigorous 

world leading pest biosecurity practices, pests still establish and have an impact, and many still 

threaten New Zealand. With the high inter-country connectedness, it is imperative to maintain 

strict biosecurity measures (Figure 28).  

 

Figure 28. Global shipping transport routes in 2012 http://evolvingnewsroom.co.nz/18377-2/ [accessed 22 

Feb 2018]. 

 

For many damaging species, eradication is a desired outcome because of the large potential 

benefits by averting potential future social disruption, environmental damage or loss in 

productivity (Brockerhoff et al. 2010; Rolfe & Windle 2014; Enkerlin et al. 2015; Goldson et 

http://evolvingnewsroom.co.nz/18377-2/
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al. 2015; Tobin 2015). To eradicate populations, knowledge of the pest is needed to predict 

density and potential spread to set up movement controls, and to inform the likelihood of 

eradication based on zero detections over a period of time. Early detection of invaders 

minimises disruption to people, the environment and livelihoods as the infested area is probably 

only a small proportion of its maximum potential range. Detection is best realised with a lure 

but can still be achieved by public notification of the pest (Tobin et al. 2014). If the surveillance 

system is likely to detect a pest soon after arrival to the country, any responses to the new pest 

may be unnecessary if the population is made up of few individuals as there may be a low 

probability of it maintaining a self-sustaining population due to Allee effects (Meats, Clift & 

Robson 2003; Drake & Lodge 2006). However, if a self-sustaining population is detected, 

eradication response tools can reduce the population density to a level where Allee effects 

impact negatively on population growth. Pests can be managed quickly when many tools are 

available. Further, multiple tools may allow biosecurity managers the option to tailor tool usage 

to suit social and environmental requirements in the eradication zone, gaining support from 

affected parties.  

 

6.2. Population maintenance 

All species face obstacles to maintain their populations, but this is especially true for species 

with low population numbers such as newly arrived invasive species and small endemic 

populations under conservation management (Simberloff & Gibbons 2004). These can range 

from experiencing climate conditions dissimilar to that of their native range (Kottek et al. 2006; 

Tobin et al. 2014) as well as a lack of suitable host plants or animals (Bebber, Holmes & Gurr 

2014). Some species may display behavioural plasticity and reduce deleterious interspecific 

interactions while still at a vulnerable density (Sagata & Lester 2009). Others may need to 

maintain a sufficient genetic structure to prevent inbreeding effects (Crooks 2005; Taylor & 

Hastings 2005; Abbott et al. 2007; but see; Jamieson & Allendorf 2012). Populations can 

experience negative population growth due to Allee effects. This is problematic for the survival 

of low density rather than high-density populations. Effects include the need for conspecific 

individuals to interact for mating purposes (Allee et al. 1949; Courchamp, Berec & Gascoigne 

2008; Leftwich et al. 2012) or aggregate on host resources to overwhelm defences (Kausrud et 

al. 2011). Or the need to aggregate to reduce the per capita probability of predation (Clark & 

Faeth 1997) or otherwise co-operate for defence and vigilance purposes (Clutton-Brock et al. 
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2001). At the meta-population level, sparse populations distributed between multiple discrete 

host patches (Kokko & López-Sepulcre 2006) may suffer from a lack of mate encounters and 

this reduces population growth rates (Robinet et al. 2008). All of which, for invading 

populations may contribute to a slow invasion process (invasion pinning or increased lag-

phase) by preventing rapid growth and spread of initial small populations (Crooks 2005; Taylor 

& Hastings 2005; Johnson et al. 2006), potentially leading to extinction. This vulnerability of 

extinction can be exploited with population management tools early in the invasion process to 

create low density populations that may go extinct (Liebhold & Bascompte 2003; Yamanaka 

& Liebhold 2009), or may mean that intervention is never required as the invading species goes 

extinct without any management (Kolar & Lodge 2001; Berec, Angulo & Courchamp 2007; 

Berec & Mrkvička 2013).  

The maze study in Chapter 2 investigated two factors contributing to Allee effects; mate 

limitation and predator satiation (Kramer et al. 2009). Historically, laboratory studies of this 

nature would have required field cages of increasing volume to investigate the effect of spatial 

separation. My hypothesis was that as individuals in a population were placed further apart in 

space, the probability of mating occurring within a specified time, because of the inability of 

individuals to find each other or to satiate a predator, would decrease. I predicted that high-

density populations would mediate the mate finding and predator satiation Allee effects. While 

mating probability did not change as spatial separation increased for pairs of flies, I found that 

it was difficult for a small number of individuals in a population to overcome spatial separation 

and predation to find each other. A population with a higher density of individuals was not as 

affected by distance and predation effects on per capita mating success.  

Here the distance between individuals in the laboratory was manipulated with 3D-printed 

mazes of online-calculated complexity. Individuals had a low probability of mating when only 

one of each sex was present, and as maze complexity increased, the time taken to find each 

other increased. Almost 30% of the single pair trials suffered from predation, after which 

mating was impossible. While the same predation rate occurred in the multiple fly trials, there 

were still sufficient flies of each sex present to potentially find each other to mate. Further, the 

high-density fly populations in the mazes had a higher per capita mating rate, so the high-

density fly populations tested were able to overcome both the mate limitation and predation 

factors. These data support the prediction that populations are more likely to succeed as the 

density of individuals increases (positive density dependence). The novel development of 
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three-dimensional mazes for insects opens up further opportunities for research using this type 

of microcosm. 

6.3. Exploiting pest biology for surveillance and eradication  

The biology of the target pest can be exploited for the surveillance and/or eradication of the 

species. For example, species that have keen sensory systems such as odour are able to mitigate 

the risks to maintaining a population due to over-dispersal or sparseness. Understanding how 

a species uses odour can identify opportunities to use these cues in order to trap individuals 

and induce Allee effects. These species can use chemical signals from different species 

(kairomones) to locate oviposition or feeding sites, or pheromones to locate conspecific 

individuals (Landolt & Guidot 2008; El-Sayed et al. 2009). When insects are in a 

physiologically responsive state, odours stimulate insects to start searching for the odour source 

(Baker & Roelofs 1981; Perry & Wall 1984). A proportion of those insects arrive at the odour 

(Wall & Perry 1987) and if the source leads to a trap, a proportion of the insects attracted will 

be captured. The probability of attraction and eventual capture can be related to the purity and 

completeness of the blend of the odour: does the odour contain all of the compounds that the 

insect is searching for and no antagonistic odours (Rumbo, Deacon & Regan 1993; Stringer et 

al. 2008)? Attraction is also related to the characteristics of the lure: if the release rate is low 

then the insects are less likely to be attracted (Byers 2008), too high and the insect may cease 

the searching behaviour before reaching the lure as it has reached the maximum threshold for 

its ability to detect the odour (Baker & Roelofs 1981).  

6.3.1 Surveillance 

Efficient surveillance systems will probably improve the likelihood of eradication success 

because of the improved detection of small populations (Epanchin-Niell et al. 2012; Pluess et 

al. 2012; Tobin et al. 2014; Berec et al. 2015). Sensitive surveillance systems allow biosecurity 

management agencies and overseas markets to have greater confidence that zero catch in traps 

over time indicates a high probability that the population has been eradicated (Kean & Suckling 

2005; Meats & Clift 2005). Sensitivity can vary with the lure used (Stephens, Suckling & El-

Sayed 2008) and the spatial deployment of the system. If lures are too close, traps may compete 

with each other making it difficult for individual insects to distinguish different odour sources 

and reduce catch (Perry & Wall 1984; Bacca et al. 2006; Suckling et al. 2015). If lures are too 
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sparse, there may be large gaps between traps where insects can fly between active spaces of 

traps and not be easily detected (Suckling et al. 2007).  

Surveillance programmes are operated to help detect damaging exotic species early. 

Surveillance can range from passive detection whereby members of the community notify 

biosecurity agencies of new species, to trapping grids that target species that are likely to have 

significant negative impacts and have tools available to find and eradicate populations. New 

Zealand for example uses male attractants in an annual surveillance program for the early 

detection of tephritid fruit flies (MacLellan & King 2015). These flies use the fruit from a wide 

variety of plant species for the development of their larvae. The surveillance system uses 

odours to attract the flies into traps. If a population is discovered, multiple tools can be used to 

eradicate it (Suckling et al. 2016; Kean et al. 2018). The success of a surveillance programme 

employing traps with lures to detect individuals depends on sensitivity of the detection system. 

In Chapter 4, surveillance tools were combined in an effort to improve of the efficiency of 

single lure surveillance traps that rarely catch target organisms, because the organisms are not 

present in New Zealand. By placing multiple odours into a single trap, the cost of surveillance 

would decrease. I predicted that combining multiple surveillance tools in one trap would not 

have an effect on the catch of target species. Contrary to earlier research (Vargas et al. 2013; 

Vargas et al. 2015; Vargas et al. 2016; Vargas et al. 2017), there was a reduction of catch 

recorded for some species. For some fly species, there was up to a 60 % reduction in catch 

when additional odours were present that targeted additional species. Since the combination of 

odours did not completely prevent flies from accessing the traps, the hypothesis was that the 

probability of the target being attracted to and sampled by the traps had been reduced because 

of the presence of non-specific odours. The mechanism by which a reduction in catch of flies 

in multi-lure traps was observed may be similar to that observed in moths. Moths have shown 

arrested orientation and attraction behaviour when a species’ specific attractant co-occurs with 

an antagonistic odour (Rumbo, Deacon & Regan 1993). In this case, the behaviour of the flies 

has changed due to the presence of other odours emanating from the same point source resulting 

in low catch even though the initial attraction and orientation rates may not have changed from 

that of the single lures. This effectively results in a trap having a smaller effective sampling 

area even though the spatial reach of the target-specific-odour is expected to remain the same. 

I used the change of the effective sampling area estimate to predict what change of a less 

sensitive multiple lure surveillance programme for the early detection of an invasive species 

was required for the system to have the equivalent surveillance efficacy of a single lure system. 
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The model predicted that when a reduction in trap efficacy was observed, an increase in trap 

density equal to the inverse of the proportion of catch by the multiple lure traps would mitigate 

the reduced efficacy of the less sensitive trap and lure (Figure 29). Therefore, by increasing the 

density of the less sensitive traps, a modified trapping system may still be as effective as a 

single lure trap and more cost effective as it detects many more species. Post detection, a 

specific lure could be employed to increase the sensitivity of the response system to improve 

and provide confidence of the eradication process and final outcome. 

 

 

Figure 29. Hypothesised change in the coverage of the effective sampling area (ESA) of a surveillance grid 

(A) when multiple incompatible lures are combined (B), which is offset by increasing the density of lures 

in the grid (C). Note an insect entering the ESA of a trap does not necessarily lead to capture. 

 

6.3.2 Eradication 

As for surveillance, the biology of the invading organism can be manipulated for an eradication 

response. It is hypothesised that for sexually reproducing species not every individual 

necessarily needs to be killed (Liebhold & Bascompte 2003). Instead the population can be 

reduced to a density whereby Allee effects, such as, a failure to find mates because of the 
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sparseness of the population or an inability to satiate the predator population, leads to the 

eventual extinction of the population without further intervention (Yamanaka & Liebhold 

2009; Blackwood et al. 2012; Liebhold et al. 2016).  

These use of tools with lower off-target and environmental effects for eradication often have 

better public support because of reduced real and perceived risks to people, the environment 

and activities (Gamble, Payne & Small 2010; Rolfe & Windle 2014). Tools that target the 

biology of the pest generally have these attributes (Walker, Suckling & Wearing 2017). Such 

examples include mating disruption and lure and kill (Yamanaka 2006; El-Sayed et al. 2009; 

Mazzoni et al. 2009). These tools interrupt the ability of specific individuals to find each other 

by targeting the sensory system to disrupt or kill individuals in the population. Another 

biological-based tool is the sterile insect technique, whereby insects are sterilised and then 

released into the wild to mate with con-specific individuals (Knipling 1955; Soopaya et al. 

2011; Saour 2014). While the addition of sterile insects into the population increases insect 

density, those individuals do not contribute to the growth of the population. The only way in 

which the wild population can overcome the presence of sterile insects is to be present in a 

higher density than needed prior to the introduction of the sterile insects, effectively raising the 

Allee threshold so that sufficient mating can occur to maintain neutral or positive population 

growth.  

Based on the population model from Chapter 3, I hypothesised that a combination of treatments 

would reduce populations of B. tryoni faster than tools used singly. I used tools that manipulate 

the biology for the population suppression of B. tryoni (Chapter 5). Anamed is a protein bait 

equivalent that contains odours that entices protein-seeking sexually immature flies to arrive 

and feed on the bait. Since the bait contains spinosad, any flies that ingest a lethal dose die. 

The cuelure-baited lure and kill system (SPLAT) follows the same principle, but instead targets 

sexually mature male flies. These two tools interfere with mate finding by reducing the density 

of flies in the area. If population reduction is realised prior to mating, then the daily probability 

of mating for individuals is reduced.  

I generated a population model that predicted the effects of population management tools on 

the intrinsic rate of increase for the Queensland fruit fly Bactrocera tryoni population. I 

hypothesised that multiple eradication tools would suppress a population faster than single 

tools. Population modelling predicted that lure and kill tools targeting individuals in a 

population prior to reaching sexually maturity would have the best outcome for population 
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suppression (Chapter 3). This is because protein baits were expected to kill a large portion of 

the population prior to sexual maturity if the density and frequency of application of the bait 

could be maintained. The protein bait Anamed used here was an experimental product. 

However, the results of the trial were unexpected and differed considerably from the modelled 

predictions. The catch of male flies were largest in the Anamed treated plots and lowest in plots 

containing SPLAT. This led me to reassess some of the assumptions of the model and the trial 

methodology.  

The parameters peculiar to B. tryoni were informed by published works and by seeking advice 

from B. tryoni experts (see acknowledgments section of this thesis). Based on the trial that 

compared the catch of flies in protein hydrolysate-baited traps to catch in Anamed baited traps, 

Figure 24 in Chapter 5, I assumed that the effective sampling area of the protein hydrolysate 

(ESABait in Chapter 3) and Anamed were equivalent. Further, I assumed that the daily survival 

estimate of flies feeding on Anamed would be the same as for flies that fed on protein 

hydrolysate in Chapter 3. As the Anamed was experimental, this assumption may have been 

flawed. This assumption could have been tested by an observation trial of a population of 

sexually immature flies in a closed environment feeding on Anamed, and if appropriate, the 

model parameters revised.  

The trial design itself may have also contributed to the observed differences from the 

predictions. The female population assessment did not work for this trial because no fruit flies 

were reared out from citrus fruit that were picked from the centre of any of the treatment or 

control plots. Because the catch of male flies was highest in the Anamed plots compared to all 

other plots, including the control plots, it appeared that the Anamed did not work to suppress 

the population. The large male fly catch suggests that either, it was attractive to sexually mature 

male flies, or that if flies fed on the Anamed, they did not consume a lethal dose of the spinosad.  

The role of lure active space was not incorporated into the design of the trial. In the Anamed 

and control plots, the surveillance traps were the only sources of cuelure. In the plots where 

SPLAT was used, there were the additional cuelure-containing SPLAT point sources 

competing with the surveillance traps for flies (Suckling et al. 2015). The presence of a large 

number of cuelure sources competing with surveillance traps may have contributed to the result 

of 6 and 7% of catch in a replicate occurring in the SPLAT only and SPLAT + Anamed plots 

respectively. The new Biolure lure (Biotrap 2017) that uses protein and ammonia odours to 

attract male and female flies could be better to use for population assessments in plots 
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containing excess cuelure. However, Biolure may not be appropriate to use in plots that contain 

excess protein odour sources as these sources will probably interfere or compete with the 

Biolure for attraction. Alternatively, attractive host fruit (Hancock et al. 2000) to assess the 

relative mated female population or traps that attract flies by targeting different sensory 

modalities like vision, such as the Ladd traps (Schutze et al. 2016) may mitigate competitive 

attraction issues from using the same odour sources or poor quality hosts for both population 

management and monitoring in future. 

Population models that are supported by field results or that are informed by robust datasets 

can help managers choose the best course of action to delimit or suppress a population. The 

effective sampling area approach used here predicted the distance over which a population is 

sampled and the probability of insects in that sampled area interacting with the tool. It borrows 

on aspects from marine search and rescue where the probability of detection follows the inverse 

square law (Koopman 1956): probability of detection is inversely proportional to the square of 

the distance from the lure. So effectively, the probability of attraction by the lure is diluted the 

further that the insect is from the lure. This allows for estimates of the effect of tool density on 

the probability of individuals in a population interacting with the lure for detection or 

management. If there is a change in the sensitivity of the system, that system can be adjusted 

to ensure that the efficacy is maintained.  

 

6.4. Concluding remarks 

Eradicating insect pest species is an expensive undertaking. Eradication outcomes can be 

improved with support from the public and the benefit of experience from other jurisdictions 

and by having the tools and knowledge to find and eradicate a species early on in their invasion 

(Klassen 1989; Myers, Savoie & van Randen 1998). Without that prior knowledge, predictions 

must be made without sufficient data either to conduct surveillance or to undertake an 

eradication attempt. Some of these predictions can be made with the use of population 

modelling tools and these can either be tested prior to the pest species’ arrival or during the 

eradication. Eradication attempts probably have a high chance of success if the populations can 

be detected while they are still small and there are tools available to attempt eradication.  

The work presented here showed that when at a low density, populations are more susceptible 

to extinction due to reduced mating finding and probability of per capita mating. Population 
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models can help predict how eradiation tools can be used to reduce population density to a 

level where Allee effects may reduce densities further. Population models can also be used to 

predict how individuals will interact with management tools and when there is a change in tool 

efficacy, what change in tool density is required to maintain interaction rates. This research has 

also highlighted some of the difficulties faced when validating models with field populations. 

The continual pressure of invasion by exotic species on which we have little knowledge means 

that we will have to keep making decisions based on the little information we have. By 

understanding how individuals in a population interact and how they in turn interact with 

eradication tools, biosecurity practitioners may not need to find and kill every individual, rather 

manipulate the population or conditions so that the population has a high probability of going 

extinct without further intervention. This will undoubtedly reduce management costs. If 

eradication fails, the tools, which have their roots in pest management, can still be used to slow 

the spread of, or otherwise manage the population to tolerable levels. A future with fewer 

impacts from invasive species can be realised for New Zealand by doing a lot of the 

groundwork prior to a species’ arrival. 
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Chapter 7. Appendix 1. Trials that informed Chapter 2 

Appendix 1 demonstrates the evolution and learning that led to the trial design of Chapter 2. 

Initially the field-collected fly species were identified to species and a laboratory colony 

established. Aspects of biology such as, time of day and protein-fed status on mating 

probabilities were investigated. The 3D mazes were generated and trials were done to see 

whether the mazes could try to answer the questions being asked about mate finding and mating 

rates in complex environments. During these trials, some of the modifications such as adding 

a second side entrance instead of using an inner entrance affected the results so this was ratified 

by adding the central entrance to the maze. The initial idea of have multiple configurations of 

the same maze complexity to add some randomness to the trials seemed sound, but this added 

too much variation and affected the results. A single configuration for each complexity was 

used in later trials to specifically test one distance per maze complexity, when testing for the 

effects of spatial separation and fly density on mate finding and mating probability (Chapter 

2).  

7.1.1 Species identification 

Drosophila were collected from fermenting grape skins from Waipara, North Canterbury (lat. 

-43.062, long. 172.761). The Drosophila were identified using Harrison (1952). The 

Drosophila were keyed out as Drosophila simulans, Sturtevant. 

Phenotypically, male and female adult flies differ. Males are often slender and the ventral 2-3 

tergal segments of the abdomen are black. The posterior tip of the abdomen is slightly rounded 

and the male abdomen appears to curve down as if trying to tuck under the body. Male flies 

have brushes on the inside of the tibia on front pair of legs (Figure 30). 

Females are generally larger; the last abdominal segment is only dark at the edges of the 

tergum. The female abdomen comes to a point at the posterior of the abdomen (Figure 30).  
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Figure 30. Phenotypic differences between male and female Drosophila. Left: http:/ 

/www.mun.ca/biology/scarr/4241_Devo_DrosophilaSex.html, Right: 

https://arrogantscientist.wordpress.com/sexing-drosophila/. 

 

7.1.2 Effect of time of day on mating 

To determine whether the time of day during the photoperiod had an effect on the probability 

of mating for D. simulans, I analysed a trial that was conducted to investigate the probability 

of fly mating based on maze complexity. In this trial, there were multiple maze complexities 

(simple to hard) and various configurations within a complexity and trials started at different 

times of the day during the photoperiod. A Generalized Linear Model (GLM) with binomial 

distribution and logit-link was used to analyse the probability of mating (yes or no) based on 

the time of day. Initially, the main effect of the maze complexity and configuration type as well 

as the interaction of complexity and configuration were analysed. There was no difference in 

the overall probability of mate finding for the main effect, nor interaction, all P > 0.05. As there 

were no differences, this allowed me to test the effect of time using all of the data (n = 67) and 

no difference was observed over all times (Χ2 deviance = 7.75, d.f. 6 P = 0.257) (Figure 31). 

♂ 
♀ 

 

http://www.mun.ca/biology/scarr/4241_Devo_DrosophilaSex.html
http://www.mun.ca/biology/scarr/4241_Devo_DrosophilaSex.html
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Figure 31. The percentage of trials where mating occurred between male and female Drosophila simulans 

at different times of the day during the photoperiod. No trials were started at 3pm. 

 

7.1.3 Effect of protein starvation on mating probability 

According to Manning (1967), Drosophila do not need to feed on protein to achieve sexual 

maturity, unlike some tephritid fruit fly species (Balagawi et al. 2012). Initially, mating rates 

appeared low. I investigated whether feeding on protein was required to reach sexual maturity 

for D. simulans.  

The aim was to determine whether the probability of Drosophila pairs successfully mating 

within 1 hour was greater for individuals that were fed protein, than for individuals that were 

protein starved prior to mating.  

Pupae were separated and held in separate diet tubes prior to eclosion. On eclosion, half of the 

male and female flies were assigned protein-fed and the other half protein-starved diets. For 

the protein–fed treatment, the newly emerged virgin male and female flies were placed on 24h 

pre-fermented diet in tubes (see supplemental materials, Chapter 2). All flies, both protein 

starved and fed, had access to 30% sugar water through a cotton wool plug that sealed the diet 
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tube. At an age between 48 and 72 hours old, one male and one female from the same treatment 

were placed in an empty diet tube stoppered with a water-moistened cotton wool plug for 1 

hour. They were continuously assessed for mating during the trial. This was replicated 31 times 

for each treatment. Treatments were paired to reduce any time-of-day effects. 

 

Pre-fed flies had a higher proportion of successful mating events, however, this was not 

statistically different from the protein-starved flies; GLM binomial logit-link distribution Χ2 

deviance = 2.56, 1 d.f. P = 0.11, (Figure 32). The average mating duration at 25°C was 17m 

56s (+ 2m 50s). As there was not any statistical difference between the treatments and it was 

easier to manage flies without needing to be pre-fed with protein, flies were not pre-fed for 

subsequent trials. 

 

 

Figure 32. The percentage of male and female Drosophila simulans mating when either both or neither 

were pre-fed with protein prior to being placed together for 1 hour to mate. 
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7.1.4 The role of maze configuration and maze complexity on mate finding 

Initially, various configurations of the same complexity were used in trials to test the effect of 

complexity on mate finding. There was a perception that some of the different configurations 

within the same complexity were solved faster than other configurations. Each time a maze is 

generated in the Maze Generator (www.mazegenerator.se), the route and shape of the maze is 

randomised based on the user-defined inputs. As such, the route of one maze may be shorter 

than the route of another maze designed with the same complexity settings. To test this, the 

maximum and minimum mean solution time of different variations of the same complexity 

maze were tested against each other. The hypothesis was that:  

H0: The time to mate finding does not differ between different maze solution configurations 

within a complexity.  

Method 

To test this, pupae were individually placed into diet tubes that were stoppered with a water-

moistened cotton wick. Pupae-filled tubes were kept in a sealed bag to maintain high levels of 

humidity. No food was added to the containers. Tubes were checked once daily for eclosion. 

On eclosion the adults were sexed and 30% (by volume) sugar water was added to the cotton 

wick. When flies were between 48 and 72 hours old, they were used in trials. Males entered 

the maze at one edge entrance and the females at an opposite edge entrance. Trials were 

replicated 30 times.  

The configuration that had the fastest average solution mate finding time and the configuration 

that had the longest average finding time for each of three maze complexities simple, easy and 

medium were tested simultaneously to determine whether the observed differences were real 

or not. 

Results 

There was a difference in the time taken to find each other between all of the trials where flies 

did find each other (Χ2 deviance = 1128.1, d.f. 5, P <0.001) (Figure 33). As it appeared that the 

time taken in the easy complexity was different, the time to find each other in the assumed slow 

and fast configurations was analysed. The GLM Poisson log-link analysis for the two easy 

maze types showed a difference (Χ2 deviance = 45.7, d.f. 1, P <0.001). As such, subsequent 

trials only used a single configuration for each complexity treatment.  
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Figure 33. The mean time taken for a single pair of Drosophila simulans to find each other in mazes that 

were observed to have a slow and fast solution times (y-axis, histogram) and the percentage of trials 

where flies found each other (z-axis, filled circles) in mazes of different complexity. 

 

7.1.5 The effect of multiple pairs on mate finding and mating 

This trial was superseded by the trial used in Chapter 2 whereby a single pseudoscorpion 

Chelifer cancroides was added to the mazes.  

To determine whether it was possible to run multiple pairs in the maze and that there would be 

a difference in results I tested the null hypothesis: 

H0: The probability of finding mates and mating in complex environments does not change 

with increasing habitat complexity. 

The trials were designed as in Chapter 2, whereby the fly density treatments were one, three 

and five pairs. This was replicated 30 times, with each of the treatments tested simultaneously 

constituting a replicate. A GLM with a Poisson distribution log-link function was used to 

determine whether there was any difference in the time for the first pair of flies to find each 

other in the maze when a different number of pairs were present. There was an overall 
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difference in the time taken to find each other between the treatments (Χ2 deviance = 227.9, 

d.f. 2, P < 0.001). Flies in the three and five pair treatments found each other 2.3 and 4.5 times 

faster than the single pair treatment respectively. In a pairwise comparison between three and 

five pair treatments, there was not any difference in time taken to find a mate. 

The probability of mating also differed between one pair and both the three and five pair 

treatments (Χ2 deviance = 50.3, d.f. 2, P <0.001), with the probability of mating being 60 or 

139 times greater in the three and five pair treatments respectively.  

7.1.6 Spatial complexity and mate finding by Bactrocera tryoni 

The maze setup was piloted on pairs of sexually mature, virgin male and female Queensland 

fruit fly Bactrocera tryoni in New Caledonia. This fly is larger than D. simulans, as such mazes 

were modified to be larger. Three complexities were trialled over three consecutive nights in 

April 2016 (Figure 34). Since B. tryoni mates at dusk, trials ran between 5 and 6pm. The height 

of activity as determined by the noise from the culture colonies occurred at about 5:30pm. All 

flies found each other in each complexity on each of the three nights, and mating occurred once 

in the simple and hard difficulties and twice in the easy difficulty. One of the issues that 

occurred was that darkness impaired filming and observations. If this was to be done in the 

future, an infrared camera recording from above or infra-red illumination from underneath and 

the silhouette recorded from above may overcome this if the flies do not display any IR 

phototaxi-induced behaviour. In addition, the mazes should be larger to separate the flies 

further. This could either be done on a larger printer, or a large maze could be printed in parts 

and later assembled.  

 

Figure 34. Pairs of male and female Bactrocera tryoni in mazes of varying complexity during the dusk 

mating period. From left to right: simple, easy and hard 
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Chapter 8. Appendix 2. Use of the population growth model in 

Chapter 3 for Drosophila suzukii 

Stringer, L.D. (presenter), Beggs, J.R., MacLellan, R., Kean, J.M. & Sucking DM. 2016. 

Can multiple tactics stop Drosophila suzukii? 25th International Congress of Entomology-

Entomology without borders, 25-30 September 2016. Orange County Convention Center, 

Orlando, Florida, USA. (oral). DOI: 10.1603/ICE.2016.93343 

 

 

Max Suckling was contacted by Vaughn Walton (Oregon State University) on whether we 

would support a symposium proposal “Symposium: International Perspectives Contribute 

Towards a Clearer Understanding of Drosophila suzukii” to the organisers of International 

Congress of Entomology (ICE) 2016. The proposal was accepted and we were invited to submit 

a presentation. The presentation given by Lloyd Stringer used the same modelling technique 

developed for Chapter 3. I revised parameters using published literature to predict the effects 

of multiple population management tools for the eradication of a discrete population of Spotted 

Wing Drosophila, Drosophila suzukii (Matsumura). 

file:///D:/ICE2016/Session27486.html
file:///D:/ICE2016/Session27486.html
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I used Tochen et al. (2014) to inform population growth rates; daily survival and egg laying. 

Mortality from parasitoids in the juvenile stages was based on data from Daane et al. (2016). 

As no data on the sterile insect technique (SIT) were available, the daily survival rate of sterile 

Bactrocera tryoni from the model in Chapter 3 was used. Since presenting this model at the 

ICE, data have been published on the feasibility and target radiation doses for a sterile insect 

release programme for Drosophila suzukii (Lanouette et al. 2017). 

At the time of presenting the model, apple cider vinegar (ACV) was the most common 

population monitoring tool for Drosophila suzukii. The effective sampling area (ESA) of ACV 

was not known. To estimate the ESA of apple cider vinegar I used estimates from related 

sources and used the relative catch from multiple mark release recapture data to make this 

estimate. Drosophila suzukii is in the melanogaster group (Schetelig et al. 2018), as is D. 

melanogaster and its sibling species D. simulans (McKenzie 1974). As they are in the same 

species group, I assumed that the results for D. melanogaster could be used for D. suzukii. Data 

from mark release recapture trials for mixed sex release of Drosophila melanogaster and D. 

simulans released from a point source to traps baited with a banana, semolina and treacle 

mixture bait were used. From this, I generated an ESA estimate for banana (ESAbanana) from 

the trials (McKenzie & Parsons 1972; McKenzie 1974). 

Following this, I used data from a cage trial that used D. melanogaster to compare catch in 

balsamic vinegar- baited traps to catch in banana- baited traps (Becher et al. 2010). It was 

determined that balsamic vinegar lures (74% catch) were better than banana lures (26%) at 

attracting flies. Therefore catch to balsamic lures was 2.84× greater than banana lures (=74/26) 

so ESAbalsamic is equal to ESAbanana times 2.84.  

A recent trial determined that attraction to balsamic vinegar and ACV is similar (Kleiber 2013). 

Therefore ESAbalsamic was used as an estimate for the ESA for ACV tempered by a survival of 

80% in ACV traps due to 20% of flies escaping from the trap prior to drowning (Cowles 2013). 

This approach has the potential for significant error around this estimate. Recent publications 

have tried to estimate the sampling area of new synthetic bait developments (Kirkpatrick et al. 

2017; Kirkpatrick, Gut & Miller 2018) and these would be used for any future modelling 

estimates.  

The probability of survival for D. suzukii to GF 120 as a protein bait has been estimated (Beers 

et al. 2011). As the bait used by the authors was similar to the bait used to estimate the 

probability of B. tryoni bait contact in Chapter 3, the same contact rate was used. 
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