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ABSTRACT 

The meta-population and evolutionary dynamics of the Australian 

biocontrol agent Diachasmimorpha tryoni, a parasitoid of Ceratitis capitata, was 

investigated due to its association with a non-target host, Eutreta xanthochaeta 

and competitive interaction with Fopius arisanus in Hawaii. Twelve polymorphic 

microsatellite loci were characterized and used in combination with sequence data 

to profile D. tryoni’s evolution within Hawaii and between Hawaii and Australia. 

Using both contemporary and historic collections it was found that D. tryoni has 

evolved significantly from its founding population, but no predicted population 

was significantly associated with that of the non-target host.  The interaction 

between D. tryoni and its competitor was assessed using a combination of 

population genetic inference and ecological niche modeling techniques.  This 

interaction was shown to have the greatest evolutionary influence on D. tryoni in 

Hawaii through competitive exclusion into upper elevation habitat, as 

characterized by E. xanthochaeta.  Augmentative releases of D. tryoni were also 

genetically modeled using museum specimens to assess the influence that a mass 

release may have on the evolutionary dynamics of a naturalized population.   The 

majority of individuals post-augmentation were found to be genetically associated 

with the released population, but hybridization between the two populations was 

observed.  This data also implies local population recruitment and population 

genetic structural dilution, suggestive of a Reverse Bottleneck following 

augmentation.  The influence of heterosis on the interaction between mass 

released and naturalized D. tryoni was also measured.  Employing a combination 
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of mate selection trials, molecular genotyping, and fitness measurements, our 

results were capable of documenting the hybridization of the released and wild 

populations, the fitness of the hybridization interaction, and female mate choice. 

These analyses reveal that the interactions between two moderately differentiated 

populations, as would be the case during an augmentative release, are significant. 

The techniques employed herein can be used to understand the influence a 

competing organism, or a mass released agent, may have on a biocontrol agent 

prior to both classical, or augmentative biocontrol introduction. 
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PREFACE 

 Biological Control is one of the most safe, cost effective, and sustainable 

pest management practices developed to date.  Cost-benefit ratios of successful 

classical biological control releases have exceeded 1:250 (Norgaard, 1988; Jetter 

et al, 1997; Bale et al., 2008).   These benefits accrue over time with little further 

input or investment (Hoddle, 2004).  Despite this overwhelming economic net 

benefit, the practice of biological control has had its image tarnished- from 

considered safe, cost effective, and environmentally benign to something akin to 

biological pollution (Howarth 1991; Barratt et al., 2010).  This perception shift 

was fueled by a few high-profile publications that summarized the non-target 

interactions associated with poorly implemented biological control releases before 

government oversight (pre-1960).  These publications subsequently lead, in part, 

to decreased use of biological control in the U.S., especially Hawaii, by 

increasing bureaucratic complexity associated with biocontrol releases (Messing 

& Wright 2006).  Although heated, the debate concerning the utility of biological 

control raised some pertinent biosafety questions associated with the long-term 

efficacy and specificity of classically released biological control agents (Messing 

& Wright 2006; Barratt et al., 2010).  More specifically, the debate articulated the 

need for pre-release risk-assessment analyses that address the potential for non-

target post-release interactions (Howarth 1991; Messing & Wright 2006; Barratt 

et al., 2010). This dissertation addresses the current dearth of information 

concerning the evolutionary dynamics of biological control introductions post-
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release to enhance pre-release risk assessment analyses, and contributes analytical 

and conceptual approaches to resolving this problem. 

 Every classical biological control introduction is associated with allopatric 

separation between the ancestral populations and that of the recipient area.  Given 

this allopatric separation, in this dissertation I resolve the inter- and intra-specific 

interactions that may influence the evolutionary trajectory of the meta-population 

that will develop in the newly invaded zone.  I conduct this research using a case 

study with a clearly documented history.  A meta-population is here defined as a 

series of interconnected, unstable, and spatially structured local populations  

(Hanski, 1998).   The problems associated with these types of releases are initially 

outlined and defined in Chapter 1.  This chapter reviews the micro and macro-

evolutionary processes that may influence the biological control releases, 

describes local adaptation and selection processes affecting biological control 

agents, and introduces concepts that may prove useful to assess and address post-

release risk, pre-release.  The concepts and methods introduced in this chapter are 

experimentally defined and addressed in the subsequent chapters.   

 The research conducted in this dissertation used as a model organism the 

arrhenotokous Opiine Braconid parasitoid, Diachasmimorpha tryoni (Cameron) 

released in Hawaii from Australia to control Ceratitis capitata. Diachasmimorpha 

tryoni was first described in 1911 as a parasitoid of the Queensland fruit fly, 

Bactrocera tryoni (Froggatt)(Diptera; Tephritidae), in Australia  (Carmichael et 

al., 2005; Ramadan et al., 1989).  It was collected in ~1913 by H. A. Silvestri 

from New South Wales for importation to Hawaii to control a large outbreak of 
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C. capitata (Wiedemann)(Diptera; Tephritidae).  Only seven wasps (four females 

and three males) survived the voyage (Pemberton, 1964).  After an unsuccessful 

captive rearing effort and fearing colony loss, these wasps were released in a C. 

capitata infested coffee plantation on the Kona coast of Hawaii.  The statewide 

distribution of D. tryoni is descendant from this small founding population 

(Pemberton, 1964). 

This introduction proved to be partially effective, resulting in reduced 

infestation of medflies in coffee, and displacing a less effective parasitoid, 

Psyttalia humilus (Silvestri)(Hymenoptera; Braconidae), introduced from Africa 

around the same time as D. tryoni (Pemberton, 1964).  Fopius arisanus 

(Sonan)(Hymenoptera; Braconidae), an egg/larval parasitoid released 

(inadvertently as Opius persulcatus) in ~1949 to control Bactrocera dorsalis 

(Hendel)(Diptera; Tephritidae) was later found to outcompete D. tryoni within C. 

capitata, and seems to have reduced the geographic range of D. tryoni in the 

islands  (Mainland et al., 1950; van den Bosch & Haramoto, 1951; Wang & 

Messing, 2003; Wang & Messing, 2004; Wang et al., 2008).  Approximately a 

decade after the introduction of F. arisanus, it was noted anecdotally that the 

larvae of a tephritid gall-fly introduced from Mexico as a weed biocontrol agent, 

Eutreta xanthochaeta (Aldrich) (Diptera; Tephritidae), was parasitized by D. 

tryoni in the field  (Bess & Haramoto, 1959).   Wong et al.  (1991) estimated E. 

xanthochaeta parasitism at ~10% during inundative releases of D. tryoni on Maui.  

At higher elevations, on Kauai, parasitism of established populations of D. tryoni 

on E. xanthochaeta was found to be as high as 28% (Duan et al., 1998).  E. 
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xanthochaeta  and D. tryoni have no historical evolutionary association and were 

both brought to the archipelago as biocontrol agents. 

 A molecular toolset was developed to resolve the meta-population 

dynamics of D. tryoni between Australia and Hawaii, and within Hawaii.  The 

molecular toolset, combined with molecular analyses techniques, was capable of 

defining D. tryoni populations and resolving migration, drift, and differentiation 

between populations and meta-populations (Chapters 2 & 3).  Combining these 

analyses with historical and contemporary collections allowed an unprecedented 

glimpse into the distribution and dispersal of a purposefully released parasitoid.   

This glimpse, in turn, permitted inference into the evolutionary structuring and 

differentiating mechanisms in a meta-population of a classical biological control 

agent (Chapter 3). 

 Meta-populations are defined not only by inter-population dynamics, but 

also through inter-species spatial dynamics. From geographic locality data 

amassed during my search for D. tryoni throughout the five major Hawaiian 

Islands, Ecological Niche Models were developed.  These models were used as 

tools to model the dynamic interaction of the Hawaiian D. tryoni meta-population 

with its hosts and competitor (Chapter 4).  This analysis technique can also be 

thought of as a proof of concept, where the overlap of potential agonistic species 

can be modeled pre-release to assess the significance and degree of that 

interaction post-release.  This technique may reduce the potential of post-release 

evolutionary structuring due to that agonistic interaction.  
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 As described in Chapter 5, D. tryoni is not only associated with a release 

from Australia, but also with inundative releases used to augment established 

populations.  In Chapter 5, I assess the homogenizing effect the inundative release 

of a laboratory-bred population may have had on naturalized populations/meta-

population using molecular analysis techniques.  This analysis was conducted 

using collections from a large augmentative release of laboratory reared D. tryoni 

conducted in the Kula area of Maui, Hawaii.   From this analysis the post-release 

interaction and structuring of laboratory and wild-type parental populations was 

defined.  However, this data was not capable of resolving the efficacy of the wild 

and laboratory-reared individuals’ first filial (F1) progeny, which would have 

implications for the long-term control of the targeted organism. 

 In Chapter 6, I assessed the putative fitness of the F1 generations arising 

from crosses of the laboratory and wild-type populations.  To understand this 

interaction I designed and implemented an experiment using crosses of a 

laboratory population with a recently collected “wild-type” population and 

inferred ancestry using the previously developed molecular toolset.  Since 

inference into the efficacy of the hybrid progeny was the goal, I used a proxy of 

fitness to assess the potential efficacy of hybrids.  This analysis technique was 

unique in its implementation and experimental design.  Also, the analysis is proof 

of concept for future research into how the efficacy of F1 progeny may affect the 

overall control of a targeted organism and the meta-population of a previous 

classical biological control release.   
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 The molecular and geographic analyses, as presented in this dissertation, 

resolve the historical and contemporary interactions affecting D. tryoni meta-

populations in Hawaii.  The analyses presented here go beyond pure descriptions 

of those interactions; in this dissertation I present techniques capable of predicting 

those interactions pre-release.  The combinations of these approaches and 

assessments of interaction built into a comprehensive risk-assessment analysis 

would theoretically mitigate potential non-target affects over an evolutionary 

time-scale.   This type of risk-assessment analysis may potentially reduce 

deleterious non-target interactions of new biological control agents post-release. 
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CHAPTER 1 

USING EVOLUTIONARY TOOLS TO FACILITATE THE PREDICTION AND PREVENTION OF 

HOST-BASED DIFFERENTIATION IN BIOLOGICAL CONTROL: A REVIEW AND 

PERSPECTIVE 

INTRODUCTION 

Species evolution is a product of pronounced and consistent population 

differentiation through space and time.  This allochronic and/or geographic allopatry is a 

part of every classical and neo-classical biological control (biocontrol) program (Wilson, 

1965; Avise, 2004; van Driesche et al., 2008; Barratt et al., 2010).  Thus, it is not a 

matter of whether agents differentiate from their native populations, but it is rather how, 

when, why, and how much they diverge.  It is important that biocontrol practitioners 

incorporate the processes and theoretical concepts associated with evolution to enhance 

biocontrol application, and reduce the risk of non-target interactions.  By doing so 

researchers may reduce the likelihood of negative long-term ecological impacts that some 

have suggested are associated with biocontrol releases  (Strong & Pemberton, 2000; 

Messing & Wright, 2006).  This shift in perception has severely hindered the 

implementation of classical biocontrol in the U.S. due to the increasing levels of 

bureaucratic ambiguity associated with it (Messing & Wright, 2006). By emphasizing the 

application of evolutionary theory to biocontrol it is hoped that a conversation is 

stimulated concerning how evolutionary processes can be predicted, and in what way 

these predictions can be tangibly applied to biocontrol theory and practice.  With the 

current emphasis on sustainable agriculture, the ability to implement effective, 

sustainable pest management through biocontrol is now more than ever an endeavor of 
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necessity (Butler, 2007).  Comprehending the mechanisms of evolution associated with 

biocontrol will hopefully lead to an even more predictable methodological framework 

that may increase the transparency of the bureaucratic process. From an academic 

perspective, biocontrol offers opportunities to study evolutionary processes under unique 

and comparatively controlled conditions.  

Conjecture regarding the genetics of biocontrol agent introductions was expressed 

by some of the founders of current Integrated Pest Management (IPM) and biocontrol 

practices as early as the 1960’s    (Wilson, 1965; Messenger & van den Bosch, 1969; van 

den Bosch, 1971).  Messenger & van den Bosch (1969) both stressed the importance of 

strain/biotype introduction, and recently others have emphasized measurement and 

maintenance of genetic variability in both founding and laboratory reared populations   

(Messenger & van den Bosch, 1969; van den Bosch, 1971; van Lenteren, 2003; Wajnberg 

et al., 2008). Their main concern regarding the genetics of these populations was 

establishment and efficacy after adaptation to a new environment, since this may 

determine the success of a biocontrol program   (van den Bosch, 1971).  In this regard 

genetics and evolutionary theory have become increasingly invaluable to biocontrol 

theory and application.  However, other than the use of phylogenetics to characterize 

non-target ranges, evolutionary theory has yet to be used extensively in the context of 

biocontrol risk assessment or management (Duan & Messing, 1997).  

Through a combination of molecular and behavioral techniques geneticists can 

resolve, in great detail, the interaction and evolution of conserved or invasive species and 

populations (Avise, 2004; Coyne & Orr, 2005).  By comparison, the use of these tools to 

understand the micro-evolutionary processes imposed on purposefully introduced 
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biocontrol organisms in new environments is generally lacking  (Hufbauer et al., 2004; 

Criscione et al., 2005; Hufbauer & Roderick, 2005).  This lack of information regarding 

how biocontrol organisms evolve after release into a new environment hampers the 

development of theory to account for post-release differentiation (Ehler et al., 2004).   In 

this paper it is hoped that possible mechanisms that may lead to (or prevent) population 

differentiation among biocontrol agents are resolved.  Since the order Hymenoptera 

includes many agriculturally significant parasitoid biocontrol agents (e. g. 

Ichneumonidae, Braconidae, Chalcididae, Trichogramatidae etc.) (van Driesche et al., 

2008), this paper will focus on Hymenopteran parasitoids.  Here ideas from the 

ecological and cohesion species concepts will be used to explore the processes that may 

lead to population based differentiation in biocontrol agents. (Lively & Dybdahl, 2000; 

Coyne & Orr, 2004; Avise, 2004; Rundle et al., 2005; Delcourt et al., 2009). 

MECHANISMS AFFECTING GENETIC DIFFERENTIATION OF BIOCONTROL AGENTS 

 MACRO-EVOLUTION WITHIN HYMENOPTERA 

Parasitoid Hymenoptera first appear in the fossil record as ectoparasitic idiobionts 

approximately 160 million years ago (mya) during the late Mesozoic era (251-65 mya)  

(Whitfield, 1998; Pennacchio & Strand, 2006). The radiation of angiosperms in the early 

Cretacious period (145-65 mya) seems to have caused the parallel diversification of 

Hymenoptera into all of the major lineages currently present by the early Paleogen period 

(65 – 23 mya)  (Pennacchio & Strand, 2006; Sadava, 2008).  As a general rule, parasites 

seem to evolve in congruence with their hosts   (Strand & Grbic, 1997; Whitefield, 1998; 

Austin et al., 2005).  Concurrently, throughout the Hymenopteran phylogeny the 
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evolution of novel developmental strategies seem to be the initial influence for later 

diversification  (Pennacchio & Strand, 2006).  

 The development of endo-parasitic koinobionts, in combination with even greater 

specialization, caused increased host specificity as compared to their ecto-parasitic 

cousins  (Brooks & McLennan, 1993; Whitfield, 1998; Pennacchio & Strand, 2006).  

Differentiation of developmental strategies in combination with intra- and inter-guild 

competition, and other external mortality factors such as host-parasite interactions, seems 

to have driven the diversification of parasitic Hymenoptera into the species seen currently  

(Polis et al., 1989; Strand, 1997; Whitfield, 1998; Reitz & Trumble, 2002; Wang & 

Messing, 2003; Pennacchio & Strand, 2006; Wang et al., 2008).  

MICROEVOLUTION 

  Microevolution, a change in the genetic composition within a population, is 

inferred and quantified through population genetic, behavioral, and/or ecological based 

methods.  It best describes the evolutionary pressures on biocontrol agents as it relates to 

the degree of divergence between the ancestral and introduced populations.   

Microevolution parallels macroevolution in terms of fundamental evolutionary processes, 

yet they differ in the magnitude at which each process occurs at the varying degrees of 

differentiation. The four main processes that initiate micro (and macro) evolution are 

mutation, genetic drift, selection, and gene flow (Hufbauer & Roderick, 2005).  Mutation 

plays a vastly reduced role in the initial evolutionary differentiation of biocontrol agents 

(Roderick & Navajas, 2003; Hufbauer & Roderick, 2005).  However, the probability of 

mutation influencing Hymenopteran parasitoid evolution persists.  Arrhenotokous (haplo-

diploid) insects commonly used in classical biocontrol evolve approximately 33% faster 
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than primarily diploid organisms due to direct phenotypic expression in the haploid male 

(Crozier, 1977; Lande, 1995).   

Genesis of genetic variation through mutation contrasts with genetic drift and 

gene flow.  Genetic drift is the random change of allele/gene frequencies in a population, 

and gene flow relates to the exchange of genes among and within populations.  Genetic 

drift and gene flow are the primary micro-evolutionary processes acting on biocontrol 

agents that experience a bottleneck prior to (and immediately post) introduction.  The 

sudden release into a new environment results in a migration-drift non-equilibria 

(unbalanced drift when compared to migration due to allopatry), and differs from the 

equilibria that would theoretically occur among and within the ancestral populations 

(Roderick & Navajas, 2003).  A small founder population, genetic drift, and a reduction 

in gene flow contribute to the decline of genetic variation and/or fitness in biocontrol 

agents when compared with the ancestral populations. This is especially apparent in 

neutral loci (evolving in the absence of selection) (Avise, 2004; Hufbauer et al., 2004).  

For instance, Hufbauer et al. (2004) demonstrated that the pea aphid parasitoid Aphidius 

ervi (Haliday) (Hymenoptera; Braconidae) might have been detrimentally affected by 

non-adaptive evolution.  This may have been due to random genetic drift initially 

imposed by a sampling bottleneck during which individuals less well adapted to the 

release environment and the target organism were chosen.  Hufbauers’ work indicates 

that genetic drift within populations, and subsequent lack of gene flow between 

populations, may play a larger role in a biocontrol agent’s success than initially thought.  

In deference to the evolutionary concept that the region of highest genetic variability is 

theoretically the species source (the area from which it evolved), it is important to 
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address what subset of that supra-population’s genetic variability to collect, and as such 

release.  This is significant in that the quantitative genetic relationship between the 

ancestral biocontrol agent and the release population(s) is a parameter which may prevent 

(or permit) genetic and phenotypic differentiation (Vaughn & Antolin, 1998; Roderick, 

1996; Hufbauer et al., 2004). 

Selection, the differential survival and reproduction of phenotypes, acts when 

there is a genetic basis for a difference in phenotype  (Magurran & May, 1999).  When 

natural selection pressures vary across ecosystems differential selection may occur given 

sufficient genetic diversity, thus populations may become locally adapted  (Maynard 

Smith & Harper, 1988).  Selection acts on biocontrol agents due to a co-evolutionary 

arms race between host and agent, a higher trophic level, a competitor-relegated shift into 

enemy/competitor free space, or mortality from extrinsic environmental factors  

(Roderick, 1996; Maynard Smith & Harper, 1988; Wang et al., 2008).  The extremely 

common occurrence of closely related species complexes (sibling species) in many 

Hymenopteran taxa suggests that rapid speciation may occur in this order quite often 

(Crozier, 1977; Coyne & Orr, 2004).  

LOCAL ADAPTATION  

Kawecki & Ebert (2004) defined local adaptation as the patterns and processes 

(i.e., life history, resource use etc.) observed within local populations connected by gene 

flow.   Local adaptation is the outcome of genotype x environment interactions selecting 

for Darwinian fitness  (Kawecki & Ebert, 2004).  These interactions should cause demes 

(i.e., local populations) to evolve a higher relative fitness in their given habitat than 

genotypes originating from other habitats.  Although local adaptation drives this process 
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of divergent evolution other factors including gene flow, environmental variability, lack 

of genetic variation, and underlying genetic traits that counteract the adaptive process are 

integral (as well as confounding) factors influencing deme formation and adaptation  

(Lively & Dybdahl, 2000; Althoff, 2008; Benton, 2009).    

In the process of local adaptation it is commonly accepted that host-race 

formation in herbivorous insects is the result of bottom up (plant mediated) insect 

diversification  (Wood et al., 1999; Abrahamson et al., 2001; Eubanks et al., 2003).  The 

process of local adaptation would theoretically start with changes in host preference 

(adaptation) possibly due to host resource shifts, development of assortative mating 

systems, and ultimately resulting in speciation  (Tauber & Tauber, 1977; Eubanks et al., 

2003).  This scenario has been extended to explain parasitoid diversification following 

diversification of its herbivorous insect host onto new plant hosts  (Tauber & Tauber, 

1977; Brooks & McLennan, 1993; Forbes et al., 2009).  

One method to assess phenotypic divergence attributable to a change in parasitoid 

host preference is to quantify phenotypically expressed characteristics within and 

between populations using reciprocal host transplant studies (Fritz, McDonough & 

Rhoads, 1997; Hufbauer et al., 2004; Kawecki & Ebert, 2004).  In these studies 

experimental groups from each environment are assessed for fitness in their ancestral and 

alternate habitat.  This approach has been commonly used in parasite and parasitoid local 

adaptation studies.  The approach is effective because tri-trophic interaction theory 

predicts that the distribution and movement of resident hosts and female mate choice are 

the primary environmental factors influencing parasite adaptation  (van den Bosch, 1971; 
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Masurier & Waage, 1993; Fritz et al., 1997; Hufbauer, 2002; Kawecki & Ebert, 2004; 

Hufbauer & Roderick, 2005).   

Eubanks et al. (2003) correlated host-race formation by the predaceous gall-

boring beetle, Mordellistena convicta (LeConte) (Coleoptera; Mordellidae), with host-

race formation of its herbivorous prey, Eurosta solidaginis (Fitch) (Diptera: Tephritidae).  

In that study allochronic emergence differences as well as no choice and choice mating 

experiments and host preference experiments were used to assess the processes of 

diversification.  The researchers demonstrated that a host shift by the prey may result in 

the local, host specific population diversification of the predator, and can be directly 

applied to host parasite/parasitoid interactions  (Raffel et al., 2008).  Forbes et al. (2009) 

conducted a similar study on the Rhagoletus pomonella (Walsh) (Diptera; Tephritidae) 

parasitoid Diachasma alloeum (Muesebeck) (Hymenoptera; Braconidae).  In that study 

Forbes et al. (2009) used fruit volatile attractant comparisons in conjunction with 

molecular tools to assess host race formation.  Analysis of neutral molecular markers 

demonstrated co-cladogenisis of the parasitoid and its host into a novel environment, 

consistent with sequential sympatric speciation of the host/parasitoid system (Abbot & 

Withgott, 2004; Forbes et al., 2009).  This study emphasized local adaptation of the 

parasitoid through behavioral fidelity of the female wasp to its natal environment, 

demonstrating divergent selection  (Rundle et al., 2005; Schluter, 2009).  Although 

quantification of local adaptation using neutral markers tells us little about the processes 

that cause natural selection itself, it provides insight into the geographic structure of the 

populations examined, and permits inference of processes resulting in the contemporary 

situation  (Roderick, 1996; Kawecki & Ebert, 2004).  With genetic information clarifying 
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the patterns of diversification one may be able to correlate other factors with the 

organism’s divergence using known history and phenotypically expressed characteristics 

as a guide  (Avise, 2004; Forbes et al., 2009).  

PREVENTING OR DELAYING BIOCONTROL AGENT DIFFERENTIATION  

Although the process of evolution can be unpredictable and random, the factors 

that influence evolution may not be  (Magurran & May, 1999; Benton, 2009; Stern & 

Orgogozo, 2009).  Recent work has demonstrated that the distribution of mutations 

resulting in biological diversity, and thus phenotypic evolution, appears to be non-

random.  This work emphasized that evolutionary relevant mutations associated with 

gene function, structure and networks seem to accumulate in specific genes and gene 

regions (Stern & Orgogozo, 2009). A non-random distribution of mutations in which 

ecology influences relevance of a mutation is especially significant when considering 

genotype x environment interactions in biocontrol agents (Stern & Orgogozo, 2009).  

Further influencing biocontrol agent adaptability are population biology factors such as 

genetic drift and gene flow that govern how, when, and in what way mutations (miss-

sense, non-sense, or silent) are distributed within the populations  (Roderick & Navajas, 

2003; Avise, 2004; Hufbauer & Roderick, 2005). In the context of biocontrol, these 

evolutionary principles are controlled for through the incorporation of pre-release quality 

control assessments, rearing modifications, and host specificity testing  (Sawyer, 1996; 

van Driesche, 1998; van Driesche et al., 2008).  

 Although post-release monitoring of biocontrol agent introductions has now 

become a best practice protocol, there is very little effort by biocontrol practitioners to 

monitor, understand, and possibly modify the genetic diversity and thus genetic fitness of 
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these released populations (Roderick & Navajas, 2003; Hufbauer & Roderick, 2005). 

Advances in pre- and post-release protocols (as described below) have not initiated 

appropriate subsequent advances in pre- and post-release genetic monitoring (Sawyer, 

1996; van Driesche, 2002; Bigler et al., 2006). 

PRE-RELEASE SELECTION 

That biocontrol agents can evolve in pre-release rearing facilities is well 

documented  (Hufbauer, 2002; van Lenteren, 2003; Ehler et al., 2004).  Theoretically, 

effective mass rearing depends on the genetic variability of the initial founder insects as 

well as the selection of a viable population in the laboratory environment.   This is true 

for augmentative biocontrol, but in practice the actual release number of successful 

classical and neo-classical biocontrol agents varies greatly.  For instance, only four 

female and three male Dichasmimorapha tryoni (Cameron) (Hymenoptera; Braconidae) 

were released by Silvestri in Kona, Hawaii in 1913 (Giffard, 1915; Pemberton, 1963).  

Despite this lack of founders they became the dominant parasitoid of many released in 

Hawaii to control Ceratitus capitata (Wiedmann) (Diptera; Tephritidae).  This was until 

the unwitting release of thousands of misidentified (as Opius persulcatus) individuals of 

Fopius arisanus (Sonan) (Hymenoptera; Braconidae)  (Bess et al., 1950; van den Bosch 

& Haramoto, 1951; Weber, 1951).  

 From colony maintenance to augmentation of the population with ancestral 

individuals, the processes used to maintain parasitoid effectiveness are emphasized (but 

not often measured) to prevent inbreeding depression and the selection of ineffective 

agents  (van Lenteren, 2003; Ehler et al., 2004).  The environment within the rearing 

facility is at times an area of concern due to the absence of natural enemies, direct and 
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usually unlimited availability of food, sufficient hosts, and progressively increasing mate 

pool while decreasing genetic variability  (van Lenteren, 2003; Hufbauer & Roderick, 

2005).  Without quality control procedures to prevent especially worthless (defined 

through the efficacy of a biocontrol agent) traits from being selected, such as selection of 

lines that only function efficiently at constant temperature, mass rearing may be futile  

(Hufbauer, 2002; van Lenteren, 2003).  Despite these implemented procedures it is 

theorized that only a subset of a large release of genotypes will be able to adapt to the 

released environment and establish a population in the field (assuming the field pressures 

are far greater than those in the lab)  (Ehler et al., 2004).  

POST-RELEASE SELECTION 

Persistence and selection of undesirable traits pre and post-release can influence 

population establishment and biocontrol success in pest suppression.  Persistence of 

undesirable traits is especially apparent in comparisons of the ancestral and introduced 

populations and between allopatric populations in the release environment  (Hufbauer, 

2002).   As mentioned earlier, initial selection of the agent, and rearing in captivity, will 

impose a bottleneck.  The degree of this bottleneck will influence the degree of genetic 

drift imposed on the biocontrol agent.  Given that founder events of these biocontrol 

agents invariably lead to allopatric separation and drift, the genetic foundation that is 

initially available to adapt from is far reduced from the biocontrol agent’s ancestral 

population.  Because of this it is probable that the organisms ability to adapt to external 

biotic and abiotic factors post-release is far reduced from the ancestral population, or 

even the initial biocontrol agent collection  (Hufbauer, 2002; Ehler et al., 2004; Coyne & 

Orr, 2004; Hufbauer & Roderick, 2005).   
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One factor that has the potential to act on biocontrol agents as a selective force is 

competition.  In a study by Wang & Messing (2003) the larval koinobiont parasitoid D. 

tryoni is restricted to upper elevations in Hawaii due to competition with the much more 

successful egg-larval parasitoid F. arisanus within their common host C. capitata.  

Probably due to this interaction D. tryoni has undergone a partial host shift onto the 

tephritid gall former Eutreta xanthocaeta (Aldrich) (Diptera; Tephritidae) which itself 

was introduced as a biocontrol agent of Lantana camara (Linnaeus). Messing & Wang 

(2008) suggest that the parasitoids made the shift as the new host offered a competitive-

free space, similar conceptually to enemy-free space. This is especially interesting given 

that it has adapted to substantially different host biology (fly larvae gall vs. in soft fruits) 

possibly to avoid this competition. Given this, it is notable that some biocontrol 

researchers and theorists support the release of multiple biocontrol agents with guild 

overlap due to an increase in effective control, yet still cite their eventual niche 

divergence as essential parameters of coexistence  (Mills, 2003; Pedersen et al., 2004; 

Garcia-Medel et al., 2007; Neumann & Shields, 2008).  Given the assumption of host-

specificity this may be a viable methodology, but host-specificity of a classical biocontrol 

agent release has never been predictably measured in an evolutionary context.  

Understanding how significant competition is to the evolutionary trajectory of a 

biocontrol agent is therefore paramount. 

Here it is argued that the possibility of niche divergence is almost as important a 

parameter to test, and if possible exclude, as host specificity is for biocontrol releases. A 

classic example of competitive displacement due to direct niche overlap involves the 

sequential competitive displacement of the biocontrol agents Diachasmimorpha 
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longicaudata (Ashmead) (Hymenoptera; Braconidae) by Biosteres vandenboschi 

(Fullaway) (Hymenoptera; Braconidae) in Bactrocera dorsalis (Hendel) (Diptera; 

Tephritidae), and Psyttalia humilus (Hymenoptera; Braconidae) (Sylvestri) by D. tryoni 

in C. capitata, all of which were displaced through within host competitive exclusion by 

F. arisanus (van den Bosch & Haramoto, 1951; Bess & Haramoto, 1956; Bess & 

Haramoto, 1972). Interestingly, like D. tryoni, D. longicaudata has also been found in the 

galling tephritids E. xanthocaeta and Procecidochoris utilis  (Stone) (Diptera; 

Tephritidae) (Bess & Haramoto, 1959; Bess & Haramoto, 1972). 

Once competitive pressure influences a parasitoid to such a degree as to cause a 

partial host shift, direct competition subsides, and apparent competition between the old 

and new host may occur  (Godfray, 1994; van Nouhuys & Hanski, 2000).  Apparent 

competition, or the indirect negative association between species that do not share 

resources, is usually mediated through shared enemies  (Bonsall & Hassell, 1999; van 

Nouhuys & Hanski, 2000).  It is hypothesized to magnify the effect of the enemy through 

increased host availability (multiple hosts species to choose from) as well as a resultant 

increase in search efficiency due to an increase in host numbers  (Langer & Hance, 

2004).  In theory, this indirect competitive interaction between hosts, in combination with 

direct interaction between parasitoids, may provide a significant degree of pest regulation 

(Hudson & Greenman, 1998).  This type of host population regulation is dependent on 

the ecotypes available, and the overlap of the hosts in those ecotypes, between ecotones, 

or in allochrony  (Hudson & Greenman, 1998; Langer & Hance, 2004).  If competition is 

great, and the ecotype overlap little between host types, it becomes very likely that a 

complete host shift may occur due to direct competition.  This may cause the exclusion of 
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one of the competing parasitoid species. Therefore, niche overlap and efficiency of a 

parasitoid should be quantified and forecast to the extent possible prior to release (Wang 

& Messing, 2002).  

The idea of competitive displacement even holds true for augmentative control if 

during the captive breeding process a population is selected from the field, processed 

over multiple generations, and then released in its environ again.  As previously stated, 

this process is a laboratory selection procedure, and selects for individuals that are best 

reared in the controlled laboratory environment  (van Lenteren, 2003). Releasing large 

quantities of these organisms in the environment for augmentative control may 

essentially displace the wild populations genotype (and thus behavioral phenotype) 

through dilution, requiring re-adaptation through biotype selection in the laboratory 

reared individuals post-release (Vorsino et al., 2009). 

LANDSCAPE GENETIC ANALYSIS AND BIOTYPE SELECTION 

A combination of both biotic and abiotic constraints drives the process of 

phenotypic differentiation  (Coyne & Orr, 2004).   For biocontrol agents, only divergence 

at the micro-evolutionary resolution of populations can infer the selective pressure that is 

exerted by these theorized parameters.  Whether these parameters are biotic or abiotic the 

specific stress is usually only observed post-release, during the process of divergence  

(Goldson et al., 1992; Inglis et al., 2006; Strong & Pemberton, 2000; Barratt et al., 2010; 

Sutherst & Bourne, 2009).  Thus, to clarify landscape level or genotype ! environment 

interactions, landscape genetic associations can be quantified to infer the most applicable 

and possibly successful biotypes for release.  In order to deal with these factors, 

biocontrol practitioners introduce diverse biotypes, applying the assumption that 
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genetically variable populations will inevitably adapt to their environments  (Sawyer, 

1996; van Lenteren, 2003; Ehler et al., 2004; van Driesche et al., 1996; van Driesche et 

al., 2008).  The practice of multiple biotype introductions underscores the importance of 

post-release landscape level differentiation post, but may ignore (depending on the 

system), key variables that cause the specific differentiation in any given environment 

with any given agent  (Barratt et al., 2010). Consequently, the current manner of 

biocontrol selection, application and release does not involve any great degree of 

genotype ! environment habitat suitability comparisons or model predictions based on 

the genetic structure of the biotypes.   

The use of habitat suitability modeling programs (i.e.,  WOFE, MAXENT, GARP, 

CLIMEX, BIOCLIME,) is pervasive in weed biocontrol, but is not used extensively in 

insect biocontrol  (Busby, 1991; van Sickle, 1992; Kemp et al., 1999; Stockwell, 1999; 

Senaratne et al., 2006; Gutierrez & Pizzamiglio, 2007; Peterson et al., 2007; Klass et al., 

2007; Brown et al., 2008; Wyckhuys et al., 2009).   Of those modeling options, CLIMEX 

and BIOCLIME are often used and focus primarily on abiotic climatic factors.  The other 

software is capable of using both climatic, and biotic characteristics in their predictions 

(for example Landsat thematic mapping of land cover characteristics) (Hernandez, 

Graham et al., 2006; Yesson & Culham, 2006; Peterson et al., 2007; Robertson et al., 

2008).  In a paper by Goolsby et al. (1999) evaluating biocontrol of Bemisia tabaci 

following release in the United States, predictions of possible regional biocontrol 

differences were conducted between the U.S. and Australia. Their results suggested 

regions that may contain biotypes of interest, but also implied the necessity to understand 
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local biotic and abiotic variability to better identify regionally or locally successful 

agents.  

With the increased oversight currently associated with insect biocontrol, precise 

regional comparison and selection should be incorporated into the exploratory and risk 

analysis processes at a resolution capable of inhibiting regional differentiation  (Goolsby 

et al., 2005; Barratt et al., 2010).  In a meta-anlaysis conducted by E. Wajneberg  (Ehler 

et al., 2004) genetic variability of biotypes was significantly associated with host habitat 

selection.  This indicates that selection of biotypes associated with the habitat similar to 

those of the release area would be optimal.   Hence, habitat suitability comparisons are 

essential to the prediction of current and long-term success of a biocontrol agent.  These 

models should be comprised of a number of habitat and climate descriptors significantly 

associated with the system of interest.  To define biotypes, and thus predict suitable 

collection locations, these descriptors are crucial (Robertson et al., 2008; Barratt et al., 

2010).  By incorporating Geographical Information System (GIS) comparisons to the 

initial biocontrol search, and reviewing parasitoid and host regional habitat similarity 

indices, whether they be biotic or abiotic, more predictable evolutionary trajectories can 

be inferred for both short and long term biocontrol release and management.  This is 

especially true for systems not primarily associated with agro-ecosystems, such as 

biocontrol applied in conservation areas or agricultural pests with hosts outside the agro-

ecosystems; within these systems habitat type is usually more variable. 



 17 

CONCLUSION 

Biocontrol practitioners should understand the selective pressures that may affect 

biocontrol agent differentiation, grasp the significance of each selective pressure and 

appreciate that genetic variability allows organisms to adapt to these selective pressures  

(Ehler et al., 2004).   The significance that each selective pressure has on the 

genotypes/phenotypes of individual taxa, and how this knowledge may help to refine 

biocontrol techniques has yet to be elucidated.   

The release of a highly genetically variable group of organisms (i.e.,  organisms 

from multiple biotypes) for classical biocontrol may be imprudent  (Howarth, 1991; 

Hudson & Greenman, 1998; van Lenteren, 2003; Ehler et al., 2004; Barratt et al., 2010).  

While these organisms are able to adapt more readily, this adaptation takes place 

primarily in the laboratory, combined with genetic drift  (Ehler et al., 2004; Hufbauer & 

Roderick, 2005). Rather, it may be more appealing to select from a genetically defined 

biotype that has previously adapted to precisely defined environmental conditions very 

similar to those of the site of introduction.  This would reduce the amount of genetic 

variability needed for release to a degree that mirrors that of the ancestral biotype’s 

population.  Conversely, the selection of suitably adapted organisms’ means nothing if 

the wild population is swamped with a population of maladapted or differentially adapted 

organisms (i.e., during inundative augmentative control). This wild type swamping 

increases the likelihood of chance completely changing the genotype of a population 

through dilution (due to a Reverse Bottleneck) of the wild type with the laboratory type  

(Vorsino et al., 2009).  In this case, appropriate levels of diversity for release would again 

be those levels that mirror the augmented wild populations. 
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With the current laudable but deficient approaches in predicting and reducing the 

possibility of biocontrol agent differentiation it should be of great interest to the 

biocontrol community how (and whether) basic risk assessments of biocontrol agents 

may change through space and time.  Post-release, these spatial or temporal adjustments 

may alter the release outcomes, and their degree of direct predictability and 

interpretation.   Whether or not post-release changes can be predicted is left to debate, but 

given application of selection theory it is likely to be a problem of allopatry and 

competition if host specificity of the biocontrol agent is initially defined  (van Lenteren, 

2003; van Driesche et al., 2008; Stern & Orgogozo, 2009).  Though competitive and 

environmental similarity indices are invaluable to biocontrol theory and practice, 

especially for developing risk theory, the reality is that there is a lack of both regional and 

species based information available during the process of biocontrol agent selection and 

release  (Hochberg & Ives, 2000; Guo, 2006).  With the ever-increasing amount of 

information available this will hopefully change, with that change the biocontrol 

community requires moldable but definable standardization based on the available data.  

Standardization that may not only lead to direct breakthroughs in biocontrol practice, but 

also to more definable characteristics of a useful, successful, and viable (through space 

and time) biocontrol agent.     
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CHAPTER 2 

ISOLATION AND CHARACTERIZATION OF 12 MICROSATELLITE LOCI FROM THE FRUIT 

FLY (DIPTERA: TEPHRITIDAE) PARASITOID DIACHASMIMORPHA TRYONI 

(HYMENOPTERA: BRACONIDAE) 

INTRODUCTION AND RESULTS 

The Opiine braconid parasitoid Diachasmimorpha tryoni (Cameron) was first 

described in 1911 as a parasitoid of the Queensland fruit fly (Bactrocera tryoni) in 

Australia. It was collected in New South Wales in 1913 for importation to Hawaii to 

control the Mediterranean fruit fly, Ceratitis capitata (Wiedemann) (Bess & Haramoto, 

1959). D. tryoni, an economically important koinobiont larval endo-parasitoid, is used for 

tephritid biological control and has been exported from Hawaii for release in Guatamala, 

Mexico, Puerto Rico and Florida to control pest tephritids from the genera Ceratitis and 

Anastrepha  (Carmichael et al., 2005).  Interestingly D. tryoni has been found to attack 

non-target Tephritidae species, possibly as a result of competitive exclusion by the more 

successful egg-larval parasitoid Fopius arisanus (Bess & Haramoto, 1972, Wang & 

Messing, 2003).  As a basis to investigate the genetic structure associated with 

populations of D. tryoni within Hawaii, I isolated and characterized 12 polymorphic 

microsatellite loci. 

Microsatellites were isolated according to the protocols of LeRoux & Wieczorek 

(2007).  DNA from ~ 50 mg of laboratory bred D. tryoni provided by the United States 

Department of Agriculture Pacific Basin Agricultural Research Center (USDA-PBARC) 

Manoa facility was extracted using the Qiagen DNeasy extraction kit.  Digestion of the 

genomic DNA was then completed using the restriction enzymes AluI, RsaI, HaeIII and 



 20 

HincII while simultaneously ligating the SNX oligonucletide linkers to the DNA 

fragments (Hamilton, Pincus, Di Fiore & Fleischer, 1999).  Biotynilated oligonucleotide 

probes ((AAC)8, (AAT)8, (GC)12 and (GT)12) were then hybridized to the digested 

fragments.  The probes were joined to streptavidin coated magnetic beads, and the DNA 

associated with the probes was extracted from the total DNA.  The beads were washed 

and the weakly bound fragments removed.  Enriched DNA was recovered following a 

polymerase chain reaction (PCR) with the SNX forward primer, and purified using the 

QIAquick PCR purification kit (QIAGEN).   The fragments were then digested with NheI 

for 3 hours at 37oC and the digested product was ligated into pUC19 at the XbaI site.   

The fragments were transformed into MAX Efficiency® DH10B™ Competent Cells 

using the Invitrogen  (2006) protocol. Colonies were cultured overnight at 37oC, 

transferred onto a nylon membrane, then lysed and screened using digoxygenin-labeled 

(AAC)8, (AAT)8, (GC)12 and (GT)12 probes. 

Following the identification of transformed clones, the plasmid inserts of 122 

bacterial colonies were amplified using the universal M13 primer set.   The products were 

purified using the QIAquick PCR purification kit (QIAGEN) and sequenced on an ABI 

3730XL sequencer. Only 37 of 122 fragments contained either microsatellite sequences 

suitable for population studies and/or flanking region(s) of adequate size for primer 

design. The program FASTPCR (Kalenderet al., 2009) was used to design PCR primers 

for the 37 microsatellite loci after removal of the SNX fragment from the flanking 

regions.  Temperature optimization of the PCR amplification using an annealing gradient 

of 50 – 62oC was implemented on an MJ Research PTC-200 thermocycler using the 10 ul 

HotMasterMix protocol in which 6 uL master-mix is mixed with 7.5 pmol of each primer 
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and 5-10 ng genomic DNA (Brinkman Instruments Inc.).  Twenty-six of the 37 

microsatellite loci successfully amplified.  Initial polymorphism detection was conducted 

using the Agilent 2100 Bioanalyzer Lab Chip (Agilent Technologies Inc.) in which the 

PCR products for 12 individuals from three different populations were run per locus.  

Twelve of the 26 loci initially amplified were deemed suitably polymorphic and distinct 

to assess population level variation. Following the assessment of loci polymorphism, 

forward primers were fluorescently labeled with HEX, NED or 6-FAM (Integrated DNA 

Technologies, Inc,), depending on their nucleotide makeup and/or degree of separation. 

All primers were re-optimized post fluorescent labeling using the Qiagen multiplex PCR 

kit (QIAGEN) following QIAGEN multiplex PCR Handbook protocols  (Qiagen Inc., 

2008).   

To better assess allelic variation, genomic DNA from two distinct D. tyroni 

populations was collected and analyzed.  Genomic DNA was extracted using the Qiagen 

DNeasy kit from female D. tryoni (N = 30) collected in the field from the host C. capitata 

in the Kipuka Ki area of Hawaii Volcano National Park (HVNP); and from a USDA 

laboratory population (N = 30), reared on C. capitata at the USDA Manoa facility for 

~200 generations (denoted in Table 2.1 as POP 1 and 2 respectively).   The loci were 

separated into three multiplex sets and amplified in 10 uL reaction volumes containing 

4.8 µL Qiagen multiplex mastermix (HotStarTaq DNA polymerase, Multiplex PCR 

buffer and dNTP’s), 0.2 µ" of each primer, 0.4 µL of ddH20 and 2.4 µL of template. An 

initial denaturation and HotStarTaq activation step of 95oC for 15 min. was followed by 

40 cycles of 94oC for 30 sec., a locus specific annealing temperature for 90 sec. and 72 oC 

for 60 seconds. The final extension was conducted at 60oC for 30 min. per manufacturer’s 
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recommendation (Qiagen Inc. 2008).  All samples were genotyped on an ABI 3730XL 

DNA sequencer (PE Applied Biosystems).  GENEMARKER version 1.7  (Softgenetics Inc, 

2007) was used to define alleles and genotype individuals relative to the Genescan 

LIZ500 size standard (PE Applied Biosystems).   

Using the population genetics program GENEPOP version 4.0  (Rousset, 2008), 

expected and observed heterozygosity, Hardy-Weinberg equilibrium (HWE) and Linkage 

Disequlibrium (LD) were tested for each locus.  Table 2.1 summarizes the characteristics 

of the 12 isolated microsatellite loci and their associated primer sequences.  Given that 

this is a haplo (male)/diploid (female) organism, only females (diploids) were used in this 

analysis. The number of alleles detected for the 12 microsatellite loci ranged from 3 to 

14, whereas the expected and observed heterozygosities were quite variable depending on 

the population sampled (see Table 2.1). Four loci deviated from HWE over both 

populations tested after Bonferroni correction in FSTAT (Goudet, 2001).  Significant LD 

was detected for only two pairwise comparisons (Dt165 vs. Dt7; and Dt65 vs. Dt177) 

after sequential Bonferroni correction conducted in FSTAT (Goudet, 2001).  Increased 

incidence of LD is to be expected in haplodiploid insects because the rate of 

recombination is lower than in primarily diploid organisms (Hedrick & Parker 1997). I 

successfully amplified 10 of the 12 loci in lab-reared specimens of the congener D. 

kraussii (Table 2.2).  

 These microsatellites will be effective in assessing the genetic structure of D. 

tryoni in Hawaii, and may help reveal possible mechanisms that affect differentiation of 

Biological Control agents once released into a new environment. 
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TABLES AND FIGURES 

Table 2.1: Polymorphic microsatellite loci isolated from Diachasmimorpha tryoni. 

Loci names, repeat motif, fluorescent dye used to label the forward primer, primer 

sequence (F and R), optimal annealing temperature, number of alleles, mean 

observed/expected heterozygosities for two populations (Kipuka Ki = pop 1 and Lab-

reared = pop 2) and GenBank Accession numbers are denoted for each locus.  Those loci 

that show significant deviation from Hardy- Weinberg equilibrium and presence of null 

alleles using * and ø respectively.  Significant null allele estimate frequencies (in 

parenthesis) are base on Brookfeild 1 estimates completed in the Micro-checker software. 
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TABLE 2.1 
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Table 2.2. Eight of the 12 novel microsatellite loci successfully amplified in the 

congener population of Diachasmimorpha kraussii reared in captivity for ~200 

generations.  The table indicates the loci names as previously defined, the repeat motif, 

the amplified allele size range, the number of females (diploid) amplified, the number of 

alleles per loci, and the observed and expected heterozygosities per loci.  Three 

polymorphic loci amplify within D. kraussii. 
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CHAPTER 3 

METAPOPULATION ANALYSIS OF THE PURPOSEFULLY RELEASED PARASITOID, 

DIACHASMIMORPHA TRYONI (CAMERON)(HYMENOPTERA; BRACONIDAE), REVEALS 

TEMPORAL AND GEOGRAPHIC EVOLUTIONARY PATTERNS 

 
INTRODUCTION 

The deliberate introduction of biological control agents to manage invasive pests 

has been practiced in the United States for more than a century (van Driesche et al., 

2008).  These controlled releases have helped to prevent billions of dollars in damage to 

high value crops, other resources in the U.S., and around the world.  The average 

cost/benefit ratio for biological control programs has been estimated to be about 1:250 

(Bale et al., 2008).   Despite this overall net benefit, many opponents of biocontrol argue 

that its use should be avoided given that any classical biological control release is 

essentially an assisted invasion (Funasaki et al., 1988; Howarth, 1991).  Both opponents 

and advocates use historical instances of attack on non-target hosts as catalysts to develop 

of more specific and predictable techniques (Howarth, 1991; Simberloff & Silling, 1996; 

Louda et al., 1997; Messing & Wright, 2006).   

To allay some of these concerns, risk assessment approaches that address host 

specificity and basic organismal biology in relation to the target pest have been 

developed and implemented (Bigler et al., 2006; Messing & Wright, 2006; Barratt et al., 

2010).  Except for initial host range testing, these approaches do not account for the 

evolutionary dynamics that may occur due to direct or indirect ecological interactions. 

Here, the effects of ecological and historical interactions upon a biocontrol agent are 

described.  To elucidate these interactions evolutionary analyses at several time scales 
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and in comparison with their ancestral populations are used.  Thorough understanding of 

the ecological genetics of introduced biocontrol agents is not only critical to successful 

introductions, but also to a reduction in potential non-target impacts  (van Lenteren, 

2003).    

Classical biocontrol introductions are characterized by the separation of a cohort 

with its ancestral meta-population (van Driesche et al., 2008).  The separation of this 

cohort from its ancestral population may lead to the divergence of separate evolutionary 

lineages due to a reduction of genetic variation and a lack of gene flow (i.e., founder 

effect) (Mayr 1954).  Thus, when considering the evolutionary trajectory of introduced 

biocontrol agents, it is not a matter of if agents differentiate from the ancestral 

populations, but rather a question of how, when, why, and how much they diverge   

(Roderick & Navajas, 2003; Hufbauer & Roderick, 2005).  

  In this study the possible processes that may have influenced an arrhenotokous 

parasitoids (Diachasmimorapha tryoni (Cameron) (Hymenoptera; Braconidae)) 

evolutionary trajectory following its introduction into the Hawaiian archipelago ~100 

years ago are evaluated. To quantify how D. tryoni may have evolved the evolutionary 

trajectory within Hawaii using both recently and historically collected specimens is 

examined. Both maximum likelihood and haplotype analysis of the COI & II genes were 

used to define the magnitude of the relationship between Hawaii and Australia.  Using 

microsatellites to better resolve these relationships population membership of temporally 

grouped individuals was inferred using a Bayesian clustering methodology.  The 

relationship of the ancestral Australian and introduced Hawaiian meta-populations and 

the influence geographic and temporal space have on Hawaiian meta-population structure 
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was further assessed.  Historical factors (i.e., introduction, competition, host range 

expansion) were correlated to to genetic structure to assess there influence on D. tryoni 

post-release. This analysis attempts to understand the evolutionary dynamics that may be 

influencing D. tryoni in Hawaii, and by association, biocontrol agents elsewhere.  By 

doing so it is hoped to help resolve how evolutionary processes can be predicted and how 

these predictions can be applied in a tangible form to biocontrol theory and practice.  
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MATERIALS AND METHODS 

SPECIES DESCRIPTION 

Diachasmimorpha tryoni was first described in 1911 as a parasitoid of the 

Queensland fruit fly, Bactrocera tryoni (Froggatt)(Diptera; Tephritidae), in Australia  

(Carmichael et al., 2005; Ramadan et al., 1989).  It was collected in ~1913 by H.A. 

Silvestri from New South Wales for importation to Hawaii to control a large outbreak of 

C. capitata (Wiedemann)(Diptera; Tephritidae).  Only seven wasps (four females and 

three males) survived the voyage (Pemberton, 1964). After an unsuccessful captive 

rearing effort and fearing colony loss, nine wasps were released in a C. capitata infested 

coffee plantation on the Kona coast of Hawaii. From this small founding population the 

statewide distribution of D. tryoni descended (Pemberton, 1964). 

This introduction proved to be partially effective, resulting in reduced infestation 

of medflies in coffee, and displacing a less effective parasitoid, Psyttalia humilus 

(Silvestri)(Hymenoptera; Braconidae), introduced from Africa around the same time as 

D. tryoni (Pemberton, 1964).  Fopius arisanus (Sonan)(Hymenoptera; Braconidae), an 

egg/larval parasitoid released (inadvertently as Opius persulcatus) in ~1949 to control 

Bactrocera dorsalis (Hendel)(Diptera; Tephritidae) was later found to out-compete D. 

tryoni within C. capitata, and seems to have reduced the range of D. tryoni in the islands  

(Mainland et al., 1950; van den Bosch & Haramoto, 1951; Wang & Messing, 2003; 

Wang & Messing, 2004; Wang et al., 2008).  Approximately a decade after the 

introduction of F. arisanus, it was noted anecdotally that the larvae of a tephritid gall-fly 

introduced from Mexico as a weed biocontrol agent, Eutreta xanthochaeta (Aldrich) 

(Diptera; Tephritidae), was parasitized by D. tryoni in the field  (Bess & Haramoto, 



 30 

1959). E. xanthochaeta  and D. tryoni have no historical evolutionary association and 

were both brought to the archipelago as biocontrol agents (Mainland et al., 1950; Bess & 

Haramoto, 1959; Wong et al., 1991; Duan et al., 1998).  

POPULATION SAMPLING AND REARING 

AUSTRALIAN POPULATIONS: COLLECTION  

Contemporary and museum specimens of Australian D. tryoni from eight 

locations (Appendix A, Table A.1) were collected and analyzed.   Contemporary 

Australian specimens were collected from putative ancestral populations of D. tryoni by 

Dr. Russell Messing and Jennifer Spinner in New South Wales (NSW) Australia 

(Gosford, Cootamundra and Wagga Wagga). Museum specimens were obtained from the 

Australian National Insect Collection (ANIC) in Canberra, Australia and the Bishop 

Museum (BM) in Honolulu.   All collections of Australian contemporary and museum D. 

tryoni were from ripe fruits of Solanum sp., Prunis persica, Eriobotrya japonica, or 

Schizoceria ovata, and were parasitoids of either C. capitata or B. tryoni.   

HAWAIIAN POPULATIONS:  COLLECTION 

A total of 272 contemporary and historical Hawaiian specimens were used in this 

analysis (Appendix A, Table A.2). Field collected D. tryoni from each of the major 

Hawaiian Islands (Hawaii, Kauai, Oahu, Maui, and Molokai; see Fig. 3.2) were obtained 

from both target and non-target hosts. Hawaii museum specimens were obtained from the 

Bishop Museum, the Australian National Insect Collection, the Hawaii Department of 

Agriculture (HDOA) and the University of Hawaii at Manoa Insect Museum (UHIM).    
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REARING METHODS 

Contemporary collections of extant parasitoids were reared from ~ 1400 lbs. of 

ripe and overripe fruit (weight estimated pre-larval extraction ~ 50 – 100 lb./collection). 

Fruit of Coffea arabica, Solanum pseudocapsicum, Prunis persica, Eriobotrya japonica, 

Mangifera indica, Psidium cattleianum, Psidium littorale, Eugenia uniflora, Diospyros 

discolor, Solanum torvum, and Diospyros blancoi were harvested when presence of 3rd 

instar tephritid larvae (C. capitata in Hawaii, B. tryoni and C. capitata in Australia) was 

confirmed.  Approximately 3,600 E. xanthochaeta galls were collected from Lantana 

camara and 526 from Stachytarpheta jamaicensis over a three-year period (2005 – 2008). 

Larvae were reared from ripened fruit and allowed to pupate and develop using 

the methods of Vargas & Nishida (1989) and Etiam & Vargas (2007). Pupae were stored 

in 150mm Petri dishes on a ~0.2 cm bed of moistened sand to prevent desiccation for one 

month or until complete emergence.  All ripening fruit and pupae were stored and reared 

at 26oC ± 2oC and 60 – 80% RH. 

E. xanthochaeta larvae were extracted and reared using the methods of Duan et 

al. (1998).  After emergence, taxonomic identification of D. tryoni was performed using 

the key of Carmichael et al. (2005).  Where possible collections were made from both C. 

capitata in ripened fruit, and E. xanthochaeta in L. camara, and/or S. jamaiciensis.  

Recent and historical Hawaiian and Australian collections from E. xanthochaeta or C. 

capitata can be seen in the Appendix A, table A.2.  Upon emergence, all D. tryoni used 

for this analysis were stored at -20oC until DNA extraction. 
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 COLONY MAINTANENCE 

Contemporary insectary-reared individuals of D. tryoni were obtained from 

colonies reared at the United States Department of Agriculture Pacific Basin Agricultural 

Research Center (USDA-PBARC) Manoa facility for ~20 years or # 240 generations.  

Also, preserved (in 70% EtOH) insectary reared individuals collected June 30th, 1983 

were acquired from the personal collection of Dr. Mohsen Ramadan, HDOA.  

Diachasmimorpha kraussii (Fullaway), a congeneric Opiine tephritid parasitoid, was 

used in this analysis as an out-group.  D. kraussii individuals were obtained from 

contemporary Australian collections by Dr. Russell Messing. 

DNA EXTRACTION 

   Total genomic DNA was isolated from each specimen using the DNeasy Blood and 

Tissue kit insect DNA extraction protocol (Qiagen, Inc., Valencia, CA).  In museum 

specimens, DNA was primarily extracted from legs  (Watts et al., 2007).  If multiple 

museum individuals from the same population were available, whole body extractions 

were performed using a non-destructive immersion extraction technique (Thomsen et al., 

2009).  These specimens were immersed without maceration in a 180 µL ATL and 20 µL   

proteinase K  solution and then allowed to incubate in a hot water bath at 55oC for 12 hrs.   

DNA extraction from the solution’s supernatant followed the DNeasy Blood and Tissue 

kit insect DNA extraction protocol (Qiagen, Inc., Valencia, CA), as mentioned above.     

SEQUENCE AMPLIFICATION AND PHYLOGENETIC ANALYSIS 

 To help in the assessment of population differentiation, areas of the mitochondrial 

genes Cytochrome Oxidase I & II (COI & II) were amplified and sequenced.  The regions 

were amplified using primer sets developed by Baer et al. (2004) for the contemporary 
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collections (Table 3.3).  COI & II regions in museum specimens were amplified using 

primers developed in this study from the concatenated sequences of the contemporary 

collections in BIOEDIT vers. 7.05 (Hall, 1999).  They were developed in such a way as to 

amplify between 1 – 200 bp of the individual regions to account for DNA degradation 

and allow crossover for concatenation and alignment.  All amplifications were conducted 

using the highly specific and sensitive Qiagen multiplex mastermix (HotStarTaq DNA 

polymerase, Multiplex PCR buffer and dNTPs). As in the microsatellite amplification, an 

initial denaturation and HotStarTaq activation step of 95oC for 15 min. was followed by 

40 cycles of 94oC for 30 sec., an annealing temperature specific to each primer pair 

(Table 3.2) for 90 sec. and 72 oC for 60 seconds. A final extension was conducted at 72oC 

for 2 minutes.  All samples were sequenced at the Advanced Studies of Genomics 

Proteomics and Bioinformatics facility at the University of Hawaii at Manoa on an ABI 

3730XL.  Sequences were concatenated and aligned using BIOEDIT vers. 7.0.5  (Hall, 

1999) and CLUSTAL W  (Thompson et al., 994).  Although measures were taken to ensure 

optimal amplification, in many museum individuals the amplified mitochondrial regions 

were too degraded to amplify. DNA degradation is apparent due to the age of many of the 

specimens; concatenated sequences are not consistently the same length (135–1420 bp 

from COI+II).    

To define population-based genealogies between Hawaii and Australia the 

program TCS vers. 1.21 (Clement et al., 2000) was used.   TCS collapses sequences into 

haplotypes using statistical parsimony by estimating the differences between haplotypes 

as a result of single substitutions using a 95% statistical confidence level (Templeton et 

al., 1992; Posada & Crandal, 2001).    In this analysis the haplotype network was defined 
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using the default 0.95 TCS setting to assess COI & II sequence relationships.  The 

haplotype map was created from 62 D. tryoni and ! 1420 characters.  Missing data was 

not used as phylogenetically informative.  

To corroborate and clarify the haplotype analysis the Maximum likelihood tree-

building program PhyML (Guindon & Gascuel, 2003) was used.  PhyML uses a hill-

climbing heuristic algorithm to estimate large phylogenies based on the Maximum 

likelihood approach  (Guindon & Gascuel, 2003).  The current implementation used for 

this analysis, can be executed online via a cloud-computing interface 

(http://atgc.lirmm.fr/phyml/). All aligned sequences (contemporary and museum) were 

used in the analysis.  Due to the age of many of the specimens, concatenated sequences 

are not consistently the same lengths due to DNA degradation (135–1420 bp from 

COI+II).   The GTR substitution model, estimated via JMODELTEST,  (Posada, 2008; 

Guindon et al., 2009) was used in this analysis to account for rates of nucleotide 

evolution.  The equilibrium frequency was set to fixed while the proportion of invariable 

sites and the gamma distribution parameters were estimated. Missing data were not used 

as phylogenetically informative sites.  1000 bootstrap replicates was used to estimate 

topology significance within PhyML, the alignment contained 66 taxa and ! 1420 

characters.  Four individuals representing two populations (Australia and Kauai) of the 

congeneric D. kraussii, were used as the outgroup for this analysis.  A haplotype map was 

incorporated with this analysis to better visualize the data. 
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MICROSATELLITE AMPLIFICATION AND ANALYSIS 

Microsatellite loci isolation and DNA library construction were developed and 

characterized as described in Consortium et al. (2010).  Two polymorphic microsatellite 

loci developed for Diachasma alloeum (Muesebeck)(Hymenoptera; Braconidae) by 

Forbes et al. (2008) were successfully amplified and genotyped in D. tryoni (genebank 

accession numbers EF998866 and EF998869).  A total of 14 loci were amplified in the 

contemporary specimens (those collected between 2004 – 2008) to assess contemporary 

meta-population dynamics.  All microsatellites used in this analysis were polymorphic di- 

and tri- nucleotide repeats (Consortium et al., 2010).  In all analyses of museum 

specimens 10 loci that were less than 300 bp consistently amplified in all individuals, so 

these loci were used for any comparison between recent and historical clusters.  

Following the protocols of Lozier & Cameron (2009), all museum specimen analyses 

were amplified and re-genotyped three times to reduce the effect of null alleles on the 

analysis, and increase predictive ability. 

GEOGRAPHIC, GENETIC, AND TEMPORAL STRUCTURE ANALYSIS 

 GENELAND vers. 3.2.1 is an R-based landscape genetics application that uses 

Bayesian cluster analysis to identify population membership and spatially explicit genetic 

discontinuities by means of Voroni tessellations   (Guillot et al., 2005).  GENELAND is 

able to estimate the number of populations (K) when unknown, and seeks out populations 

that fulfill the parameters defining Hardy Weinberg Equilibrium (HWE) and Linkage 

Equilibrium (LE).  The modeling approach corrects for the presence of null alleles and 

allows for the analysis of allele frequency models that are correlated or uncorrelated 

between populations, to better identify subtle differentiation  (Guillot et al., 2008).        
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Parameters within GENELAND were set such that locus specific allele frequencies 

are correlated across all populations (Guillot et al., 2008). Given that this data is spatially 

explicit, GENELANDS ability to model the inferred populations geographically using the 

spatial parameter was used.  The number of MCMC iterations was set to 500,000 with a 

thinning of every 1000, as recommended by Guillot et al. (2008).  Because the historical 

collections have a greater uncertainty and overlap in their collection location than do 

contemporary collections, a distance-based correction was applied to each model to help 

increase the predictive ability of the analysis and predict temporal overlap of populations.  

This coordinate uncertainty also helps to define populations in mobile individuals and can 

be interpreted as a home space rather than location.   To correct for the uncertainties of 

mobility and specificity in and around collection localities, coordinate uncertainty was set 

in GENELAND to two, corresponding to two World Geodetic System 1984 (WGS84) 

decimal degrees (Guillot et al., 2009). Ten independent runs were conducted per model.  

As recommended by Guillot et al. (2008) the run with the highest population posterior 

probability was used to assess population differentiation and origin. All maps were input 

in ARCMAP vers. 9.3  (ESRI Inc., 2008) and modified to reflect landmass overlap.  

Maps were initially input into ARCMAP using the probable population 

membership per pixel readout from GENELAND.  The text file was converted into a 

shapefile format and a Universal Kriging analysis, based on each pixel’s population 

membership, was generated.  The generated raster file was then converted into an integer 

shapefile format.  The files were clipped to show terrestrial population membership based 

on a digital elevation model (DEM) of the Hawaiian archipelago.   
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 In this study a total of four GENELAND analyses made to reflect time periods of 

importance defined through known historical pressures are presented(Figure 3.2 & 

Appendix B Fig. B.2 A-C).  The maps estimate total, time period based, and 

contemporary differentiation.  Time frame separations were compiled to reflect historical 

instances of importance for D. tryoni in Hawaii, which include introduction to Hawaii 

(<1950), pre- and post-competitor release (1950-1980) and post augmentative release 

(>1980). Analyses of the contemporary collections (2004-2008) were conducted 

separately to assess the current distribution of D. tryoni in Hawaii using all 14 

microsatellite loci.    

Time frame differentiation estimates (pre-1950, 1950-80, and >1980) were run in 

the population genetic clustering program STRUCTURE vers. 2.3.3  (Falush et al., 2007) in 

combination with Australian derived contemporary and museum specimens.  This 

analysis was used to estimate divergence from the ancestral population.  In STRUCTURE, 

parameter sets were defined that best describe the data and allow $ (Dirichlit Parameter 

for Degree of Admixture) convergence  (Evanno et al., 2005).  A burn-in period (for 

reliability) of 100,000, in combination with a run length of 500,000 Markov Chain Monte 

Carlo (MCMC) replicates was performed  (Pritchard et al., 2002).   The population 

structure was defined based on initial population information (Australia/Hawaii) since 

individuals were assumed to have mixed ancestry due to recent immigration   (Falush et 

al., 2003). Parameters were set before each run to estimate K (the genetic population 

structure) between one and ten.  Ten replicates of each K estimate were performed 

(Falush et al., 2003; Pritchard et al., 2002). The model with the highest posterior 

probability was further analyzed. 
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ANALYSIS OF PREDICTED POPULATIONS 

To corroborate, and further clarify GENELAND and STRUCTURE analyses, GENEPOP 

web vers. 4.0.1 was used   (Roussett, 2008; Raymond & Rousset, 1995).  Specifically, 

GENEPOP  was used to assess differentiation of all GENELAND and STRUCTURE HWE/LE 

defined populations.  The GENEPOP default Markov Chain Monte Carlo (MCMC) 

parameters of 1000 de-memorization steps combined with 100 batches and 1000 

iterations per batch was set   (Roussett, 2008).   An unbiased measurement of the p-value 

was calculated for each estimate testing the null hypothesis : alleles or genotypes 

(depending on whether its a genic or genotypic test) are drawn from the same distribution 

of allele/genotype frequencies in all populations.  A Fisher’s exact probability test was 

used to calculate the significance of each comparison to assess genotypic differentiation 

between populations. For all pair-wise population comparisons a Bonferroni correction 

was applied to correct for type I error   (Roussett, 2008).    All F statistics (Fst, Fis) were 

estimated using Weir & Cockerham’s (1984) analysis of variance, and thus use the 

infinite allele model (IAM) to estimate differentiation   (Raymond & Rousset, 1995).  

This methodology is considered a conservative estimate of overall microsatellite 

genotypic differentiation  (Lowe et al., 2004).  Rhost was used in combination with the 

associated inbreeding coefficient Ris, in GENEPOP (Michalakis & Excoffier, 1996) to 

compare the conservative Fst estimates with this less conservative estimate of 

differentiation. The Rhost estimate uses the stepwise mutation model (SMM) of 

molecular evolution, defined for microsatellites to estimate population divergence (Lowe 

et al., 2004). 95% confidence intervals of Fst and Rhost over 1000 bootstrap replications 

were calculated in FSTAT VERS. 2.9.3.2 (Goudet, 1995) and RSTCALC VERS.  2.2 
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(Goodman, 1997).  The average frequency of private alleles (p(1)) and the observed 

within-population and expected total heterozygosity (HO and HT respectively) are 

reported as measures of genetic diversity (Nei, 1973).  Throughout this analysis the more 

conservative Fst measurements are emphasized to try and reduce any Type I error 

associated with the inferences.   

The >1980 predicted populations was tested for association of the hosts C. 

capitata or E. xanthochaeta (see Appendix A table A.2) using the Fishers exact test of 

independence as analyzed in the R statistical application R COMMANDER (FOX, 2005). 

INTER-INDIVIDUAL ISOLATION BY TEMPORAL AND GEOGRAPHIC DISTANCE 

In the ISOLATION BY DISTANCE WEB SERVICE (IBDWS) vers. 3.15 (Jensen et al., 

2005) full and partial Mantel tests were calculated in combination with Residual Major 

Axis (RMA) regression to assess the degree and significance of meta-population Isolation 

by Distance (IBD) (Slatkin, 1990; Bohonack, 2002).   RMA regression quantifies the 

strength of the IBD relationship through slope and intercept analysis and estimates 

significance using a bootstrap methodology (Bohonack, 2002).   Inter-individual genetic 

distance was quantified in GENEPOP using Rousset’s (1997; 2000) differentiation 

estimator (a).  Because the algorithm used to estimate genetic distance might infer 

biologically irrelevant negative values between highly similar individuals, all negative 

values were set to zero to better reflect inter-individual relationships  (Bentounsi & 

Cabaret, 1999).   The a estimator was compared with matrices of geographic and 

temporal distance between each individual to better assess important micro-evolutionary 

patterns that may be affecting D. tryoni. A one-dimensional stepping-stone model 

(Kimura & Weiss 1964), where the habitats length is more than half its width (Rousset, 
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1997), seems to characterize the complete habitat distribution of D. tryoni across the 

Hawaiian Islands.  As such, the untransformed IBD estimation parameters were used as 

recommended by Rousset (1997) to calculate the inter-individual IBD.   Additionally, the 

partial Mantel tests were computed in IBDWS to control for either geographic or 

temporal distance while measuring the influence of the other.  In IBDWS 10,000 

randomizations were used to assess significance of the partial and complete Mantel tests 

where the null hypothesis is that r ! 0 (Jensen et al., 2005).   
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RESULTS 

SEQUENCE ANALYSIS 

 The TCS haplotype network infers a museum haplotype that may be Hawaii 

specific, but the significance is questionable given that it is only a single individual. 

Three haplotypes predicted from Hawaii fall outside the main Hawaiian/Australian 

haplotype, two of which seem regionally unspecific and are genealogically associated 

with the Australian haplotypes (Fig. 3.1).  Most of the recently and historically collected 

Hawaiian specimens fall into a single clade associated with Australian specimens.  This 

haplotype contains most of the specimens and is descriptive of Hawaiian D. tryoni. 

Australian haplotypes are far more numerous, as would be predicted given that this is D. 

tryoni’s native range (Fig 3.1)  

 Two monophyletic clades are defined by the maximum likelihood analysis (Fig. 

3.1, Appendix B, Fig. B.1). All Hawaii individuals, both contemporary and museum, as 

well as some recent Australian collections are members of clade I. Australian specimens 

make up the second clade. Given that some contemporarily collected Australian 

specimens fall within clade I, it is plausible to argue ancestral maintenance of the COI+II 

region within Hawaii. Maximum likelihood analysis did not corroborate the 

independence of the three haplotypes that originated from single museum specimens and 

are independent of any recent or historical, Hawaiian or Australian collection. 
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GENELAND/GENEPOP TIME PERIOD ANALYSIS 

CONTEMPORARILY COLLECTED SPECIMENS (2004-2008) 

As shown in Table 3.3 moderate and significant levels of genetic differentiation 

for both Fst and Rhost were for specimens collected from 2004 - 2008.  The observed 

level of genetic diversity (HO = 0.418) was lower than what was expected under HWE  

(HE = 0.592) as implied by the inbreeding coefficient values (Table 3.3).  A total of 9 

populations are predicted but this prediction includes five “ghost populations”   (Guillot, 

2008), or populations that have no individuals defined within them.  Throughout this 

analysis these populations are referred to as null predictions and removed as explanatory 

variables.  Four populations are predicted within GENELAND (Fig. 3.2). The mean 

frequency of private alleles over all four predicted populations was estimated to be 0.036.  

Three of the four predicted populations are in allopatry between islands with very little 

spatial overlap (Fig. 3.2, Table 3.3).  

TIME FRAME ANALYSIS (<1950) 

Data collected from pre-1950 specimens show no significant level of genetic 

differentiation for both the Fst and Rhost estimates.  As would be expected a relatively 

high level of inbreeding (i.e., excess homozygotes) (Fis/Ris = 0.171/0.434) is matched by 

a low mean frequency of private alleles per loci (0.081) and the observed heterygosity 

lower than expected under HWE  (HO = 0.626 and HE = 0.821) (Table 3.4A). The 

number of populations predicted by GENELAND during this time period is two, but 

differentiation is low and insignificant. Here, the presence of a single population cannot 

be ruled out even though two were predicted.  This is possibly a sign of incipient 

divergence of a single population.  
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TIME FRAME ANALYSIS (1950 TO 1980) 

Two populations are predicted by GENELAND to explain the overall relationship of 

the individuals collected from 1950 to 1980 (Table 3.4A & C).  The fixation indices show 

low differentiation of Fst (0.032(0 - 0.155) but no differentiation using the Rhost 

measurement.  This differentiation is significant using the fishers exact test, but 

insignificant given that the 95% CI encompasses zero.  The inbreeding coefficients for 

both Fis and Ris (0.181/0.704 respectively) imply moderate to highly inbred populations 

as does the heterozygosity measurements.  The mean frequency of private alleles was 

found to be 0.229/locus. (Table 3.4A & C).  Gvien the small sample size of the data 

collected during that time period (total number of individuals (N) = 11) this variation is 

suspect.  

TIME FRAME ANALYSIS (1980 TO 2008) 

Moderate and significant overall differentiation of both Fst(95%CI) [0.092(0.059 

- 0.127)] and Rhost(95%CI) [0.038(0 - 0.083)] was calculated for the five populations 

predicted in GENELAND to explain the relationship of individuals collected from 1980 to 

2008 (Table 3.4 A & D, Appendix B Fig. B.2C).  Pairwise differentiation of all predicted 

populations predicts low to moderate differentiation between many of the populations 

(Table 3.4D). A moderate to low level of inbreeding (Fis = 0.263, Ris = 0.061) was again 

correlated a differential between the observed and expected heterozygosity (HO = 0.451 

and HE = 0.659).  Also, A low mean frequency of private alleles (p(1) = 0.037) was 

associated with this temporal cluster.  The Fishers exact chi-square test to assess host 

association of the predicted populations per locality did not determine any significant 
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degree of dependence (Appendix A, Table A.2) between the predicted populations (as 

predicted by GENELAND) and their associated hosts (Df = 4, P = 0.273). 

 TIME FRAME COMPARISON (<1950; 1950 -1980; 1980 -2008) 

Comparison between time clusters, as assessed in Table 3.3, shows a moderate 

but significant overall differentiation values with relatively inbred populations.   An 

excess of homozygotes (or deficiency of heterozygotes) as defined by a high Fis/Ris 

value, is coupled with a low mean frequency of private alleles and a lower observed 

heterozygosity (i.e., HO and HE) than expected under HWE. Pairwise Fst/Rhost 

measurements support moderate but significant differentiation post-1980, but no 

differentiation between population timeframes 1950-1980 and <1950 (Table 3.5).   Fst 

and Rhost were comparable and overlapped in there 95% CI.   

STRUCTURE/GENEPOP ANCESTRAL AUSTRALIAN VERSUS TIME FRAME 

 ANCESTRAL AUSTRALIAN AND  <1950  TIME FRAME COMPARISON   

Figure 3.3 is set on a timeline to correlate historic pressures acting on D. tryoni 

while measuring evolutionary influence in relation to D. tryoni’s ancestral Australian 

source population.  In the <1950 vs. ancestral Australian analysis a K of two was defined 

but no real structure between Hawaii and Australia was assessed.  In this analysis, like in 

the GENELAND analysis, a single panmictic population cannot be ruled out given the Fst 

estimate of 0.032(0.01 - 0.067) (Fig 3.3; Table 3.6).  Differentiation is likely predicted 

more on the basis of differentiation of individuals within the ancestral Australian 

populations, rather than that of individuals between Australia and Hawaii.  This is likely 

since the Australian collections were collected from eight different regions and multiple 

temporal clusters. Moderate to high Fis/Ris values signify homozygos excess 



 45 

(inbreeding) of the overall comparisons.  As in all Australian and Hawaii D. tryoni 

comparisons a relatively low mean frequency of private alleles per loci is coupled with a 

differential in the observed and expected heterozygosity measurements (Table 3.6).   

 ANCESTRAL AUSTRALIAN AND 1950 – 1980 TIME FRAME COMPARISON 

A significant Fst/Rhost value (Fig. 3.3; Table 3.6) was assessed between these 

two meta-populations and is consistent with a moderate level of genetic structure.  This 

degree of genetic structure is plausible, though the number of Hawaii D. tryoni analyzed 

for this time period is small (Appendix A, Table A.2).  Overall Fis/Ris values show 

moderate to high inbreeding (0.191 and 0.635 respectively). The difference between 

differentiation metrics Fst and Rhost is large and is related to the microsatellite specific 

manner in which Rhost is calculated (SSM) and the small number of samples available.  

The more conservative Fst calculation is emphasized as a predictor of differentiation.  

ANCESTRAL AUSTRALIAN AND >1980 TIME FRAME COMPARISON 

Comparison of contemporary specimens (>1980) with those of the ancestral 

Australian populations reveals moderate to high Fst/Rhost values (Fig. 3.3; Table 3.6). As 

in the other Australian/Hawaiian comparisons the overall inbreeding coefficients 

(Fis/Ris) values are moderate to high (0.266 and 0.586, respectively) coupled with a low 

mean frequency of private alleles, and a lower than expected level of heterozygosity 

(HO/HE). 

ISOLATION BY TEMPORAL AND GEOGRAPHIC DISTANCE 

It is expected in IBD that with increasing distance, whether temporal and/or 

geographic, genetic distances increase.  Genetic and geographic distances were positively 

correlated with a (Fig. 3.4), but not when controlling for the indicator matrices.  The 
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Mantel test was suggestive of a trend (0.1"p>0.05) but not necessarily significant 

(p!0.05), whereas in the partial Mantel test comparison no degree of significance or 

suggestive influences was assessed.  This implies a combination of both geographic and 

temporal separation structure the inter-individual meta-population dynamics in D. tryoni.  
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DISCUSSION  

 Despite the initial genetically limited release (nine founders), Hawaiian D. tryoni 

show genetic diversity and differentiation of microsatellite loci over geographic and 

temporal space far removed from their ancestral diversity (Tables 3.4, 3.5, & 3.6).   It is 

shown that most (if not all) of this diversity is a product of ~100 years of separation 

between the ancestral and purposefully introduced populations (Fig. 3.2, Table 3.4, 3.4, 

& 3.6, Appendix B Fig. B.2A-C).  In combination with the pervasive geographic and 

temporal barriers, it was found that new competitors seem to have exacerbated genetic 

differentiation between populations of D. tryoni (Table 3.4A-C, 3.5, & 3.6).  

 Sequence analysis (Fig. 3.1, Appendix B Fig. B.1) of the COI+II region revealed 

a cluster that defines both recent and historic Hawaiian and Australian collections.  This 

cluster was defined in both the haplotype and maximum likelihood analysis (Fig. 3.1 

clade I) and reveals that this analysis includes haplotypes related to the initial 1914 

Australian collections by Silvestri. Because these presumably neutral loci were 

polymorphic enough to reveal the ancestral relationships of these populations, credence 

can be given to an analysis capable of resolving greater population structure.  

Throughout this paper population membership was infered using a Bayesian 

based cluster analysis over all microsatellite loci as implemented in GENELAND. D. tryoni 

host preference and population interaction was inferred using the characteristics of HWE 

and LE to estimate population structure over geographic space (Evanno et al., 2005; 

Guillot et al.,  2008). In defining the recent collections (2004-2008) four populations 

were predicted with a moderate but significant level of differentiation between them (Fig. 

3.2, Table 3.4 A&B). Although this analysis reveals some level of geographic separation 
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and seemingly an E. xanthochaeta specific population associated with those individuals 

collected from Kauai it is by no means definitive of a host shift.  In fact, multiple recent 

collections off of E. xanthochaeta on other islands revealed no definitive host based 

population structure (Appendix A, Table A.1).  So the single population associated E. 

xanthochaeta on Kauai is probably due to a lack of collections on that island.  Despite the 

extensive collection effort to obtain contemporary specimens very few individuals were 

ever discovered.  The rarity and differentiation of these populations, and causal lack of 

gene flow between them (Fig. 3.2), is possibly due to competitive exclusion by the more 

aggressive competitor, the egg-larval parasitoid F. arisanus  (Duan et al., 1998; Wang & 

Messing, 2003; 2004; Messing & Wang 2009).  The inbred nature of these populations 

(Table 3.3) also implies, and is historically consistent with, recent population isolation 

(Keller & Waller, 2002).  Thus, museum specimens were used to increase the predictive 

ability and better infer host and geographic specific structure throughout the islands.   

Incorporating the recent and historical specimens in the > 1980 analysis (Table 

3.4A & D; Appendix B Fig. B.2A-C) revealed that the Kauai population is actually 

closely related to the Hawaii population.  This change in analyses due to the input of 

historical collections emphasizes the lack of population information associated with the 

primarily contemporary (2004-2008) analysis (Fig 3.2).  The >1980 cluster, like the 

2004-2008 analysis, revealed moderate genetic differentiation but differed in that it 

predicted five populations spread throughout the Hawaiian archipelago (Table 3.4D, 

Appendix B Fig. B.2C).  Although there was a direct increase in the number of specimens 

collected from E. xanthochaeta, moderate to high pairwise differentiation between 

populations  (Table 3.4D) seemed to be associated with island separation, and did no 
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show any significant association to any host (P = 0.273, Df = 4).  (Appendix A, Table  

A.2). 

To understand how D. tryoni populations have evolved in Hawaii since release 

historical information was used to separate the rest of the museum (i.e., 1950–1980 and 

<1950) specimens.  Using the Bayseian cluster analysis in GENELAND to infer population 

structure it was found that only the data clumped into the 1950 - 1980 timeframe seemed 

to hold any type of significant population structure (Table 4.3A-C & 5.3). This historical 

clustering of a biocontrol introduction associated with a multi-island release would be 

analogous to a founder event of population speciation as predicted by Wright (1942) and 

Mayr (1954).  

The post-release evolution of D. tryoni in Hawaii was corroborated by comparing 

the Australian to the Hawaiian meta-populations in STRUCTURE (Fig 3.3, Table 3.6).  

Using the same historical separation regime as that modeled in GENELAND  (i.e., <1950, 

1950-1980, and > 1980) an increase in differentiation was seen as the timeline shifted 

from historical to more contemporary collections.   This is paralleled by an increase in the 

inbreeding coefficient (Table 3.6).   The overall comparison between 1950-1980 Hawaii 

individuals and their ancestral Australian counterparts revealed a very high degree of 

separation, especially in the Rhost estimate. It is important to qualify that the 1950-1980 

Hawaiian cluster is comprised of very few individuals (num. of samples = 11) so 

differentiation may not reflect the 1950-1980 meta-population genotype.  However, this 

degree of differentiation is large and still reflects some genotypic differences in 

comparison to the ancestral Australian cluster.  This significant degree of differentiation 

is maintained when comparing the ancestral Australian to the >1980 Hawaiian meta-
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population comprised of 230 individuals.   This increase in temporal differentiation may 

be due to the combination of both temporal and geographic separation exacerbated by 

competition with F. arisanus (released ~1950).   Exclusion from lower elevations by F. 

arisanus may have lead to the development of distinct isolated islands of D. tryoni 

populations seen in the >1980 individuals (Fig. 3.2, Fig. 4.3, Table 3.4D & 3.5)  

(Messing & Wang, 2009).  Interestingly, differentiation values between populations 

predicted for the >1980 contemporary Hawaii individuals (Table 3.4C) is comparable to 

the differentiation values between the Australian and >1980 cluster (Table 3.6).  It leads 

us to infer that the separation between Hawaiian Islands (through geographic space, 

competition, etc.) may be as great as that between Hawaii and Australia ~80 years post- 

introduction.  

Inter-individual IBD analyses shows that the meta-population dynamics correlate 

well with the patterns of separation defined by STRUCTURE and GENELAND (Fig. 3.4).  

Given that the partial mantel tests are not significant when controlling for either temporal 

or geographic distance this analyses suggest that both processes are slowly structuring the 

Hawaiian populations in unison rather then separately.  The complete mantel tests show 

only a notable interaction (0.1<p>0.05, R2 < 0.1) probably because there is no way to 

control for the level of competition D. tryoni populations are experiencing in their 

interaction with F. arisanus. 

These analyses reveal genetic differentiation of Hawaii based D. tryoni 

populations over temporal and geographic space, in allopatry and/or parapatry.   

Although D. tryoni uses E. xanthochaeta as a host the Bayesian clustering and 

phylogenetic analyses did not define any cluster that mapped to a particular non-target 
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host group (Appendix B Fig B2, Appendix A Table A.1), rather the greatest influence is 

that of allopatry at any given time cluster.  Given that Hawaii is an archipelago, this 

allopatry is consistent and stable (Figure 3.2 & 3.3).  Therefore, the shift onto E. 

xanthochaeta may be a random host range expansion by D. tryoni in its zone of release 

rather than a host shift by specific populations within the archipelago. The analysis 

suggests that the interaction between D. tryoni and F. arisanus resulted in the competitive 

exclusion of D. tryoni, and thus the formation of defined clusters within upper elevation 

habitat, as proposed by Messing & Wang (2009).  This is consistent with the initial 

assumption of competitive exclusion as predicted under Gause’s law (Hardin, 1960; 

Harbison et al., 2008).   Although no population structure mediated by host type was 

detected, pronounced and consistent separation of D. tryoni populations over geographic 

space may beget host preferences that lead to primary host shifts   (Roderick & Navajas, 

2003; Schwarz et al., 2005; Forbes et al., 2008).   

There are three important caveats to these conclusions.  The first is that inferences 

of population structure are based on theoretically inferred Bayesian clustering methods. 

These population-clustering methods infer likely populations based on HWE and LE and 

are sensitive to changes in mutation, drift, selection, and gene flow (Evanno et al., 2005; 

Guillot, 2008).  The second caveat is that in some instances a low number of collections 

are used to infer population structure and so may not reflect the true population 

relationship.   The third is that each temporal cluster has a degree of temporal variance 

associated with its collection.   These limitations/caveats to the conclusions are not 

mutually exclusive and could have significantly influenced the analysis.  But, because the 

utility of the museum specimens to infer population structure were verified using both 
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sequence and microsatellite data, and this data seems to parallel theory associated with 

new introductions (Mayr, 1954), it was surmised that thise results are powerful enough to 

infer population differentiation between the ancestral and introduced ranges, between 

islands and over time.   

Given that biocontrol releases are potentially a permanent modification to an 

environment (Howarth, 1991; Louda et al., 1997), it is important that the stability and 

influence of major pressures within the environment be investigated prior to biocontrol 

release.    The ecological factors that may influence biocontrol releases are quite 

significant, and comprehending their significance will hopefully lead to a more dynamic 

theory of biocontrol risk assessment.  This dynamic theory would be constantly revised 

pre- and post-release and include risk assessments of competition, host/predator 

association, and other biotic and abiotic environmental interactions   (Louda et al., 1997; 

Roderick & Navajas, 2003; Wang & Messing, 2003).    



 53 

TABLES AND FIGURES 

Table 3.1:  COI + II primers used to assess meta-population dynamics and ancestral 

population relationship of D. tryoni.  All primers excepting those containing “*” were 

developed for this project to amplify in D. tryoni.  Due to DNA degradation smaller 

amplifications were necessary in the museum collections.  As such primers were 

developed to amplify regions ! 250 bp.  All other primers were those developed by Baer 

et al. (2004) on Diatrella rapae and are Braconid specific.  

 
MUSEUM COLLECTIONS COI+II AMPLIFICATION PRIMERS 

SEQUENCE NAME BASES SEQUENCE 
ADACOI1F 24 5'-AAAAAGAAACTTTTGGTTCATTGG 
ADACOI2F 26 5'-AGCTACGATAATTATTGCTGTACCTA 
ADACOI3F 22 5'-GCTTCATTAAGTGGGGTTAAAA 
ADACOI4F 20 5'-TGTTGTTGCGCATTTTCATT 
ADACOI5F 26 5'-TCCTTTATTTTTAGGTTTAATGATGC 
ADACOI6F 26 5'-GGGAAAGATTTATTTCTTATCGATGT 
ADACOI7F 27 5'-AATTTTCAAGATTATGGTTCTTATGTT 
ADACOI8F 23 5'-TTGGTCATCAGTGATATTGGAGA 
ADACOI9F 24 5'-TGGTGAGGTAAGTATTTTTCGTTT 
ADACOI1R 20 5'-TCAATATCCATCCCAATCGT 
ADACOI2R 24 5'-AACCCCACTTAATGAAGCTAATCA 
ADACOI3R 21 5'-TTCCAGTTAATCCGCCTATTG 
ADACOI4R 26 5'-TGCATCATTAAACCTAAAAATAAAGG 
ADACOI5R 20 5'-AGGCATCCCCCTTATTCCTA 
ADACOI6R 22 5'-TTCATTGCACTAATCTGCCATA 
ADACOI7R 25 5'-CACAGGAATTAATGTTCAGACAATC 
ADACOI8R 25 5'-AAACGAAAAATACTTACCTCACCAT 
ADACOI9R 20 5'-CCGGGAATAGCATCAACTTT 

CONTEMPORARY COLLECTION COI+II AMPLIFICATION PRIMERS 
COI.P1F* 24 5'-TTGATTTTTTGGTCAYCCWGAAGT 
COII.IF* 22 5'-TCGTCAAATTATACATAATCAA 

COII.M1R* 24 5'-CCRCAAATTTCWGARCATTGACCA 
LMM 24 5'-CATTCATATAGTCAGTTACCTCAG 

 
*Primers developed by Baer et al. (2004) for D. rapae 
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Table 3.2:  Primer amplification information including primer pairs, annealing 

temperture sequence size and the manner in which the amplification was sequenced.  

All loci pairs, except those with those with “*”, were developed herein and used to 

amplify the COI+II region in museum individuals.  Forward and reverse sequences were 

sequenced for all pairs in which the loci amplified.   

 
PRIMER AMPLIFICATION PAIRS AND SEQUENCE SIZE 

PRIMER PAIR ANNEALING 
TEMP 

SIZE IN 
BP SEQUENCED 

ADACOI1F/ADACOI1R 56OC 120 F/R 
ADACOI2F/ADACOI2R 56OC 78 F/R 
ADACOI3F/ADACOI3R 56OC 100 F/R 
ADACOI4F/ADACOI4R 56OC 110 F/R 
ADACOI5F/ADACOI5R 56OC 150 F/R 
ADACOI6F/ADACOI6R 56OC 185 F/R 
ADACOI7F/ADACOI7R 56OC 200 F/R 
ADACOI8F/ADACOI8R 56OC 100 F/R 
ADACOI9F/ADACOI9R 56OC 162 F/R 
ADACOI1F/ADACOI2R 56OC 198 F/R 
ADACOI2F/ADACOI3R 56OC 178 F/R 
ADACOI3F/ADACOI4R 56OC 210 F/R 
ADACOI4F/ADACOI5R 56OC 260 F/R 
ADACOI5F/ADACOI6R 56OC 335 F/R 
ADACOI6F/ADACOI7R 56OC 385 F/R 
ADACOI7F/ADACOI8R 56OC 300 F/R 
ADACOI8F/ADACOI9R 56OC 262 F/R 

COI.P1F*/COII.M1R* 60OC 1200 F/R 
LMM/COII.M1R* 56OC 400 F/R 

COII.IF*/COII.M1R* 60OC 800 F/R 

*Represents loci developed by Baer et al. (2004) for D. rapae 
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Table 3.3:  Overall and pairwise analysis of all Hawaii specimens collection after 

2004. Significance of the fishers overall genotypic exact test is also reported with an “*”.  

Fst is depicted in the lower diagonal of the pairwise matrix while Rhost is in the upper.    

 
 

95% CI: 95% Confidence Interval, Fis/Ris:  Inbreeding coefficient per diff. estimate, p(1): mean 
frequency of private alleles, Ho: observed within-population heterozygosity,  HE: expected total 

heterozygosity 
 

Table 3.4 A-D:  The overall and pairwise fixation matrices for each temporal time 

cluster and populations defined within that cluster.  Ten microsatellite loci were used 

to define populations and infer relationships of each population within their associated 

temporal cluster.  Fst is in the lower diagonal of each pairwise matrix while Rhost is in 

the upper.  Statistical significance of Fisher’s exact test for overall and inter-population 

genotypic differentiation is indicated with an “*”. A) Temporal cluster analysis of 

differentiation.  B) Fst/Rhost matrix calculated for population predicted from the 1914-

1950 temporal cluster. C) Fst/Rhost matriix for the 1950-1980 populations predicted in 

GENELAND for this temporal cluster.  D) Fst/Rhost matrix for the 6 populations defined 

by GENELAND for the 1980-2008 temporal cluster. 

OVERALL FST (95%CI) 
OVERALL RHOST 

(95%CI) 

FIS 
RIS POPS P(1) HO HE 

0.113 (0.068 - 0.163)* 
0.135 (0.132 - 0.209) 

0.214 
0.538 4 0.036 0.418 0.592 

PAIRWISE FST (95%CI)\RHOST (95%CI) 

POPULATI
ON HAWAII/MAUI KAUAI MAUI/OAHU OAHU/HAWAII 

HAWAII/M
AUI - 0.078 

(0.044 - 0.189) 0 0.076 
(0.027 - 0.239) 

KAUAI 0.089 
(0.038 - 0.147)* - 0.056 

(0.018 - 0.228) 
0.12 

(0.062 - 0.266) 
MAUI/OAH

U 
0.071 

(0.012 - 0.16)* 
0.081 

(0.02 - 0.165)* - 0.088 
(0.021 - 0.303) 

OAHU/HA
WAII 

0.11 
(0.037 - 0.226)* 

0.14 
(0.085 - 0.214)* 

0.092 
(0.048 - 0.163)* - 
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TABLE 3.4 

95% CI: 95% Confidence Interval, Fis/Ris:  Inbreeding coefficient per diff. estimate, p(1): mean 
frequency of private alleles, Ho: observed within-population heterozygosity,  HE: expected total 

heterozygosity 
  

A) OVERALL ANALYSIS OF DIFFERENTIATION PER TIME PERIOD 

FST (95%CI) 
RHOST (95%CI) 

FIS 
RIS P(1) HO HE 

1914-1950 0  
0 

0.171 
0.434 0.081 0.626 0.821 

1950-1980 0.032  (0 - 0.155) 
0 

0.118 
0.384 0.229 0.669 0.810 

1980-2008 0.092 (0.059 - 0.127)* 
0.038 (0 - 0.083) 

0.263 
0.161 0.037 0.451 0.659 

B) 1914-1950 PAIRWISE FST (95% CI)\RHOST (95% CI) 

POPULATION OAHU/HAWAII HAWAII 

OAHU/HAWAII - 0 

HAWAII 0 - 

C) 1950- 1980 PAIRWISE FST (95% CI)\RHOST (95% CI) 

POPULATION MAUI KA/HI/OA 

MAUI - 0 

KA/HI/OA 0.09 (0 - 0.155)* 
0 - 

D) 1980-2008 PAIRWISE FST (95%CI) \RHOST (95% CI) 
POPULATI

ON 
HAWAII/ 
KAUAI OAHU 1 MAUI 1 OAHU 2 MAUI 2 HAWAII 

HAWAII/ 
KAUAI - 

0.152 
(0.025 - 
0.497) 

0 
0.052 

(0.031 - 
0.105) 

0.05 
(0.019 - 
0.087) 

0 

OAHU 1 
0.123  
(0.03 - 
0.116)* 

- 0.184 
(0 - 0.519) 

0.23 
(0.054 - 
0.462) 

0.238 
(0.091 - 
0.525) 

0.331 
(0 - 0.548) 

MAUI 1 0.283  
(0 - 0.325)* 0 - 0.023 

(0 - 0.109) 0 0 

OAHU 2 
0.085  

(0.041 - 
0.150)* 

0.142  
(0.043 - 
0.230)* 

0.236 
(0.002 - 
0.415)* 

- 0.097 
(0.016 - 0.14) 0 

MAUI 2 
0.103 

(0.064 - 
0.166)* 

0.076  
(0 - 0.153)* 

0.117  
(0 - 0.253)* 

0.067  
(0.037 - 
0.106)* 

- 0 

HAWAII 0.042 
(0-0.156)* 

0.152  
(0 - 0.268)* 

0.255 
(0 - 0.633) 

0.046  
(0 - 0.202) 

0.025 
(0 - 0.145)* - 
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Table 3.5:  Time frame comparison between the temporally defined clusters <1950, 

1950-1980 and 1980-2008. Both the global and pairwise fixation indices are reported.  

The Fst (below diagonal) and Rhost (above diagonal) statistics are shown with the 

bootstrapped 95% confidence intervals of each index. Statistical significance of Fisher’s 

exact test for inter-population and overall genotypic differentiation are indicated with an 

“*”. 

 
OVERALL FST (95%CI) 

RHOST (95%CI) 
FIS 
RIS P(1) HO HE 

0.074 (0.034-0.106)* 
0.133 (0.027 - 0.203) 

0.259 
0.541 0.029 0.566 0.8 

PAIRWISE FST (95%CI)\RHOST (95%CI) 

POPULATION <1950 1950-1980 1980-2008 

<1950 - 0.054 
(0 - 0.384) 

0.107 
(0.033 - 0.178) 

1950-1980 0 - 0.204  
(0.03 - 0.432) 

1980-2008 0.068  
(0.028-0.097)* 

0.118  
(0.06-0.166)* - 

95% CI: 95% Confidence Interval, Fis/Ris:  Inbreeding coefficient per diff. estimate, p(1): mean 
frequency of private alleles, Ho: observed within-population heterozygosity,  HE: expected total 

heterozygosity 
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Table 3.6:  Fixation indices for ancestral Australian/Hawaiian time cluster 

comparisons. Significance of the fishers overall genotypic exact test are indicated with 

an “*”. 

 
 FST (95%CI) 

RHOST (95%CI) 
FIS 
RIS  P(1) HO HE 

AUSTRALIAN/<1950 0.032 (0.01 - 0.067) 
0.068 (0.031 - 0.152) 

0.175  
0.56 0.04 0.629 0.829 

AUSTRALIAN/1950 TO 1980 0.158 (0.073 - 0.22)* 
0.09 (0.035 - 0.189) 

0.191  
0.635 0.095 0.627 0.854 

AUSTRALIAN/>1980 0.122 (0.076 - 0.165)* 
0.215 (0.179 - 0.256) 

0.266  
0.586 0.039 0.529 0.771 

95% CI: 95% Confidence Interval, Fis/Ris:  Inbreeding coefficient per diff. estimate, p(1): mean 
frequency of private alleles, Ho: observed within-population heterozygosity,  HE: expected total 

heterozygosity 
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Figure 3.1: A maximum parsimony haplotype network constructed in TCS vers. 

1.21 using the COI & II mtDNA consensus sequences of both recently and 

historically collected Diachasmimorpha tryoni.  The number of individuals (N), their 

area of origin, and collection history is specified per haplotype.   The circle area is 

proportional to the overall frequency of each haplotype.  The clades (I & II respectively) 

are defined by the Maximum Likelihood analysis conducted in PhyML using the GTR+I 

model of nucleotide evolution.  For the complete Maximum Likelihood tree using D. 

kraussii as the outgroup please see the Appendix (Fig. B.1).   

  

II 
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Figure 3.2: GENELAND population membership map of the Hawaiian islands for all 

contemporarily collected specimens (2004-2008).   Fourteen microsatellite loci were 

used to predict cluster membership.  A total of four populations were predicted as seen in 

the color ramp.   
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Figure 3.3: STRUCTURE analysis for each Australian/Hawaii temporal cluster time 

frame comparisons. A time line showing historic influences on D. tryoni is drawn next 

to the Hawaii/Australian temporal clusters. 
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† denotes statistical significance at a 95% CI 
 
Figure 3.4: Isolation by Distance results for all Hawaii D. tryoni (num. of individuals 

(N) = 272) as calculated and graphed in IBDWS.  Rousset’s measure of inter-

individual genetic distance (a), as calculated in GENEPOP, is plotted against the temporal 

(A) and geographic (B) distance in years and kilometers, respectively.  The partial and 

complete Mantel tests and RMA regression results are noted. The p-value given is that 

for a null distribution assuming a null hypothesis of r!0. 

 
 

 
 
 
 
 
 
 
 
 
 

y = 3.35x10-3x + 0.505 
r = 0.0439 
R2 = 1.93x10-3 
p = 0.077 
 
 
 
 
 
 
 
 
 
 
WHEN CONTROLLING FOR GEO. DIS. 
r = 0.0267 
p = 0.164 

y = 8.07x10-4x + 0.486 
r = 0.0423 
R2 = 1.79x10-3 
p = 0.08 
 
 
 
 
 
 
 
 
 
 
WHEN CONTROLLING FOR TEMP. DIS. 
r = 0.024 
p = 0.172 
 
 
 
 
 
 
 
 

A) B) 
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CHAPTER 4 

USING ECOLOGICAL NICHE MODELS TO SPATIALLY DEFINE COMPETITIVE EXCLUSION 

AS IT RELATES TO A MULTI-PARASITOID INTERACTION OF TWO CERATITIS CAPITATA 

(WIEDMANN)(DIPTERA: TEPHRITIDAE) BIOCONTROL AGENTS IN HAWAII 

INTRODUCTION  

An important question among biocontrol practitioners and researchers is whether 

or not intra-guild multi-parasitoid releases, either simultaneous or in sequence, have 

potential implications for the long-term success of a classical biocontrol program  (Mills 

& Getz, 1996; Denoth et al., 2002). Here, success is defined by both the continued host 

specificity of the parasitoid and control of the pest species.  If the ecological niche shifts 

or expands due to intra-guild competition there is a possibility that the long-term host 

specificity of the program may fail if the shifted niche contains a prevalent competitive 

free host.  Given that multiple intra-guild releases have been conducted since the onset of 

biocontrol programs in the United States (late 19th/early 20th century) it is now possible to 

understand how these interactions occur through a geographic approach. The interaction 

of Diachasmimorpha tryoni (Cameron)(Hymenoptera: Braconidae) with Fopius arisanus 

(Sonan)(Hymenoptera: Braconidae) in Hawaii was used to geographically model how 

competition may influence biocontrol agents. 

Gause’s law, also termed the competitive exclusion principle, infers that two intra-

guild competitors cannot co-exist if all other ecologically dependent factors remain 

constant  (Gause, 1932; Hardin, 1960).   The process of adaptation to other ecological 

factors (i.e., into competitive free space) thwarts extinction of the lesser competitor  

(Hardin, 1960).  Thus, the fundamental niche may either remain constant or expand in a 
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concomitant shift, or reduction, of the realized niche.   This principle has important 

implications when applied to biological control introductions.  Numerous theoretical and 

experimental studies indicate that a significant reduction in host organisms can be 

achieved through the release of multiple biocontrol agents  (May & Hassell, 1981; 

Hawkins et al., 1993; Hochberg & Hawkins, 1993; Hochberg & Hawkins, 1994; 

Hochberg, 1996; Mills 1996; Denoth et al., 2002; Pedersen & Mills, 2004; Mills, 2006).  

This host reduction is realized by an increase in the spatial and/or temporal heterogeneity 

of effective parasitization  (May & Hassell, 1981; Hawkins et al., 1993; Mills & Getz, 

1996; Mills, 2006).    Pederson & Mills (2004) note that an increase in host control 

occurs only when the organisms have moderate to low antagonistic levels, where 

antagonism ranges from primary parasitism (low) to obligate hyper-parasitism (high) 

(clepto- and ecto-parasitism are considered examples of moderate antagonism  (Pedersen 

& Mills, 2004)).   Interestingly, a substantial increase in host control is associated with 

the ability of one of the interacting parasitoids to infiltrate a refuge not associated with 

the alternate parasitoid; this is termed refuge breaking  (Hochberg & Hawkins, 1994; 

Mills, 2006).  According to the theoretical models developed by Hawkins et al. (1993) 

and Pedersen & Mills (2004) refuge breaking significantly reduces the influence of any 

antagonistic interaction between parasitoids attacking the same host.  Given the 

importance of refuge breaking to the success of intra-guild multi-organism biocontrol 

releases it follows that the application of niche overlap metrics are capable of predicting 

the success of a multiple biocontrol releases, and the influence of interacting organisms. 

Ecological niche models (ENM) have been used extensively in conservation and 

agricultural practices to predict the suitable habitat of an organism in either its ancestral 
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or novel area of possible occurrence  (Brotons et al., 2004; Elith et al., 2006; Pape & 

Gaubert, 2007; Pearson et al., 2007; Rissler & Apodaca, 2007; Silke et al., 2007; Lippitt 

et al., 2008; Waltari & Guralnick, 2009; Williams et al., 2009; Cianfrani et al., 2010; 

Edre !n et al., 2010; Evans et al., 2010; Marini et al., 2010).  This geographic modeling 

approach can be used to define prevalence  (Manel et al., 2001; Alloche et al., 2006; 

Freeman & Moisen, 2008), fundamental niche  (Peterson et al., 2007; Rissler & Apodaca, 

2007; Kumar & Stohlgren, 2009), and niche overlap  (Warren et al., 2010) within or 

between species.   Although different modeling approaches can define these habitat 

characteristics the most often used and arguably most accurate technique is the presence 

only maximum entropy approach implemented in the program MAXENT  (Alloche et al., 

2006; Brotons et al., 2004; Elith et al., 2006; Hernandez et al., 2006; Marmiona et al., 

2009; Ortega-Huerta & Peterson, 2008; Phillips et al., 2006; Peterson et al., 2007; 

Phillips, 2008; Phillips & Dud !ık, 2008; Phillips et al., 2009).  MAXENT estimates the 

probability distribution of maximum entropy over geographic space using occurrence 

localities and environmental variables (elevation, soil, temperature, landcover etc.)  

(Phillips et al., 2006; 2009).  This program has been shown to accurately estimate a 

thoroughly sampled species fundamental niche from as little as five occurrence localities, 

where accuracy is defined by the sensitivity and specificity of the prediction  (Pape & 

Gaubert, 2007; Pearson et al., 2007; Kumar & Stohlgren, 2009).    This methodology was 

used to geographically define a known competitive interaction as well as clarify and 

predict the associations among all these competitors and hosts.  

Inter-larval predation and competition within Ceratitis capitata 

(Wiedemann)(Diptera: Tephritidae), is observed in the interaction of two purposefully 
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released endo-parasitic koinobiont Braconid biocontrol agents, D. tryoni and F. arisanus  

(Wang & Messing, 2003; 2004; 2009).  As predicted under Gause’s law, this interaction 

has lead to the competitive exclusion of the larval parasitoid, D. tryoni, by the egg-larval 

parasitoid, F. arisanus  (Messing & Wang, 2009).  D. tryoni has subsequently moved into 

a competitive free space characterized by the larvae of the weed biocontrol agent, Eutreta 

xanthochaeta (Aldrich)(Diptera; Tephritidae), a gall forming tephritid released in Hawaii 

to control Lantana camera  (Duan et al., 1998; Messing & Wang, 2009).  This 

competitive free space is also empirically associated with upper elevation habitat, where 

F. arisanus does not seem to occur in C. capitata at high quantities but D. tryoni does  

(Wong et al., 1983; Wang & Messing, 2003; Bokonon-Ganta et al., 2005; Kroder & 

Messing, 2010).   Thus, D. tryoni has adapted to substantially different host biology (fly 

larvae = in gall or in soft fruits), possibly differentially acclimated to a new or reduced 

realized niche, and may be acting as a C. capitata refugia breaker  (Hochberg & 

Hawkins, 1994; Mills, 2006). 

 In this paper ENM’s are used to describe the interaction of D. tryoni with F. 

arisanus, E. xanthochaeta, and C. capitata in Hawaii and relate it to the application of 

Gause’s law.  It is hoped that by using this system to model and characterize competitive 

displacement in these biocontrol agents, a technique to geographically characterize 

competition in biocontrol agents post-introduction can be developed.  Contemporary 

collections and geo-referenced museum specimens are used here to replicate pre- and 

post- F. arisanus interaction/exclusion.   Previous research into this interaction correlated 

D. tryoni genetic differentiation to historical influencing factors, primarily that of the 

interaction between F. arisanus and D. tryoni (Chapter 3).    Here, the historical 
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separation found in Chapter 3 in the assessment of the evolutionary trajectory of D. tryoni 

was geographically defined.   In this chapter the following is modeled and described:  

• F. arisanus/D. tryoni interaction and exclusion zones as it relates to their 

contemporary distribution. 

• Fundamental niche movement as it relates to pre- and post- F. arisanus derived 

genetic differentiation of D. tryoni.   

• Host (E. xanthoceata, C. capitata) interaction zones with D. tryoni for historical, 

contemporary, and overall fundamental niche assessments. 
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MATERIALS AND METHODS 

COLLECTIONS 

Both contemporary and museum collections were used to develop the models 

discussed in this paper.  All contemporary collections were conducted over a three-year 

period (2005 – 2008). Larval specimens of each species of E. xanthocaeta and C. 

capitata were collected from around the Hawaiian Islands.  For C. capitata collections 

ripe fruits were harvested from the common hosts Coffea arabica, Solanum 

pseudocapsicum, Prunis persica, Eriobotrya japonica, Mangifera indica, Psidium 

cattleianum, Psidium littorale, Eugenia uniflora, Diospyros discolor, Solanum torvum, 

and Diospyros blancoi from each of the major Hawaiian Islands (Hawaii, Kauai, Oahu, 

Maui, Molokai, and Lanai).    Fruit was harvested from a location after presence of 3rd 

instar Tephritid larvae was confirmed. E. xanthochaeta were collected from either 

Lantana camara (Linneas)(Lamiales:Verbenaceae) or Stacytarpheta jamaicensis 

(Vahl)(Lamiales:Verbenaceae).   All collections were from multiple localities from each 

of the major Hawaiian Islands (Hawaii, Kauai, Oahu, Maui, Molokai, and Lanai).  

Approximately 15 cm long stems of L. camara and S. jamaicensis containing a gall # 1 

cm in diameter were cut in the field and placed in water for transport to the rearing 

facility.  Where possible collections were made from both C. capitata off of ripened fruit 

and E. xanthocaeta off of L. camara, and/or S. jamaiciensis.    

Collection localities were defined based on the presence of an individual within 

the grid cells used to determine suitability, thus for presence a single collection locality 

per 30 arc-second cell (~800 m2) was used and all overlapping collections were removed. 

D. tryoni, F. arisanus, E. xanthochaeta, and C. capitata were collected from 25, 58, 49 
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and 190  independent collection localities, respectively.  These localities may overlap 

inter-specifically due to the symbiotic relationships between the organisms but do not 

overlap intra-specifically. Approximately 80 collection trips were carried out to collect 

(both successfully and not) from ~600 localities throughout the Hawaiian Islands.  

Although there is always some question as to the influence of certain localities when an 

ENM is developed from a small number of collection points (Hernandez et al., 2006; 

Lozier et al., 2009), consistent collections from those locations reduces the likelihood of 

collecting from a non-informative locality (Hernandez et al., 2006; Pape & Gaubert, 

2007; Pearson et al., 2007).  Sampling bias was accounted for by using localities with 

multiple separate collections and an exhaustive sampling regime.  This regime is 

reflected in the contemporary collections of C. capitata 

Of the 25 localities used to map D. tryoni distribution, 18 were geo-referenced 

from specific locations described from museum collection specimens (Fig. 4.1).  Hawai`i 

museum specimens were obtained from the Bishop Museum (BM), the Australian 

National Insect Collection (ANIC), the Hawaii Department of Agriculture (HDOA), and 

the University of Hawaii at Manoa Insect Museum (UHIM).  D. tryoni was collected 

from a minimal number of contemporary localities (seven). Because the collection 

searching effort is reflected by the collections of larval C. capitata and E. xanthochaeta it 

is fealt that this small number of collections reflects the contemporary distribution of D. 

tryoni. D. tryoni localities were separated into two independent data sets corresponding to 

collections from "1980 and <1980, which contained 14 and 11 localities respectively 

(Fig. 4.1).    This separation was chosen based on work in Chapter 3 indicating that 

differentiation and population estimates preceding 1980 were rather low compared to 
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estimates post-1980, corresponding to the separation of populations due to the theorized 

competitive exclusion by F. arisanus  (Wong et al., 1983; Duan et al., 1998; Wang & 

Messing, 2004; 2009).   

LARVAL REARING  

C. capitata larvae were reared from ripened fruit and allowed to pupate and 

developed using the methods of Vargas & Nishida (1989) and Eitam & Vargas (2007) as 

described in Chapter 3. E. xanthochaeta larvae were extracted and reared using the 

methods of Duan et al. (1998) and also described in Chapter 3.  After emergence 

taxonomic identification of C. capitata and E. xanthochaeta was performed following the 

Hardy & Delfinado (1980) key. Presence of the parasitoids D. tryoni and F. arisanus was 

verified post emergence using the Carmicheal et al. (2005) key.  Also, sequence analysis 

conducted in Chapter 3 verified D. tryoni presence per locality.   Wild Hawaiian 

contemporary collections for E. xanthochaeta and D. tryoni were reared from 

approximately 3,600 galls (98-150 per collection trip) collected off of L. camara and 526 

galls collected off of S. jamaiciensis. 

DESCRIPTION OF KEY ENVIRONMENTAL VARIABLES 

A total of 12 environmental variables were used to develop the ENM for each 

species.   The environmental variables chosen were derived from a total of 28 possible 

continuous and categorical, biotic and abiotic habitat descriptors.  These descriptors 

include the 19 bioclimatic variables with 30 arc-second resolution derived from the 

WORLDCLIM global climate data set described by Hijmans et al. (2005) and downloaded 

from www.worldclim.org.  These maps were modified in ARCMAP vers. 9.3 to reflect 

only the area under study.   A 10 meter Digital Elevation Model (DEM)  (National 
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Oceanic and Atmospheric Institute (NOAA) & National Ocean Services (NOS), 2007) 

for the main Hawaiian islands, was used as a descriptor as well as to develop other maps 

of interest, and was acquired from http://ccma.nos.noaa.gov /products/biogeography/ 

hawaii _cd_07/welcome.htm.  All seven main Hawaiian island (Hawaii, Maui, Molokai, 

Lanai, Kahoolawe, Oahu and Kauai) landsat generated landcover maps  (NOAA coastal 

Services Center, 2008) were downloaded from 

http://www.csc.noaa.gov/crs/lca/hawaii.html.  Because certain islands included land 

cover categories specific to the island, and it was necessary to predict the distribution of 

these organisms throughout the islands, these seven landcover maps were then combined 

to reflect only those categories that overlap between the islands. Five more continuous 

maps (slope, flow accumulation, basin, solar radiation, and aspect), directly or marginally 

significant in the prediction of habitat suitability models  (Weiss et al., 1988; Store & 

Jokimäki, 2003; Silke et al., 2007; Lippitt et al., 2008), were then developed from the 

10m DEM in ARCMAP using the spatial analyst extension.    

To reduce spatial correlation of the environmental variables but still develop a 

model with adequate complexity to infer species distribution  (Warren & Seifert, 2011; 

Rissler & Apodaca, 2007) a Pearson's correlation coefficient of relatedness was applied 

in ENMtools vers 1.3 (Warren et al., 2010) over all 28 biotic and abiotic habitat 

descriptors.  The methodology of Rissler et al. (2007) was used to select variables that 

have reduced overlap.  Those variables that had a value !0.75, or those that may be 

biologically significant and correlated to multiple habitat types unused in this analysis 

were used to model the species of interest’s distribution.  As such a total of 12 continuous 

and categorical varibles were chosen to develop the SDM’s for all species.  They are as 



 72 

follows:  DEM = Elevation of each grid cell, LDC = Landcover within each grid cell, 

SLP = slope of the grid cell, ACU = Accumulated flow into each grid cell,  ASP = aspect 

of each grid cell, BAS = identification of whether the cell is a basin or not, (Worldclim 

data sets) BIO2 = Mean Diurnal Range, BIO3 = Isothermality, BIO4 = Temparature 

Seasonality, BIO7 = Temparature annual range, BIO12 = Annual Precipitation, BIO15 = 

Precipiation Seasonality. 

MAXENT MODELING PAREMETERS 

MAXENT vers. 3.3.3 was used to develop the Species Distribution Models (SDM). 

MAXENT uses presence only data to develop a probable SDM using maximum entropy 

modeling over a range of continuous and categorical environmental variables  (Phillips et 

al., 2006; 2009).  The maximum entropy modeling approach implemented in MAXENT is 

considered one of the most accurate and robust SDM predictors  (Phillips et al., 2006; 

Ortega-Huerta & Peterson, 2008; Hernandez et al., 2006; Pearson et al., 2007; Pape & 

Gaubert, 2007; Phillips, 2008).  Within MAXENT the maximum number of background 

points was set to 10,000 with a regularization multiplier of one.  Bootstrap analysis was 

conducted over 500 replicates and the output format was set to logistic to better visualize 

the data.  The threshold rule of equal training sensitivity and specificity was used to 

model each species distribution throughout Hawaii  (Canran et al., 2005; Bartel & 

Sexton, 2009).  Equal training sensitivity and specificity refers to the choice of a model 

that has an equal probability being sensitive (predicting true presences) as it does specific 

(predicting true absences)  (Canran et al., 2005; Jime !nez-Valverde & Lobo, 2007; 

Freeman & Moisen, 2008).  For all other variables the recommended default settings, as 

described in Phillips et al. (2008; 2009), were used. 
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MODEL VALIDATION AND COMPARISON 

For all analyses a random test percentage of 20% of the data was used to calculate 

in MAXENT the presence only Receiver Operating Characteristic (ROC) curve from 

which the presence only Area Under the Curve (p-AUC) was assessed.  Using the 

MAXENT output a binomial probability test was conducted to assess the significance of 

each model with a large number of occurrence points.  As this test is suitable for models 

built from a large number of occurrence data  (Phillips et al., 2006; Pearson et al., 2007) 

the binomial estimates for the models developed from D. tryoni are not reported  For 

those models developed from a low number of occurrence points a Jackknife validation 

test was conducted using the methodology of Pearson et al. (2007) and the program 

PVALUECOMPUTE vers. 1 (Pearson et al., 2007).   This test outputs a probability of 

success under randomness (q) of predicting a randomly selected occurrence point over 

multiple jackknife habitat suitability predictions, as well as a p-value assessing the 

significance of that success rate when compared to a random distribution (Pearson et al., 

2006). 

 In ENMTOOLS vers 1.3  (Warren et al., 2010) the similarity between the averaged 

ENM’s using the niche overlap tool was compared. This tool uses two similarity metrics, 

the  D and I statistics  (Warren et al., 2008).  The D statistic was developed by Schroener 

(1968) and is a commonly used niche similarity metric, but as described by Warren et al. 

(2008) this statistic uses biological assumptions that may not be implicit in ENM’s.  As 

such, the I statistic developed by Warren et al. (2008) was also reported.  The I statistic 

carries no biological assumption associated with its calculation.  In this paper both 

measures of ecological similarity are reported, but stress the I statistic because it may be 
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more appropriate.  These metrics were further analyzed in ENMTOOLS using the niche 

identity test.  This test represents the degree of niche overlap as compared between a 

single species and that of pooled occurrence points of the two species being compared, 

this is further described and visualized in Warren et al. (2008; 2009).  The hypothesis test 

involves comparing the actual niche overlap metric to a one tailed normalized null 

distribution obtained using the niche identity test.  As recommended by Warren et al. 

(2009) the identity test was replicated between the ENM’s discussed 100 times with a 

maximum number of iterations set to 1000.    

 The significance and variability between each comparison was assessed by 

extracting from each parasitoids ENM the top 5th most representative habitat and 

assessing how that habitat overlaps with that of the hosts (i.e., C. capitata and E. 

xanthochaeta).  Here, this is termed fundamental niche parasitoid/host overlap 

fundamental host overlap.  The Jenks Natural Breaks algorithm, as applied in ARCMAP, 

was used to separate each logistic ENM into five suitability scores ranging from least (1) 

to most suitable habitat (5).  The top 5th class was removed per prediction using the 

spatial analyst extension in ARCMAP.  This used to extract the predicted habitat 

suitability of the other respective species using the original logistic suitability scored (0-

1).  Also, the host’s top 5th jenk was overlapped with its original ENM to define its 

logistic suitability prediction.  These same comparisons were also conducted with the 

actual collection localities.  Fundamental host overlap suitability values were extracted 

per parasitoid/tephritid compared and imported into the R statistical analysis application 

R COMMANDER vers. 1.6-x  (Fox, 2005).  Statistical analysis, comparing host habitat 

suitability per parasitoid, was conducted using the ANOVA statistic in R-COMMANDER.  
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RESULTS 

MODEL VALIDATION 

 The average of 500 spatial data models developed using MAXENT for each species 

can be seen in Fig. 4.2.  For ease of interpretation each map was projected in ARCMAP 

using Jenks Natural Breaks algorithm to bin suitability into five classes. The average of 

500 p-AUC replicates is given in table 4.1.   Further, a binomial probability test was 

conducted for each model with an N of ! 15 to assess the significance of the models 

ability to predict suitable habitat when compared to a random distribution.  The binomial 

probability test and p-AUC estimates are primarily suitable for models built from a large 

number of occurrence data  (Phillips et al., 2006; Pearson et al., 2007), thus for those 

models built for D. tryoni a jackknife validation test was conducted as recommended by 

Pearson et al. (2006) using the program PVALUECOMPUTE vers. 1. Estimates showing the 

respective significance values for both tests can be seen in table 4.1. The average and 

standard deviation of 500 ENM replicates for prevalence of species presence, logistic 

threshold, and fractional predicted area (fraction of the study area in which the species is 

predicted present) measurements are also reported in table 4.1.   

ENM COMPARISONS AND OVERLAP  

 Table 4.2 shows the Niche similarity metric I and D, as calculated in ENMTOOLS.  

Statistical significance of each similarity metric was assessed using the Identity test 

statistic, also implemented in ENMTOOLS, and defined by an alpha of p ! !!!".   

Comparisons between D. tryoni (all) and D. tryoni pre- and post-1980 were not 

conducted because the localities used are not independent of one another.  Interestingly, 

D. tryoni (pre-1980) is not significantly different the random extraction of pooled 



 76 

occurrences of any combination of species localities (i.e., D. tryoni (pre-1980) x (F. 

arsianus + D. tryoni (pre-1980)), D. tryoni (pre-1980) x (E. xanthochaeta + D. tryoni 

(pre-1980)). etc.).  The similarity metric I is consistently higher than that of  Schoener’s 

D, but the niche identity test of significance between each comparison is comparable.  

The dominant parasitoid in each host system (F. arisanus X C. capitata, D. tryoni (post-

1980) x E. xanthochaeta, and D. tryoni (pre-1980) x C. capitata) when compared to a 

distribution of the pooled occurrence points, are not significantly different from one 

another.   

 Fundamental host overlap of the top 5th class (Fig. 4.3) and the actual collection 

localities were compared between all locality groupings except that of the combined (pre 

and post-1980) D. tryoni model.  It was felt that host comparison using this model would 

not be biologically appropriate and thus confusing.  The F-statistics per test and each 

multiple comparison test are given in tables 4.3 and 4.4 respectively.  Statistical 

significance and overlap between each multiple comparison is specified by a lowercase 

letter/s.  A boxplot summarizing the fundamental host overlap comparisons depicts the 

median, lower and upper quartile ranges, as well as the standard deviation and outliers 

(Fig. 4.3).  In the comparisons of fundamental host overlap to the predicted samples (N) 

extracted from the top 5th jenk all comparisons were statistically significant.  When 

extracting the host logistic habitat suitability values using the actual samples collected 

there is a differential in significance and relatedness of each multiple comparison (table 

4.4).  Statistical comparisons were also completed comparing those ENM’s from which 

the logistic suitability values were extracted from (i.e., the logistic suitability values 

extracted from the ENM’s developed for E. xanthochaeta and C. capitata) to all other 
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species. For instance, the predicted (top 5th class) and actual samples of each parasitoid 

and E. xanthocaeta were used to extract the logistic habitat suitability values of C. 

capitata in Fig. 4.3A and Table 4.4.   All sample extraction methods (i.e., actual or 

predicted) indicated far more between host heterogeneity than that between parasitoids.  

The highly competitive parasitoid F. arisanus had the highest fundamental host overlap 

with that of C. capitata.  Tables 4.3 and 4.4 summarize the analysis of the data. 
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DISCUSSION  

 Geographic characterization of these purposefully introduced biological control 

agents allowed us to define the interaction over multiple time periods, and correlate 

increased suitability of host overlap with a superior competitor.  By emphasizing niche 

overlap separately, and in relation to host species, suitable habitat per parasitoid/host was 

defined along with parasitoid suitability in relation to most suitable host habitat. This 

analysis suggests a practical approach in the prediction of possible intra-guild 

competitors and non-target hosts’ pre and post-biocontrol release.   

 This analysis is contingent on the descriptive and independent qualities of the 

environmental variables as well as the validity of the models developed from those 

variables.  Using the methodology of Warren & Seiffert (2011) the influence of spatial 

autocorrelation was reduced by excluding highly correlated environmental variables, 

which have the potential to decrease an analyses predictive quality  (Warren & Seifert, 

2011).   Thus, application of this methodology in conjunction with model validation 

procedures produced descriptive ENM’s (p-AUC > 0.8), significantly more predictive 

than a random model, even for those ENM’s developed from <15 locations (table 4.1).   

Because these validation measures may not be appropriate for models developed from 

few localities  (Pearson et al., 2007), the significance of each model developed from <15 

locations was independently assessed using the jackknife methodology of Pearson et al. 

(2007).  This validation procedure also revealed the significant predictive ability of the 

analyses when compared to a random distribution.  

 Using museum specimens to help define release habitat and competition is 

potentially informative, as well as problematic.  Defining when competition may have 
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resulted in a habitat shift is potentially problematic due to the lack of detailed information 

associated with collection efforts that are not meant to detail this competitive interaction 

(i.e., inconsistent collections from multiple non-overlapping locations).  Thus, genetic 

differentiation was used as a proxy to define when competitive displacement presumably 

occurred in D. tryoni.   In a previous study the unique genetic structure was defined 

between time periods through assessment of population number, where a large proportion 

of populations were defined post-1980 and a much smaller number were defined pre-

1980 (Chapter 3). In that analysis competitive exclusion was defined based on the 

concomitant decrease in migrants between populations leading to an increase in genetic 

differentiation estimates.  Thus, the pre- and post 1980 cutoff was used to represent the 

geographic interaction D. tryoni has with F. arisanus and it’s respective hosts (C. 

capitata and E. xanthocaeta).  This geographic analysis uses an estimate that is probably 

temporally and geographically more conservative than using the initial F. arisanus 

release date to define the onset of competitive displacement.  This is especially true in 

that the model representing D. tryoni collected pre-1980 also represents the lag time 

between the release of F. arisanus and the post- 1980 proxy of competitive exclusion.  

Integrating these collections (i.e., those between 1942-1980) increases the likelihood of 

overestimating the most suitable habitat for that time period, and inferring no statistical 

difference between the two ENM’s (i.e., type II error).  Given that significant results in 

model validation are obtained when testing against a random distribution, and between 

time periods (tables 4.3 and 4.4), it is assumed that the analysis is predictive of the 

fundamental niche shift occurring in D. tryoni pre- and post-1980. 
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 The niche overlap metric and identity test (table 4.2) was used to assess the 

degree and significance of each ENM similarity metric (I and D) when compared to a 

distribution of pooled occurrence points.  It was found that D. tryoni (pre-1980) is not 

significantly different from any comparison, although similarities of the distributions (I 

and D) were the least for F. arisanus and the highest for E. xanthochaeta.  The 

comparison is also indicative of differentiation between the interactions of D. tryoni with 

F. arisanus, where significant differentiation between ENM’s occurs post-1980.  This is 

consistent with a distribution reduction due to competitive exclusion, rather than niche 

expansion.  Table 4.2 demonstrates that F. arisanus has the most overlap to C. capitata, 

but that the distributions are still statistically significant, indicating possible C. capitata 

refugia.  

 In the comparison of the fundamental host suitability to the top 5th parasitoid 

suitability measure (i.e., predicted N model extraction) it was found that all compared 

models were significantly heterogeneous (Fig 4.3a & b, Table 4.4).  Though no 

distribution model seems to overlap non-significantly with either host, the models 

developed for F. arisanus and D. tryoni (post-1980) are the closest to that of the upper 

host suitability measure for C. capitata and E. xanthochaeta, respectively (Table 4.4).   

This signifies the most competitive parasitoid modeled in that system. Interestingly, the 

model developed for D. tryoni (pre-1980) is closer to C. capitata’s most suitable habitat 

than is D. tryoni (post-1980). The D. tryoni pre-and post- 1980 relationship is reversed in 

the context of E. xanthochaeta’s most suitable habitat.  This seems to indicate a habitat 

shift into competitive free space between these time points and is representative of 

competitive exclusion as inferred by Messing & Wang (2009).  Figure 4.3 and table 4.4 is 
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also representative of the refuge breaking hypothesis in a multi-parasitoid interaction, 

where there is a differential in the top 5th most suitable habitat of F. arisanus and D. 

tryoni (both pre- and post-1980) and the occupied areas fundamental host suitability (Fig. 

4.3a & b). 

 In contrast, the comparison of fundamental host suitability to the actual collection 

localities (i.e., true N model extractions) was not as clear (Fig. 4.3c & d, Table 4.4).  In 

this analysis only the hosts were highly differentiated from one another, whereas the 

parasitoids occupied areas of fundamental host suitability between the two hosts.  

Although the relationships discussed above (i.e., for predicted N model extractions) still 

seem to exist, excepting a juxtaposition of the relationship between C. capitata and D. 

tryoni (pre- & post-1980), the over-all interpretation is slightly less straightforward (Fig. 

4.3c & d).  This dissimilarity in analyses is because during the production of each ENM 

the localities used are ranked in terms of layer use, and from this ranking a distribution 

model is developed.  Extraction of the top 5th jenk is representative of this ranking, 

whereas using the actual collection localities is not.  

 To further assess how great the geographic differences were between both 

possible hosts their fundamental overlap was assessed, thus apparent competition was 

modeled (Bonsall & Hassell, 1999) using the same methodology that was used to assess 

fundamental host overlap to each parasitoid (Fig. 4.3).  This analysis reveals that in both 

cases, where E. xanthocaeta overlap is compared to the top 5th jenk of C. capitata, and 

vice versa (Fig. 4.3a & b) there is a significant difference between the top 5th most 

suitable habitat and the suitability of habitat for the other host.  This is representative of a 

significant biological difference in the habitat used by there respective parasitoids.   
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  Although all of the models developed have been validated, bias cannot be 

completely discount in either the collection of localities or the differential effect a locality 

may have on an analysis that includes only a small number of points (Pearson et al., 

2007; Lozier et al., 2009; Phillips et al., 2009).    This is an especially valid point in that 

some ENM’s in this paper are constructed from a rather meager number of collections.  

As mentioned before, the locality selection for museum specimens stressed areas of 

importance from which multiple independent collections were conducted.  Also, an 

exhaustive search for contemporary collections yielded only a few localities from which 

to model the distribution, this is indicative of a rare species and not necessarily a lack of 

collection effort  (Pearson et al., 2007).  Nonetheless, these models should be taken 

primarily as a model of habitat suitability per species based on the posterior probability of 

the collected distribution. 

 This analysis represents a geographic depiction of Gause’s law as it relates to 

competition between two parasitoids in an intra-guild tri-trophic interaction (plant, 

herbivore, multi-parasitoid).  These depictions describe the habitat heterogeneity of two 

parasitoids, and their respective host/s, brought about through intra-larval competition  

(Wang & Messing, 2003; 2004; 2009).  This study has implications for both basic and 

applied research in that it geographically describes fundamental niche movement and 

host range expansion due competitive displacement of a parasitoid (D. tryoni).  The 

methods discussed in this paper can be used to predict competitive interaction in 

biocontrol agents pre- and post-release. 
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TABLES AND FIGURES 

Table 4.1:  Descriptors and validation parameters of each ENM created for this 

analysis.  All measures, except the jackknife success rate, are the averages and standard 

deviations of 500 ENM’s developed for each species.  The table shows the number of 

localities (N), The prevalence of each organism in the model [fraction of the study area 

occupied (Phillips & Dudik, 2008)], the logistic threshold, the area the organism occupies 

in the model [i.e., fraction of all pixels predicted suitable per species (Phillips et al., 

2006)], the omission rate, and the training presence only Area Under the Curve (p-AUC).  

The jackknife success rate of successfully predicting a randomly chosen point is given for 

each model developed from less than 15 points.  Binomial probability tests were 

conducted to assess the significance of each p-AUC containing >15 points, significance is 

indicated next to the p-AUC value per ENM.  Significance of the Jackknife test, as 

estimated in PVALUECOMPUTE, is shown next to the success rate values comparing the 

predicted distribution to a random distribution. 

 
ENM N PREVALENCE LOG. 

THRESH. AREA OMISSION TRAINING 
P-AUC 

JACKKNIFE 
SUC. RATE 

E. xanthochaeta 49 

Av
er

ag
e 

(±
SD

) 

0.1215 ± 
0.0304 

0.2810 ± 
0.0699 

0.1549 ± 
0.0284 

0.1549 ± 
0.0307 

0.9234 ± 
0.025* - 

D. tryoni (all) 25 0.1295 ± 
0.0465 

0.2859 ± 
0.0918 

0.1390 ± 
0.04 

0.1382 ± 
0.0445 

0.9416 ± 
0.0564# - 

D. tryoni (pre-
1980) 11 0.2903 ± 

0.0816 
0.4444 ± 
0.0742 

0.2021 ± 
0.0696 

0.2029 ± 
0.0811 

0.8799 ± 
0.0262 0.636* 

D. tryoni (post-
1980) 14 0.1914 ± 

0.0561 
0.3865 ± 
0.0768 

0.1571 ± 
0.0485 

0.1585 ± 
0.0581 

0.9131 ± 
0.0565 1* 

C. capitata 190 0.1544 ± 
0.0144 

0.2674 ± 
0.0524 

0.2094 ± 
0.0379 

0.102 ± 
0.032 

0.9314 ± 
0.0077* - 

F. arisanus 58 0.1580 ± 
0.0221 

0.3633 ± 
0.0477 

0.1577 ± 
0.022 

0.1573 ± 
0.0235 

0.921 ± 
0.0007* - 

-  Significance is indicated by “*” whereas notable (p<0.1) is indicated with  “#” 
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Table 4.2: Niche similarity metrics (I and Schoener’s D) as well as the Niche Identity 

significance test as described in Warren et al. (2010).  The I metric is given below the 

diagonal well the D metric is given above. Significance (p<0.05) is defined by the 

identity test indicating that the presence only ENM’s (Fig. 4.2) built for each species are 

significantly different to an ENM built from randomly drawn occurrences of both 

species. 

 

 
 

-  Significance is indicated by “*” whereas notable (p<0.1) is indicated with “#” 
-  Those areas marked with an N/A are indicative of analyses that were not applied because they were not a 

comparison of independent species collection localities. 
 

ENM F. arisanus C. capitata D. tryoni 
(post-1980) 

D. tryoni 
(pre-
1980) 

D. tryoni 
(all) 

E. 
xanthochaeta 

F. arisanus - 0.7965 0.6465* 0.5928 0.6087* 0.6741* 
C. capitata 0.9582* - 0.6518* 0.6359 0.6492* 0.6588* 

D. tryoni (post-
1980) 0.87389* 0.89* - 0.7697# N/A 0.7173 

D. tryoni (pre-
1980) 0.8484 0.8830 0.9585# - N/A 0.5977* 

D. tryoni (all) 0.8449* 0.8833* N/A N/A - 0.6027* 
E. xanthochaeta 0.8999* 0.8941* 0.9173 0.8623 0.8566* - 
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Table 4.3: The ANOVA table for each fundamental host suitability/fundamental 

host overlap comparison conducted in R COMMANDER.   The analyses were separated 

first by the way in which replicates (N) for each comparison were obtained (i.e., 

predicted N model extractions versus True N Model Extractions), then by the host ENM 

from which the logistic fundamental suitability’s were extracted from per species 

compared.  

 

 
 
 
 
  

&
Fundamental 

Host ENM 
Treatment 

Parameters S. S. Df M. S. F-
value P-value 

Pr
ed

. N
 M

od
el

 E
xt

ra
ct

io
ns

 

C. capitata 

Host Log. Suit. Scores 
Per Species 3716.5 4 929.12 36424 <0.0001 

Residuals 10657.2 417791 0.03   
Total 14373.7 417795    

E. xanthochaeta 

Host Log. Suit. Scores 
Per Species 2835.1 3 945.04 50081 <0.0001 

Residuals 5817.6 308294 0.02   
Total 8652.7 308297    

Tr
ue

 N
 M

od
el

 
Ex

tra
ct

io
ns

 C. capitata 

Host Log. Suit. Scores 
Per Species 2.3762 4 0.59405 13.589 <0.0001 

Residuals 13.8582 317 0.04372   
Total 16.2344 321    

E. xanthochaeta 

Host Log. Suit. Scores 
Per Species 1.3173 3 0.4391 10.389 <0.0001 

Residuals 10.9473 259 0.04227   
Total 12.2646 262    



 86 

 Table 4.4:  The Tukey multiple comparison analysis for each treatment compared.  

As in the ANOVA table the analyses were separated first by the way in which replicates 

(N) for each comparison were obtained, then by the host ENM from which the 

fundamental suitability’s were extracted from, and finally by the treatment. The mean of 

the extracted logistic suitability values (i.e., those values that were extracted from the 

hosts ENM) as well as the overlap ratio per base ENM (Base tephritid ENM Log. Suit. 

values/Extracted Log. Suit. values per treatment) and standard error of the mean are 

reported.  Letters indicate the comparisonsrelationship and independence.  

 

  

BASE 
TEPHRITID 

ENM 
TREATMENT EXTRACTED 

LOG. SUIT. 
OVERLAP 
RATIO PER 
BASE ENM 

STAND. ERR. N TUKEY 
CONT. 

PR
ED

. N
 M

O
DE

L 
EX

TR
AC

TI
O

NS
 

C. capitata 

C. capitata 
top 5th class 0.5978858 1 0.000293175 78874 a 

D. tryoni 
(post-1980) 0.3730283 0.6239122 0.000628812 83101 d 

D. tryoni (pre-
1980) 0.3646691 0.6099310 0.000633967 89336 c 

E. 
xanthochaeta 0.3288529 0.5500262 0.000800078 56987 e 

F. arisanus 0.4799141 0.8026852 0.000419064 109498 b 

E. 
xanthochaeta 

E. 
xanthochaeta 
top 5th class 

0.5580096 1 0.000349098 56987 a 

C. capitata 0.316824 0.5677751 0.000505458 78874 c 
D. tryoni 

(post-1980) 0.3708585 0.6646095 0.000483788 83101 b 

D. tryoni (pre-
1980) 0.2880904 0.5162821 0.000526955 89336 d 

TR
UE

 N
 M

O
DE

L 
EX

TR
AC

TI
O

NS
 

C. capitata 

C. capitata 
top 5th class 0.5337676 1 0.015511335 190 a 

D. tryoni 
(post-1980) 0.4318323 0.8090268 0.064798466 14 ab 

D. tryoni (pre-
1980) 0.3271326 0.6128745 0.067147436 11 bc 

E. 
xanthochaeta 0.3032062 0.5680490 0.029402257 49 b 

F. arisanus 0.4954092 0.9281365 0.024176994 58 ac 

E. 
xanthochaeta 

E. 
xanthochaeta 
top 5th class 

0.4608277 1 0.029928429 49 a 

C. capitata 0.2855267 0.6195953 0.01499394 190 b 
D. tryoni 

(post-1980) 0.3751521 0.8140832 0.050307409 14 ab 

D. tryoni (pre-
1980) 0.2261028 0.4906449 0.055990963 11 b 
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Figure 4.1:  Collection localities used in this analysis.  Contemporary collections of the 

Tephritid hosts C. capitata and E. xanthochaeta as well as the egg-larval parasitoid, F. 

arisanus, are shown with specific shapes and colors.  Colored diamond shapes indicate 

the pre-1980 (L80 = yellow) and post-1980 (G80 = blue) D. tryoni collection. 
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Figure 4.3:  A boxplot of all fundamental host suitability comparisons.  The boxplot 

shows the median (as a measure of skew), inter-quartile range, standard deviation and 

outliers for each plot.  The habitat suitability values are given for each host comparison 

method per species.  The plots are separated by the replicate comparison method, where 

(A) and (B) use the area of the top 5th jenk (i.e., predicted N) and (C) and (D) use the 

actual collection localities (i.e., true N).  Separation is shown by the host used for the test, 



 90 

where (A) and (D) are the host suitability comparisons of each parasitoid to C. capitata, 

and (B) and (D) are the host suitability comparisons of each parasitoid to E. 

xanthochaeta.  Within each plot a lower case letter designates the differential relationship 

between each species fundamental host suitability, as defined by a Tukey multiple 

comparison test.  Plots with the same letters are not significantly different. 
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CHAPTER 5 

USING MOLECULAR TOOLS TO IDENTIFY AND DESCRIBE ECOLOGICAL AND 

EVOLUTIONARY PROCESSES AFFECTING AUGMENTATIVE BIOLOGICAL CONTROL 

INTRODUCTION 

 The application of augmentative Biological Control (BC) has proven an 

invaluable tool in the field of agricultural pest management  (van Lenteren & Bueno 

2003; van Lenteren 2003, 2006; Wong et al., 1991). Theoretically, it offers pest reduction 

and suppression comparable to insecticides, without the fear of excessive non-target 

interactions (van Lenteren 2003).  Yet, by definition, augmentative release approaches, 

when used to augment established populations, may modify the environment by 

interbreeding with established populations, thereby modifying the genetic structure of 

wild populations within the natural environment.  These modifications would 

theoretically be a genetic shift from locally adapted populations to populations 

characterized by the highly inbred and genetically depauparate insectary reared (IR) 

agent of choice (van Lenteren 2003). This phenomenon is indicative of genetic structural 

dilution of the initial (wild) population with the clonal IR population, what is coined here 

as a Reverse Bottleneck.  Given that there is typically a positive correlation between 

population fitness and heterozygosity of loci within that population (although there are 

increasing examples of clonally adapted highly invasive populations, see Le Roux et al. 

(2007)) it is possible that the effectiveness of the BC agent would be reduced by the 

mixing of wild type with IR populations of the agent.  While forecasting the impacts of 

augmentatively released populations is imprecise, modeling genetic association 

(dispersal, gene flow, relatedness) of these populations can lead to general theories 
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applied to agent choice and rearing methodologies (Hufbauer et al., 2004; Avise 2004; 

Roderick & Navajas 2003).   

To assess what role micro-evolutionary processes play on an IR, inundatively 

released BC agent and its wild counterpart, the arrhenotokous Opiine Diachasimorpha 

tryoni, Cameron (Hymenoptera; Braconidae) was chosen as the model organism for this 

analysis.   This tephritid parasitoid was successfully used in an oft-cited augmentative 

release program in 1988 to suppress populations of Ceratitis capitata, Wiedemann 

(Diptera; Tephritidae), in Hawaii (Wong et al., 1991).  To evaluate efficacy, these authors 

sampled from two locations in 1989, a year after release - Kula, Maui where they 

released ~272,000 D. tryoni weekly for approximately 8 weeks, and Keokea, Maui, ~2 

kilometers away, where no releases were made. Population fluctuations of C. capitata 

and D. tryoni were quantified and statistically compared between the two locations 

(Wong et al., 1991). Dried specimens from this study were stored in the Hawaii 

Department of Agriculture (HDOA) collections of Mohsen Ramadan. Also, pre-release 

specimens were obtained from the HDOA collections and the Australian National Insect 

Collection; these are respectively the 1986 IR population reared on Oahu and later used 

for the releases, and a 1959 collection of wild D. tryoni from Kula, Maui. Microsatellites, 

highly variable neutral genetic markers, were used to understand this system in relation to 

its geographic structure. 

Given the extent and scale of these releases, (~4.1 million IR D.tryoni were 

released) it was hypothesized that at the release foci, the wild population structure in 

Kula, Maui would be highly similar to the initial IR population even though all 

collections analyzed from these trials were taken one year post release (Wong et al., 
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1991). Thus, it is proposed that genetic displacement of wild populations would be less 

likely as one moves away from the foci through space and time. Also, at the point of 

release the absolute dilution of the initial wild population would possibly lead to a 

Reverse Bottleneck, whereby the genetic structure of the wild population is highly diluted 

by the introduced individuals. 
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METHODS 

POPULATION SAMPLING AND DNA EXTRACTION 

Seven putative populations were sampled giving a total of 111 individuals. All 

individuals used in this analysis were either dried or alcohol preserved.  All but one 

population were from the collections of M. Ramadan at HDOA , R. Lukins collected the 

other population in 1959.  Collection locations and other population information are 

given in Table 5.1 and Figure 5.1.  A single hind leg was removed from each museum 

specimen.  Due to the haplo-diploid nature of D. tryoni only females were used in this 

analysis. DNA was isolated and purified from each leg sample following the DNeasy 

extraction kit protocol  (Qiagen Inc, 2006). 

MICROSATELLITE ANALYSIS 

Eight microsatellite loci (Chapter 2) were separated into two multiplex sets and 

amplified in 10 uL reaction volumes containing 4.8 µL Qiagen multiplex mastermix 

(HotStarTaq DNA polymerase, Multiplex PCR buffer and dNTP’s), 0.2 µ" of each 

primer, 0.4 µL of ddH20 and 2.4 µL of template. An initial denaturation and HotStarTaq 

activation step of 95oC for 15 min. was followed by 40 cycles of 94oC for 30 sec., 58 oC 

for 90 sec. and 72 oC for 60 sec. the final extension was conducted at 60 oC for 30 min. 

per the manufacturers recommendation (Qiagen Inc. 2008).  All samples were genotyped 

on an ABI 3730XL sequencer.  

STATISTICAL ANALYSIS 

The microsatellite loci amplified from DNA extracted from these museum 

specimens were genotyped, scored, and assessed for neutrality (Chapter 2).  Loci scores 
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were then exported into Excel (Microsoft Excel 2007) for data management and imported 

into the freeware Convert (Ver. 1.2) for data conversion (Glaubitz 2004).   

The programs STRUCTURE (ver. 2.2) (Falush et al., 2003) and Geneland (ver. 

1.1.4) (Guillot et al., 2005) were used to describe population structure and gene flow of 

these unlinked loci in a spatial and non-spatial context  (Pritchard et al., 2002).  

STRUCTURE uses a model-based Bayesian clustering approach to probabilistically 

assign individuals to a population (or if admixed, >1 populations) depending on their 

genotypic makeup  (Pritchard et al., 2002).  Geneland is an R based landscape genetics 

application that uses Bayesian based assignment tests to identify spatially explicit genetic 

discontinuities by means of Voroni tessellations  (Guillot et al., 2005; Chen et al., 2007). 

In STRUCTURE, parameter sets were defined that best describe the data and 

allow $ (Dirichlit Parameter for Degree of Admixture) convergence. A burn-in period 

(for reliability) of 100,000 iterations in combination with a run length of 500,000 Markov 

Chain Monte Carlo (MCMC) simulations was performed.   The admixture model was 

implemented to define population structure since individuals were assumed to have 

mixed ancestry due to recent imigration (Falush et al., 2003). The analysis was run using 

the dependent structure analysis mode because it assumes that allele frequencies are 

likely to be similar due to recent divergence and would thus fit the data appropriately.  In 

the dependent population structure analysis seven populations were defined through prior 

probability estimates for defining genetic population structure (K) independent of 

assumed estimates of K  (Pritchard et al., 2002; Falush et al., 2003). 

Geneland was used to elucidate the population membership of each individual in a 

spatial context (Guillot et al., 2005; 2008). In order to incorporate this analysis, the 
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geographic coordinates for each individual within their defined collection zones (i.e., 

Kula and Keokea) was needed. Coordinates were randomly selected in those spatial 

zones to identify individuals and genotype membership from those zones. This was 

necessary as the exact geographic positions of the collections were not given and 

separation of individuals to define and understand population membership was essential.  

Geneland, parameters were initially set to identify K using posterior probability of 

membership with 100,000 iterations, combined with 100 independent runs, a bootstrap of 

499 (the maximum possible) was used on each independent run (Guillot et al., 2008). The 

value of K was identified as the highest posterior probability given out of all the 

independent runs as recommended by Guillot et al. (2008). The allele frequency model 

was set to “correlated” (much like admixture), with a spatially false organization (Chen et 

al., 2007). Because only the zonal locale of the individuals was known, not the exact 

coordinate of collection, the uncertainty of each coordinate was set to 40% to better 

visualize possible overlapping samples. 
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RESULTS 

BAYESIAN ANALYSIS 

The STRUCTURE output allowed us to assess population membership and gene 

flow in D. tryoni (Fig. 5.2).   The output was re-visualized to reveal genetic structure of 

populations in relation to individual population membership, thereby removing any 

assumptions of geographic origin through the estimated membership coefficient (Q). This 

is similar to the methods of Beaumont et al. (2001) in their approach to defining 

population structure and membership, dependent on assumptions other than geographic 

origin, and in the use of a wildtype genetic structure (1959 Kula) to better understand 

population membership.   Population membership was based on ~40% cluster 

membership for each individual given the high probability of wild X laboratory reared 

crosses. 

 Initial analysis of all the populations in Geneland (1956 – 1989) indicated a K 

value ~8 (Fig. 5.3A), suggesting eight clusters.  The population membership map (Fig. 

5.3B) is representative of the consolidated Voronoi tessellations (divisions of a specified 

area into polygonally defined regions based on relatedness) shown below the map (Guilot 

et al., 2005).  The emphasized area is of the Kula and Keokea regions and is indicative of 

both IR based and unique clusters.  The 1959 Kula data is emphasized as one of those 

unique clusters.  The tessellations also cluster relationships, whereby a color gradient 

defines degree of association.  The gradient is from white, which represents individuals 

that fall directly within that cluster, to red, representative of no association (Guillot et al., 

2005). 
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 Given the distribution of the data over a large geographic space, it was imperative 

that the Kula and Keokea areas be resolved in greater detail. Two analyses were 

completed for Maui populations. The first analysis included the 1959 Kula population 

along with the 1989 Kula and Keokea populations (Fig 5.4A).  The second only included 

the 1989 Kula and Keokea data in order to better visualize the released IR population 

drift and genetic separation of the wild types (Fig 5.4B).  Three clusters were defined 

with the wild type 1959 Kula population individuals forming a 3rd cluster (White) that has 

closely related individuals in both the 1989 data from Kula and Keokea (Fig. 5.5A). 

Figure 5.4B shows IR population drift (Green) into Keokea (White) as well as reduced 

wild type make-up of the Kula area population. The cluster tessellations in Figure 5.4A 

seem to Indicate Kula (area of IR release) admixture and migration into the Keokea 

region (FST = 0.197). The inbreeding coefficients for each population reveal moderately 

inbred populations in the Keokea region whereas an admixed population was present in 

the Kula area (FIS = 0.21 Kula and 0.42 Keokea), as would be expected in light of the IR 

release in the Kula region.  
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DISCUSSION 

 A parallel to the quality control of classically released BC agents, in which the 

utility and necessity of post introduction surveys are emphasized (Van Driesche & 

Bellows 1990; Kauffman & Nechols 1990), is the quality of augmentative release agents 

post introduction as compared to the natural populations (van Lenteren, 2003). If judged 

through a population genetics approach, quality of augmentative agents would be 

assessed on how differentiated those IR agents are from the natural population in the 

region of interest. If differentiation exists it is thus proposed that dilution and 

introgression of the wild haplotype would occur during inundative releases, what is 

coined here as a Reverse Bottleneck. In this case, the number of inundatively released 

agents would directly correlate to how dilute the wild haplotype would likely become and 

the likelihood of haplotype extinction per coalescent theory predictions (Avise, 2004).  

This analysis suggests that the system created by Wong et al. (1991) is an example of this 

dilution process, based on the data presented here.  

It is hypothesized that individuals from the 1989 Kula collections would be 

similar to the IR population, which correlates to the probable genetic dilution of the wild 

haplotype. The 1959 Kula population was used to define the wild haplotype, with 

comparison to the captive bred individuals, to understand relationships of the 1989 Kula 

and Keokea collections. Figure 5.2 illustrates this relationship, with an IR block of highly 

admixed individuals that showed equal membership to all populations, most of the 1986 

IR individuals fell within this large block, as well as many individuals from 1989 Kula 

region and some from the Keokea region. This is in the presence of theorized wild type 

individuals from Kula and Keokea area (Fig. 5.2). Using the 1959 individuals as the 
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learning type (pre-defined genetic structure) for an ideal “Kula wild type individual”  

individuals from the 1989 Kula samples that fell within, or had different degrees of that 

membership were found (Beaumont et al., 2001). This is indicative of a wild-type 

structural presence as well as population introgression. A second wild-type cluster was 

found that comprised individuals from both the Kula and Keokea regions that was 

independent of the IR haplotype. The presence of this haplotype structure in combination 

with those individuals found related to the 1959 Kula population indicates wild type 

presence within the regions (both pre- and post- Augmentation effort) and probable 

introgression of the wild type structure. 

By defining the geographic origin (as seen in Figs. 5.1, 5.3 and 5.4) of each 

individual structure differences were more easily visualized and defined between regions 

and clusters of interest (Guillot et al., 2008). The initial population membership analysis 

(Fig. 5.3B) in Geneland  (Guillot et al., 2005) denoted clustering of individuals in Kula 

and Keokea with the IR population as well as (as in Fig. 5.2) unique memberships 

independent of the IR haplotype.    Resolving these data to a greater degree revealed 

relationships of wild type populations between Kula and Keokea (Fig 5.4A) and seems to 

illustrate the dominance due to dilution of the IR haplotype within the release area (Fig 

5.4B).  The inbreeding coefficient (FIS) of the two populations also suggested moderate 

inbreeding in the Keokea region whereas the Kula region showed very low inbreeding, 

indicative of population dilution (Avise, 2004) 
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CONCLUSIONS 

Although the analysis is preliminary and meant to be suggestive, it seems to be 

representative of the process termed Reverse Bottleneck, this system likely exemplifies 

most inundative augmentative BC measures implemented.  A Reverse Bottleneck  is 

defined in this paper as any instance in which a population’s genetic structure is diluted 

in the presence of a more numerous, “non-native”, population of differing genetic 

structure, thereby causing an overall shift in population structure towards the more 

numerous haplotype. Subsequent analysis, involving a greater number of microsatellite 

loci, the possible inclusion of more populations, and the utility of hypothesis testing 

techniques is planned to better resolve and understand this system. Though the current 

practice of the augmentative system is valid, useful and valuable, better understanding of 

the population and landscape genetic processes associated with this approach may 

improve implementation.  It is hoped that through future analysis of this and other 

systems a more predictable theory describing this dilution process can be developed and 

directly applied.   
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TABLES AND FIGURES 

Table 5.1: Population information concerning the origin and preservation of all 

museum D. tryoni specimens used in this study. The collection from the Australian 

National Insect Collection are indicated by ANIC while those from the Hawaii 

Department of Agriculture are indicated by HDOA. 

 

 Location 
Coll. 

Date Coll. Collector N Preservation Collection 

1 Kula, Maui 8/17/1959 R. Lukins 6 Dried ANIC 
2  (IR);Manoa, 

Oahu 
6/30/1986 M. 

Ramadan 
15 EtOH HDOA 

3 Kula, Maui 1/9/1989 M. 
Ramadan 

4 Dried HDOA 

4 Keokea, 
Maui 

3/28/1989 M. 
Ramadan 

4 Dried HDOA 

5 Keokea, 
Maui 

4/12/1989 M. 
Ramadan 

26 Dried HDOA 

6 Keokea, 
Maui 

4/19/1989 M. 
Ramadan 

30 Dried HDOA 

7 Kula, Maui 5/27/1989 M. 
Ramadan 

26 Dried HDOA 
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Figure 5.1: Map showing the locations of interest on the islands of Maui 

(Keokea/Kula) and Oahu. 
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Figure 5.2: STRUCTURE output indicating wild type and IR clusters with 

membership based on Q. This figure indicates admixed wildtype clusters from both 

Kula and Keokea with 1959 population clusters of Kula being the absolute wild-type 

outgroup (in this type of analysis it is referred to as the learning sample)  (Beaumont et 

al., 2001). The IR block populations are comprised of most of the IR individuals 

measured, as well as Kula and Keokea individuals from 1989. This block showed equal 

membership of each individual into all the clusters and is an indication of admixture 

(Mullen & Hoekstra 2008).   
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Figure 5.3: Defined clusters in both number and posterior mode of membership.  

The number of populations (A) is defined by the density of the distribution of the 

populations in relation to the number of populations along the MCMC simulation chain 

after a burn in of 100,000 iterations.  The population memberships of these defined 

clusters (B) are defined by the Voroni tessellation cluster analyses that are then combined 

to form the membership map. The emphasized area of the membership map illustrates the 

clusters found in the areas of interest (Keokea and Kula, Maui).   
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Figure 5.4:  Posterior mode of population membership for Maui Data from 1959 to 

1989. Initial analysis of all Maui population (A) was indicative of membership of Keokea 

populations with the Kula wild type and the Kula 1959 data. The three clusters shown 

correspond to the two theorized wild type populations from Kula and Keokea and the 

major IR population. Population membership with only 1989 Kula and Keokea data (B) 

indicate two major clusters between Keokea and Kula corresponding to the region of the 

release and control. Wild type population membership can be seen in white. Tesselation 

analysis shows introgression of the populations (in yellow).  
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CHAPTER 6 

MOLECULAR TOOLS AND FITNESS MEASUREMENTS MODEL AUGMENTATIVE RELEASE 

HYBRIDIZATION OF THE ARRHENOTOKOUS TEPHRITID PARASITOID 

DIACHASMIMORPHA TRYONI (CAMERON) (HYMENOPTERA; BRACONIDAE) 

INTRODUCTION 

  Augmentative biological control (ABC) is a process in which a naturalized 

biocontrol agent is mass-reared and released to supplement locally adapted populations.  

This strategy can be thought of in terms of either inundation of the pest, in which pest 

populations are inundated with the control agent, or augmentation of the agent, in which 

release of the organism is primarily meant to supplement the wild populations’ effects on 

the target pest (van Driesche et al., 2008).  Recently, a review of the efficacy of ABC 

faulted its lack of widespread adoption in agricultural and conservation systems to 

relatively high costs and inefficiency, as compared to the direct cost of more dependable 

control methods (i.e., pesticides) (Collier & van Steenwyk, 2004).  This review, although 

comprehensive, does not take into account the indirect costs of pesticide usage, which 

potentially include ecosystem degradation and human health issues   (Collier & van 

Steenwyck, 2006; van Lenteren, 2006).   The review asserted that failures of ABC were 

usually associated with a lack of knowledge about the ecology of the system, or the 

biology of the host and the released natural enemy (including knowledge of natural 

enemy fitness both pre- and post-release. Collier & van Steenwyck (2004) also mentions 

that the efficacy of ABC can, and should, be improved with technologies that enhance 

efficiency and reduce costs of implementation.    

 One such technology, that has been only tentatively researched, is the use of 
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heterosis (hybrid vigour) to enhance the fitness of laboratory reared biocontrol agent 

populations.  Conceptually, if two highly disparate and inbred populations cross, the first 

filial (F1) progeny will be of increased fitness (with potentially greater search efficiency, 

larger body size, or higher reproductive capacity).  The increased fitness associated with 

heterosis is related to the over-dominance of genes in heterozygous individuals   (Butcher 

et al., 2000; Luna & Hawkins, 2004; Maxwell et al., 2008).  This technology, although 

not considered in the Collier & van Steenwyck (2004) review, has the capacity to 

potentiate previously introduced biocontrol agents, and possibly facilitate augmentative 

control methodologies.    

 However, while heterosis may facilitate the efficacy of biocontrol releases, it is also 

possible that hybrid depression may hinder it. Hybrid depression, also termed out-

breeding depression, is a reduction of fitness associated with hybridized progeny of two 

highly disparate populations (Luna & Hawkins, 2004).  Hybrid depression has been 

implicated in the reduction in fitness of possibly locally adapted parasitoids, but like 

heterosis, it has rarely been studied in association with ABC (Rincon et al., 2006; Luna & 

Hawkins, 2004).   

 Given the manner in which ABC is conducted it is likely that after augmentation in 

the field, the locally adapted population interbreeds with a comparatively monotypic 

strain of laboratory-reared individuals. Although research into the utility of ABC has 

been conducted since the 1950’s  (Collier & Steenwyk, 2004) little is known concerning 

the effect on the progeny of the augmentative released population on a wild population.   

 A single laboratory strain of D. tryoni, established in 1981 has been used 

extensively in ABC releases in Hawaii and other locations (Wong et al., 1992; Ramadan 
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et al., 1989; Sivinski et al., 2000).  A DNA microsatellite set has been developed for D. 

tryoni, creating the opportunity to assess individual and regional population relationships 

at the genetic level  (Consortium et al., 2010).  These factors combined make D. tryoni an 

ideal model organism for studying the process and results of hybridization in ABC 

agents. This study uses experimental crossings of laboratory and wild populations, 

combined with F1 generation molecular (microsatellite) identification of parentage and 

an index of fitness (i.e., tibial length) to analyze the effect of female choice and origin on 

hybridization.  Neutral genetic markers (microsatellites) were quantified to infer 

population parentage as well as to assess hybridization between the populations of 

interest.   Tibial length measurements were used as a proxy of fitness following the 

association by Messing & Wang (2008) in which tibial length was directly correlated 

with egg load and wing size.  This may be the first study to apply these techniques to 

model the effect of hybridization on ABC.  
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MATERIALS AND METHODS 

PARENTAL POPULATIONS USED 

Two populations of D. tryoni  were used for this analysis.  A wild type population 

(Wild) was collected from Ceratitis capitata (Diptera; Tephritidae) feeding on Solanum 

pseudocapsicum (Solanales; Solanacea) in the Kipuka Ki area of Hawaii Volcano 

National Park (HVNP) on the island of Hawaii, May 6, 2007.  The laboratory-reared 

population (Lab) was acquired from a colony reared for over 200 generations on C.  

capitata at the former United States Department of Agriculture, Pacific Basin Agriculture 

Research Center (USDA-PBARC) in Manoa, Oahu.  This colony was established with 

individuals collected from Kula, Maui in 1981 by Ramadan et al. (1989). 

Prior to these experiments, both populations were reared in the lab for 15 - 20 

generations on Bactrocera latrifrons (Diptera: Tephritidae) to control for biotype host 

association preferences and specificity of fitness in relation to host. Neither population 

had been previously collected (Wild), or reared (Lab) on B. latifrons. Rearing conditions 

were optimized at 72oC and 60% relative humidity (RH).  Rearing media and B. latifrons 

eggs and larvae were supplied by USDA-PBARC.  Rearing methods for B. latifrons  at 

USDA-PBARC  followed those of Vargas et al. (1993).  Rearing protocols for D. tryoni 

followed those of Ramadan et al. (1989).   Honey and water were provided ad libitum. 

Colonies were allowed to oviposit into oviposition units (9 cm (diameter) x 0.5 cm 

(depth) petri dishes containing larvae and larval media covered with nylon mesh) twice 

per week.    
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EXPERIMENTAL DESIGN 

After pupation of B. latifrons larvae, all experimental individuals were placed in 

size 0 gelatin capsules.   Upon emergence, individuals were separated by sex and ancestry 

and placed in separate 15.24 x 15.24 x 15.24 cm plexiglass cages containing honey and 

water.  All individuals used in these experiments were 5-10 day old inexperienced virgins 

(no association with the other sex or population).    Experiments were conducted in the 

same environment as rearing (72oC and 60% RH).  Crosses were conducted in a 30.48 x 

30.48 x 30.48 cm clear plexiglass arena containing honey and water.  Each experiment 

included 10 females from a single population (Wild or Lab), with 5 males from the Wild 

strain and 5 males from the Lab strain.  The experiment was completed in this manner in 

order to assess the effect of female mate choice per population.  All experiments were 

carried out for 24hr starting at ~10 am.  Mating was not directly verified until after 

emergence of the female offspring.  A total of 21 experiments to assess mate choice and 

hybrid properties were conducted. A total of 100 crosses were completed in which 

females were from the Lab strain, and 110 in which females were from the Wild strain.   

Upon completion of each cross, each female was removed from the experimental 

enclosure and placed into a cylindrical 5.08 cm (height) x 9.04 cm (diameter) 

polypropylene container (Hi-plas®).  The lid of the container was modified with a 3.25 

cm diameter hole covered with white polyester screen (Bioquip) to allow ventilation. 

Each container had ~1 oz. dried sand on the bottom and an oviposition unit comprised of 

a modified 51 mm petri dish with a 3 cm diam hole in the top of the petri dish cover.   

Dacron-chifon mesh screening (Bioquip) was glued over the hole using hot-melt glue.  

Each petri dish contained ~65 third instar B. latifrons larvae, and was held together by a 
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large binder clip to prevent larval escape.  Females were allowed to oviposit win their 

individual containers for 24 h following mating, then removed, and their offspring were 

left to pupate.  Upon Filial 1 (F1) emergence, a single female offspring was removed 

from each container, labeled, placed into a 1.5 ml eppendorf vial, and frozen in a -20oC  

freezer.   

TIBIAL LENGTH MEASUREMENTS 

Following the completion of all experiments the right hind leg of each female D. 

tryoni was removed from all experimental and 64 (35 Wild and 29 Lab) parental 

individuals. The remainder of the female was placed back in its eppendorf vial and stored 

at -20oC.  Following excision,  each hind leg was placed under an Olympus Qcolor3 

digital camera mounted on an Olympus SZX10  microscope with a 0.5 mm demarcated 

precision  micrometer and digitally photographed at 40x magnification. The tibial length 

measurements in each photograph were analyzed with freeware PixelStick, a Mac OSX 

software application.  Pixelstick uses a Cartesian coordinate system to measure the 

distance and angle between two points on a screen using pixel size as its measurement 

unit.  In each photograph the demarcated 0.5 mm measurements were consistently 

measured in pixels and recorded following the tibial length measurement.  Tibial length 

size measurements were then converted into metric units using the following equation: 

 

T = M/0.5 ! X 
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Where T is the size of the tibia in millimeters (mm), M is the pixel size of 0.5 mm and X 

is the pixel size of the tibia.  All tibial lengths were then processed to assess the normality 

of the data using a quantile comparison plot in R COMMANDER  vers. 1.6 (Fox, 2005).  

DNA EXTRACTION, AMPLIFICATION AND GENOTYPING 

All DNA was extracted, amplified and genotyped following the protocols of  

Consortium et al. (2010).  The 14 microsatellite loci used in this analysis were 

specifically developed for research on D. tryoni and are also described in   Consortium et 

al. (2010).  When calculating many of the diversity and hybrid indices using co-dominant 

markers, diploidy is a prerequisite. Given that D. tryoni is arrhenotokous, only diploid 

females were used in the analysis.  A total of 155 extractions were conducted including 

35 uncrossed parental individuals from the Wild population and 29 uncrossed parental 

individuals from the Lab population.  

PARENTAL DIFFERENTIATION ESTIMATION AND HYBRID DETECTION 

The software GENODIVE  (Meirmans & van Tiendren, 2004) was used to assess 

hybridization between the parental populations.  This application uses the maximum-

likelihood estimate of hybrid index (MLE[h]) developed by Buerkle (2005) and is 

specific to co-dominant markers such as microsatellites. GENODIVE estimates the 

MLE(h) based on the proportion of  alleles inherited from two parental populations. The 

MLE(h) scores are estimated from zero to one; those individuals closer to zero are more 

related to the reference population, while those closer to one are related to an alternate 

population.    

When using the Buerkle (2005) MLE(h), if the parental populations are recently 

diverged, or homoplasy between loci is present, differentiation between the parental 
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populations can beget variance around zero or one in defining the parental individuals.  

This variance was used to define the cut-off values to accurately estimate parentage.  

Figure 6.1 shows the MLE(h) when the parental populations are reciprocally compared to 

themselves as the reference population versus the parental alternate population.  Using 

this method it was found that the most accurate estimates of parental heritage produced 

cutoff values above 0.7, identifying a 30% variance above zero and below one, used to 

define hybrid makeup (Fig. 6.1).  This correctly defined 89.5% and 94.5% of Wild and 

Lab individuals, respectively.  Thus, all estimates of MLE(h) in the experimental analysis 

used to define hybrids were either above 0.3 or below 0.7.   

GENEPOP 4.0 on the web was used to assess divergence between the parental 

populations and hybrids defined using the MLE(h)). Estimates for both Wrights Fst and 

Rhost were used to assess population differentiation. A test of genotypic differentiation 

was conducted to assess significance of the divergence between the two populations. The 

Markov Chain Monte Carlo (MCMC) parameters were set to 100 batches per run, with 

1000 iterations per batch and a de-memorization of 1000.   

STATISTICAL ANALYSIS 

 The MLE(h) for each individual was  combined with it cross information (i.e., 

parental association) and tibial length.  These data were imported into the R (vers. 2.11.1) 

statistical package application R COMMANDER  vers. 1.6 (Fox, 2005).   To assess the 

normality of the tibial length measurement, a quantile-comparison plot was developed.  

Although the lower values of the plot were slightly skewed outside of the 95% 

confidence interval, the scatter plot follows the prediction of a one to one relationship 

close to the predicted normal distribution.  In R COMMANDER, an analysis of variance 
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(ANOVA) was used to test the significance of tibial length with known maternal 

parentage and hybridization.  Further, a two way contingency table was developed to 

compare the maternal ancestry of each experimental cross to the hybridization status as 

designated by MLE(h) (Table 2.6). A Pearson’s %2 analysis was used to characterize 

female mate preference.  To understand the significance of this analysis, retrospective 

power analyses were conducted in R COMMANDER using the $=0.05, and a 60/40 

proportion variation. All graphs were made in R COMMANDER in the R statistical analysis 

software. 
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RESULTS 

Likelihood estimates were defined to understand goodness of fit as it relates to 

cluster membership.  The higher the likelihood estimate the better the data fits the 

analysis.  Analysis of the maximum likelihood scores versus MLE(h) indicates variance 

of the likelihood scores from -36 to -9 over all clusters mapped (Fig. 6.2).   Cluster 

membership, defined with the MLE(h) scores,  show consistent membership of each 

cluster with each defined population (Lab, Wild, Hybrid).    An average likelihood score 

of -18 is estimated over all defined individuals.  Interestingly, likelihood estimates 

increased as the MLE(h) defined hybrids tended toward the laboratory reared individuals, 

while they decreased as the MLE(h) scores tended toward the Wild population.  The 

opposite holds true for the non-hybrid cluster estimates, where the likelihood estimates 

increase as they get closer to 0 or 1, depending on the defining parental cluster (Lab or 

Wild respectively).    Of the 91 primarily experimental D. tryoni in the analysis a total of 

52 were defined as hybrids 20 were un-hybridized Wild and 19 were un-hybridzed Lab.   

A Pearson’s %2 test of female parental ancestry versus mate choice (i.e., the 

choice to hybridize or not) was used to assess the association between hybrids and 

parental ancestry.  The results indicated a trend in the data (P-value = 0.11, df = 1, %2 

=2.55) but were insignificant at $ = 0.05.   This lack of significance may be due to an 

insufficient number of comparisons for the analysis (for %2 see Table 6.2). A proportion 

based power analysis conducted in R COMMANDER assessing the power of the 

Lab/Hybridization interaction estimated the power of this analysis at 0.54 (N=53, p1=40, 

p2=60, $=0.05).  A power of 0.8 is considered reasonable assessment of the interaction.   

To assess the number of samples required to obtain possible significance for this 
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interaction, another power analysis was conducted using the same parameters as above, 

but substituting the power function of 0.8 for N.  The number of individuals necessary to 

obtain significance of the interaction was estimated at 94. 

The GENEPOP Fst\Rhost  paiwise analysis of differentiation is shown in Table 6.3.  

All values are highly significant (p < 0.001), including comparisons of the parental 

populations to the hybrids.  Pairwise differentiation estimates indicate moderate 

differentiation between the Wild and Lab parental populations (Fst\Rhost = 

0.1352\0.0641). Low but equivalent differentiation values were estimated in comparisons 

of the parental populations to the hybrid individuals (Fst/Rhost=0.0209\0.0182 for Lab 

vs. hybrid and Fst/Rhost= 0.0566/0.0123 for Wild vs. hybrid). Fst and Rhost values of 

differentiation from 0.05 to 0.15 are considered moderately differentiated  (Avise, 2004).   

In Figure 6.3, tibial length is plotted against female parental ancestry and 

clustered into parentally defined or hybridized individuals. Mean estimates together with 

standard error (SE) around the mean show significant association with hybridization and 

a change in tibial length as it relates to known female ancestry.  To further understand 

this relationship, a two way ANOVA was employed to test hybridization (defined by the 

MLE(h)  scores) and female parental ancestry using tibial length as the response variable 

(Table 6.1). Direct hybrid MLE(h) determinations to tibial length measurement 

comparisons did not show any statistical significance (p = 0.97, Df = 1), whereas 

comparisons including the female parental ancestry were highly significant (p = 0.00097, 

Df = 1). This is illustrated by the hybrid, tibial length, and parental female association 

plotted in Figure 6.3.  The  ANOVA table (Table 6.1) shows sources of this variation and 

reveals the significance of this interaction. 
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DISCUSSION 

 The Interaction of augmentatively released agents with their wild-type 

counterparts has not been well studied or understood. Previous research into 

augmentative releases only assume interaction with the wild type through genetic 

swamping post-release, but little has been done to examine these interactions in detail. 

These analyses attempt to model the population dynamic associated with augmentative 

releases using a combination of mate selection trials, molecular genotyping, and 

measurements of fitness indices was used.  These combined techniques resulted in a 

resolution capable of defining the hybridization of the populations (Fig. 6.1, 6.2 and 

Table 6.3), variability in the fitness of the hybridization interaction (Fig. 3.6), and 

assessment of female mate choice in relation to population dynamics (Table 6.2).  By 

defining the parental MLE(h) scores descriptive of hybridization (MLE(h) = 0.7) in each 

population (Figs. 6.1 and 6.2) 89.5% of the Wild and 94.5% of the Lab individuals  were 

predicted correctly.  Although this study specifically focused on D. tryoni, it is likely that 

these techniques can be applied to other augmentative release systems.  Also, this 

approach may be useful in further theoretical analyses and techniques associated with the 

population interactions of augmentative releases.  

These results are indicative of positive and negative hybridization interactions 

between the two populations tested (Fig. 6.3).  Combining an index of fitness (tibial 

length) with MLE(h) (from neutral loci) a significant indication of heterosis  (Wild 

female with Lab male) and hybrid depression (Lab female with Wild male) when 

compared to the fitness of their parental populations was found.  Oddly, heterosis seems 

to occur in association with the Wild population that has only been in captivity ~15 -20 
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generations, whereas hybrid depression is associated with the Lab population that has 

been in captivity # 200 generations.  This interaction seems to be related to the 

transmission of the fitness index (tibial length) of one population to the other through the 

haploid male D. tryoni in a laboratory environment. Given that males are formed from 

unfertilized, diploid female eggs, it is possible that in this interaction tibial length is 

dominant in the male transmitted portion of the diploid female offspring. If this is the 

case, then expression of tibial length, and possibly fitness, may be parentally selected and 

defined by the female through the male in haplo-diploid organisms. There has been some 

recent evidence of male sex-specific splicing of the fruitless (fru) and doublesex (dsx) 

genes in the haplo-diploid model organism, Nasonia vitrippenis  (Hymenoptera; 

Pteromalidae) (Billeter et al., 2006; Oliveira et al., 2009; Bertossa et al., 2009). This is 

interesting in that fru  and dsx in Drosophilia are associated with male sexual behavior 

and fitness. 

The results presented herein may be skewed in a manner that does not necessarily 

reflect a wild type versus a lab-reared population. The Wild population was maintained in 

the lab for ~15 – 20 generations and probably underwent a bottleneck due to collection 

and subsequent domestication. The Lab population has had longer (#200 generations) to 

adapt to the captive environment.  It is possible that if the fitness of the Wild population 

was tested and crosses made directly after wild-type collection fitness measurements of 

the Wild parental populations and hybrids might differ.  Nonetheless, the results and 

interactions of this model system remain significant and the techniques used do quantify 

an interaction that can occur during an augmentative release.    
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Female mate choice also proved to be of interest.  The %2 analysis used to analyze 

female mate choice indicates a possible preference of the Lab females for hybridization 

(Table 6.2).  Although females did not show a significant trend in mate choice associated 

with male origin (Table 6.2), the results were suggestive of an effect possibly hidden by 

limited sample size (p-value = 0.11, df = 1, %2 =2.55). This is especially interesting, 

given that the hybridized offspring of the Wild females are of lower theoretical fitness 

than those of the parental population. The two parental populations are moderately but 

significantly differentiated as indicated in the Fst and Rhost estimates in Table 6.3.   

Hybridization between these two populations decreases these differentiation estimates, as 

predicted in population genetics theory (Table 6.3). Fst, shows low- to moderate 

differentiation, and a differential between comparisons of parental population to the 

hybrids (Wild/Hybrid Fst = 0.0566 and Lab/Hybrid Fst = 0.0209).  Concomitantly, these 

same comparisons completed with a microsatellite-specific differentiation estimate 

(Rhost) indicate low differentiation between the hybrids versus the parental population 

(Wild/Hybrid Rhost = 0.0123 and Lab/Hybrid Rhost = 0.0182).  This may indicate that 

Rhost is a more appropriate measure of differentiation for heterosis studies, given that 

population genetics theory predicts that hybrids would be only slightly differentiated.  

These analyses reveal that the genetic outcomes of interactions between two 

moderately differentiated populations, as would be the case during an augmentative 

release, are significant. The outcomes of genetic interactions among wild and 

augmentative populations have the potential to either hinder or facilitate augmentative 

control, and may prove a useful analysis for future augmentative releases.  It is likely that 

IPM practitioners will benefit from understanding how laboratory mass reared biological 
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control agents interact with the wild type population. This fitness potential, as calculated 

from the field derived hybridized F1 generation, may lead to an estimate of the number of 

individuals necessary to release for equivalent control between fields that contain 

different populations of the wild type individuals.    
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TABLES AND FIGURES 

Table 6.1:  Two-Way ANOVA table: showing the Sum of Squares (S.S.), degrees of 

Freedom (d.f.), Mean Sum of Squares (M.S.), F-value, and the calculated p-value.  

Significance is indicated with a “*”.  The Tibial length was used as the response variable 

to assess the effect of treatment (i.e., female origin (Wild/Lab) and Hybridization (as 

determined by the MLE(h) scores).  

RESPONSE VARIABLE: TIBIA LENGTH 
TREATMENTS S.S D.F. M.S. F-VALUE P-VALUE 

FEMALE (ORIGIN) 0.00088 1 0.00088 0.0471 0.828424 
HYBRIDIZATION (YES/NO) 0.00003 1 0.00003 0.0014 0.970737 
FEMALE (ORIGIN)/HYBRIDIZATION 
(YES/NO) 0.12877 1 0.12877 6.8614 0.009707* 
RESIDUALS 2.83387 151 0.018767351    
TOTAL 2.96355 154       

 

Table 6.2:  The contingency table used to analyze female association with 

hybridization.  

 
FEMALE HYBRIDIZED UNHYBRIDIZED TOTAL 
KIPKI 18 20 38 
LAB 34 19 53 
TOTAL 42 39 91 

 
Table 6.3:  GENEPOP analysis of pairwise population differentiation.  Fst values are 

given in the lower half of the matrix and Rhost in the upper half. Significance (P<0.05) of 

the differentiation scores is denoted with an “*”. Parental and experimental individuals 

were used in this analysis. 

 
 
 
 
 
 

POPULATION HYBRID KIPKI LAB 
HYBRID 0 0.0123* 0.0182* 
KIPKI 0.0566* 0 0.0641* 
LAB 0.0209* 0.1352* 0 
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Figure 6.2:  MLE(h) and likelihood  scores for both parental populations (Lab, 

Kipki) graphed with those of the hybridized individuals.  MLE(h) scores are based on 

a range of 0-1 where those scores closest to 0 are more closely related to the Lab 

population and those closest to 1 are more closely related to the Kipki population.  Cutoff 

values to define hybrids between the two parental genotypes were set at an MLE(h) of 0.3 

and 0.7.  A boxplot display on each axis shows the median, the intra-quartile range, the 

1.5 x intra-quartile range minimum and maximum, and outliers.  A line of mean (solid 

morphing trend line), a least-squares line (solid vector line), and lines of spread (dashed 

lines) were plotted per cluster.  
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Figure 6.3:  Mean tibial (±SE) length plotted against female parental ancestry 

clustered into MLE(h) defined populations.  Both experimental and parental tibial 

length and ancestry is plotted and hybrid groups are connected to inform ancestry. 
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CHAPTER 7: 

CONCLUSION 

 The unprecedented success of biological control (biocontrol) agents led some of 

the proponents of this technology to promote its use as a panacea for all pest problems.  

Following an accumulation of non-target host interactions, due to generalist or new 

association introductions, techniques to help ensure classical biocontrol agent success and 

reduce non-target interactions were implemented.  However, even with these new 

measures in place, public and scientific mistrust and lack of consistency has resulted in 

increased regulation of biocontrol introductions.  This has likely decreased the probability 

of effective, sustainable control measures being expeditiously implemented. By 

incorporating the processes (adaptation, selection etc.) and theoretical concepts of 

evolutionary biology to predict and enhance the effectiveness of biocontrol, researchers 

may alleviate some of the concerns and prevailing apprehensions regarding the safety of 

biocontrol.  A micro-evolutionary perspective that involves mutation, drift, selection, and 

gene flow may be crucial considerations in the realm of biocontrol.   In Chapter 1, I 

explain how and why spatial and evolutionary models should be implemented into future 

risk assessment analyses of potential biocontrol agents.  In this review I suggest that it is 

necessary to reassess the approach that has developed over the past ~100 years of 

sustained releases and illuminate them in the context of an evolutionary timescale.  The 

evolution of introduced biocontrol agents is a largely unexplored aspect of this type of 

ecological manipulation.  Although much is theorized there is little empirical evidence 

describing the evolutionary dynamics of a biocontrol agent after release into a new 

environment.   
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 Diachasmimorpha tryoni, a purposefully introduced biocontrol agent of Ceratitis 

capitata that is native to Eastern Australia, is used in this dissertation to model and assess 

spatial, temporal, and host-related evolutionary patterns. This system is ideal given that 

D. tryoni was released in 1914 into one of the most isolated archipelagos in the world, 

Hawaii.  D. tryoni  has undergone a host range expansion to the gall forming weed 

biological control agent E. xanthochaeta, an interaction likely mediated by competition 

for C. capitata with the egg-larval parasitoid F. arisanus.  To illuminate these releases on 

an evolutionary timescale, I developed a molecular toolset consisting of 12 novel primer 

pairs (Chapter 2) that amplify 12 microsatellite loci in Diachasmimorpha tryoni 

(Hymenoptera: Braconidae).  All loci were assayed to assess polymorphism, linkage 

disequilibrium and Hardy-Weinberg Equilibrium.  Two distinct populations were used to 

assess polymorphism. All 12 loci were polymorphic except locus Dt1 in population one. 

Cross-species amplification in the closely related congener Diachasmimorpha kraussii 

was also conducted.  

 Using these microsatellite loci in combination with sequence data and Bayesian 

statistical methodologies I assessed the meta-population dynamics associated with D. 

tryoni between and within its ancestral habitat (Australia) and the newly invaded habitat 

(Hawaii) in which it was purposefully released (Chapter 3). To assess meta-population 

evolutionary dynamics, contemporary and historical specimens of D. tryoni were 

collected from populations around the Hawaiian archipelago and Australia. This analysis 

reveals allopatric shifts of historically defined temporal clusters through mutation, drift, 

and migration between ancestral populations [Ancestral Australian vs Hawaii specimens 

from <1950 Fst (95%CI)  = 0.032(0.01 - 0.067), 1950-1980 Fst(95%CI) = 0.158(0.073 - 



 128 

0.22), >1980 Fst(95%CI) = 0.122(0076 - 0.165)], temporally separated populations 

[(<1950/1980-2008] Fst(95%CI)  = 0.068(0.028 - 0.097), [1950-1980/1980-2008] 

Fst(95%CI) = 0.118(0.028 - 0.097)], and notably (0.1>p>0.5) over geographic and 

temporal space.  This may be the first study to quantify genetic differentiation of a 

biological control agent over geographic space and time. 

 To further elucidate the influence and effect of the competitive interaction 

described by the molecular data on D. tryoni’s meta-population in Hawaii, I developed 

and analyzed Ecological Niche Models of all interacting species (Chapter 4).   These 

ENM’s were used to spatially model the results of competition on the fundamental host 

suitability.  After validation (p-AUC >0.8) these models were compared using the I and 

Schoener’s D metrics and between fundamental host overlap to assess the significance, 

degree, and structure of the interactions.   Also, fundamental host overlap was compared 

via an ANOVA/Tukey Multiple comparison test using the top 5th most suitable habitat or 

true locality data.  These results confirm that the fundamental host overlap of the 

dominant parasitoid in each system is the most similar to that of the hosts top 5th class (F. 

arisanus (0.48 ± 0.14)/C. capitata (0.6 ± 0.08), D. tryoni post-1980 (0.37 ± 0.14)/E. 

xanthochaeta (0.56 ± 0.08). For C. capitata this interaction is maintained when using the 

true locality data.  The interactions defined herein are also consistent with a distribution 

reduction in D. tryoni due to competition, as defined by D. tryoni pre- and post-1980 

habitat shifts. The spatial models indicate that this multi-parasitoid release is 

corresponding to the refuge breaking hypothesis for C. capitata.  This refuge is 

secondarily associated with E. xanthochaeta (D. tryoni’s alternate host) distribution.    
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Another evolutionarily influential factor that may act on the meta-population of 

D. tryoni in Hawaii are augmentative releases that inundate wild populations.  Chapter 5 

assessed the genetic structure of D. tryoni (Hymenoptera; Braconidae) released 

augmentatively on the island of Maui in 1988. Analysis of museum collections suggested 

that population structural changes occurred due to augmentative control practices 

prescribed on the island of Maui ~20 years ago. These results also imply local population 

recruitment and population genetic structural dilution, suggestive of a Reverse Bottleneck 

following augmentative practices. 

In Chapter 6, I further analyzed the outcome of recruitment between the wild-type 

population and the laboratory reared/inundatively released individuals, by employing a 

combination of mate selection trials, molecular genotyping, and fitness measurements.  

These results documented the hybridization of the released and wild populations, the 

fitness of the hybridization interaction, and female mate choice. The analyses conducted 

Chapter 6 reveal that the interactions between two moderately differentiated populations 

(Fst/Rst = 0.1352/0.0641), as would be the case during an augmentative release, are 

significant.  This interaction has the potential to either hinder or facilitate augmentative 

control, and may prove useful to future augmentative releases.   

 The molecular, ecological, and geographic techniques developed in this 

dissertation synergistically resolved the interactions, dynamics and population structuring 

associated with the biocontrol agent, D. tryoni.  The analyses and conclusions used to 

describe this system can be projected via methodological techniques and/or risk 

assessment analyses onto both classically and augmentatively released biocontrol 

introductions. Incorporating these techniques and considerations into a risk-assessment 
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approach may lead to a decrease in the non-target risk associated with biocontrol releases, 

as well as a concomitant increase in biocontrol success.  Future analyses incorporating 

other systems may further expand and elucidate evolutionary mechanisms associated with 

biocontrol releases.  The methodological framework developed for this research will 

hopefully help other biocontrol researchers identify mechanisms that lead to non-target 

interactions.   
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APPENDIX A 

TABLE A.1:  Collection locations, date and the number of individuals collected per 

location for both historical and contemporarily collected Australian specimens.   

Spatial genetic analysis of these specimens was not conducted.  All collections were from 

NSW Australia.  A total of 48 contemporary and historical Australian specimens were 

used in this analysis. 

 
 

 
 

 
 
 
 
 
 

TABLE A.2:  Collections from Hawaii, date of collections and the number of 

individuals collected at that specific location and date. The predicted population 

clusters as determined using the Bayesian clustering methodology are also given. GPS 

locations are noted in that WGS84 datum in decimal degrees.   A total of 272 

contemporary and historical Hawaiian specimens were used in this analysis. 

 

COLLECTION LOCATION DATE # COLLECTED 
1 NSW 2/3/1909 1 
2 Sydney 1/1/1934 2 
3 Warrawee 12/24/1937 1 
4 Sydney 11/5/1951 1 
5 Mt. Glorious 1/3/1953 1 
6 Gatton 1/16/1953 1 
7 Chatsworth 3/1/1957 6 
8 Concord 12/1/1958 1 
9 Torramura 1/29/1959 1 

10 Goffs Harbour 2/21/1959 2 
11 Gosfor/Narara Research Station 3/25/1959 2 
12 Sydney 9/1/1959 14 
13 Sydney 1/1/1982 1 
14 Narara Research Station 9/1/2005 5 
15 Cootmandura 3/12/2008 4 
16 Wagga Wagga 3/24/2008 5 
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TABLE A.2 

 
 
 
 

LATITUDE LONGITUDE LOCATION ISLAN
D HOST DATE PREDICTED 

POP 
# 

COLL. 
19.38817 -155.798078 ` Hawaii C. capitata 9/1/1914 Oahu/Hawaii 1 

21.312093 -157.841878 Honolulu Oahu C. capitata 1/1/1917 Oahu/Hawaii 1 
21.312093 -157.841878 Honolulu Oahu C. capitata 6/1/1918 Oahu/Hawaii 1 
21.283511 -157.799286 Kaimuki Oahu C. capitata 7/20/1918 Oahu/Hawaii 1 
21.312093 -157.841878 Honolulu Oahu C. capitata 1/10/1919 Oahu/Hawaii 1 
21.312093 -157.841878 Honolulu Oahu C. capitata 12/8/1921 Oahu/Hawaii 2 
21.316328 -157.803109 Manoa Oahu C. capitata 7/6/1923 Oahu/Hawaii 1 
21.316328 -157.803109 Manoa Oahu C. capitata 1/10/1929 Oahu/Hawaii 1 
19.576944 -155.091111 Kukuiloa Hawaii C. capitata 7/16/1933 Hawaii 2 
21.312093 -157.841878 Honolulu Oahu C. capitata 1/1/1934 Oahu/Hawaii 10 
21.316328 -157.803109 Manoa Oahu C. capitata 5/27/1935 Oahu/Hawaii 1 
21.316328 -157.803109 Manoa Oahu C. capitata 5/27/1936 Oahu/Hawaii 1 
21.316328 -157.803109 Manoa Oahu C. capitata 4/12/1939 Oahu/Hawaii 1 
21.316328 -157.803109 Manoa Oahu C. capitata 4/12/1939 Oahu/Hawaii 1 
21.34175 -157.827172 Nuuanu Oahu E. xanthochaeta 4/10/1940 Oahu/Hawaii 1 

19.431077 -155.296051 HVNP Hawaii C. capitata 11/25/1945 Oahu/Hawaii 1 
21.334074 -157.815011 Mt. Tantalus Oahu E. xanthochaeta 12/1/1945 Oahu/Hawaii 1 
21.34175 -157.827172 Nuuanu Oahu E. xanthochaeta 4/10/1948 Oahu/Hawaii 1 
19.38817 -155.798078 Kona Hawaii C. capitata 11/9/1948 Oahu/Hawaii 2 

19.758327 -155.552026 Pohakuloa Hawaii C. capitata 12/1/1950 Ka/Hi/Oa 3 
20.770102 -156.313388 Kula Maui C. capitata 1/1/1959 Maui 6 
21.334074 -157.815011 Mt. Tantalus Oahu E. xanthochaeta 5/1/1961 Ka/Hi/Oa 1 
22.094343 -159.674186 Kokee Kauai E. xanthochaeta 1/1/1964 Ka/Hi/Oa 1 
21.398435 -157.900357 Aiea loop trail Oahu E. xanthochaeta 6/8/1982 Oahu 2 1 
19.565348 -155.282163 Hamakua Hawaii E. xanthochaeta 8/11/1982 Hawaii 2 
21.420872 -158.044379 Kunia Oahu E. xanthochaeta 8/23/1982 Oahu 1 1 

20.65 -156.393056 Ulupalakua Maui E. xanthochaeta 11/8/1982 Maui 2 2 
21.30723 -157.809552 Manoa Lab Oahu C. capitata 6/30/1986 Oahu 2 15 

21.420872 -158.044379 Kunia Oahu E. xanthochaeta 7/28/1987 Oahu 1 1 
20.770102 -156.313388 Kula Maui C. capitata 1/9/1989 Maui 2 5 
20.706729 -156.353084 Keokea Maui C. capitata 3/28/1989 Maui 2 4 
20.706729 -156.353084 Keokea Maui C. capitata 4/12/1989 Maui 2 25 
20.770102 -156.313388 Kula Maui C. capitata 4/19/1989 Maui 2 30 
20.770102 -156.313388 Kula Maui C. capitata 5/27/1989 Maui 2 25 
21.336725 -157.716549 Waimanalo Oahu C. capitata 8/1/1989 Oahu 2 1 
20.770102 -156.313388 Kula Maui C. capitata 9/19/1990 Maui 2 2 
22.094343 -159.674186 Kokee Kauai E. xanthochaeta 1/1/2006 Hawaii/Kauai 27 
21.30723 -157.809552 Manoa Lab Oahu C. capitata 5/6/2006 Oahu 2 33 

19.438961 -155.325879 HVNP Hawaii C. capitata 5/1/2007 Hawaii/Kauai 34 
20.685179 -156.36723 Strider Maui C. capitata 6/10/2007 Maui 2 10 
20.69135 -156.366371 Thompson Rd. Maui E. xanthochaeta 6/10/2007 Maui 2 9 
20.69135 -156.366371 Thompson Rd. Maui E. xanthochaeta 2/10/2008 Maui 2 1 

21.447373 -157.855598 Waihee Oahu E. xanthochaeta 5/10/2008 Oahu 2 1 
20.783347 -156.029252 Hana Maui E. xanthochaeta 6/10/2008 Maui 1 1 
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APPENDIX B

 
FIGURE B.1 
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FIGURE B.1: COI+II Maximum likelihood tree made in the phylogenetics tree 

program phyML for all geographic and historical populations of D. tryoni.  All 

supporting bootstrap values " 70 are shown above the branch, whereas branch length is 

listed below each branch.  The year and location of collection, and the number of base 

pairs amplified are given per individual.  A quick identification guide for Australian vs. 

Hawaiian, contemporary vs. historical collections and those individuals collected off of 

the non-target host E. xanthocaeta is identified in the legend.   Two populations of D. 

kraussii were used as the out-group. 
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FIGURE B.2 A-C:  

GENELAND population 

cluster predictions for 

temporally separated data.  

Predictions are defined as 

those with the greatest 

posterior probability. 

GENELAND predictions are 

based on 10 microsatellite 

loci.    A) GENELAND 1914-

1950 time period prediction 

revealing two predicted 

populations. B) GENELAND 

1950 -1980 time period 

predictions revealing two 

well-defined clusters. C) 

GENELAND 1980-2008 time 

period predictions revealing 

six well-defined populations.  

 

A) 

B) 

C) 
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Figure B.3: Ecological Niche Model for Ceratitis capitata.  Logistic suitability values 
per pixel are separated into five categories of habiata least suitable (1) to most suitable 
(5) using the Jenks Natural Breaks Algorithm. 
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Figure B.4: Ecological Niche Model for Eutreta xanthochaeta.  Logistic suitability 
values per pixel are separated into five categories of habitat, least suitable (1) to most 
suitable (5), using the Jenks Natural Breaks Algorithm. 
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Figure B.5: Ecological Niche Model for Fopius arisanus.  Logistic suitability values 
per pixel are separated into five categories of habitat, least suitable (1) to most suitable 
(5), using the Jenks Natural Breaks Algorithm. 
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Figure B.6: Ecological Niche Model for Diachasmimorpha tryoni (pre-1980).  Logistic 
suitability values per pixel are separated into five categories of habitat, least suitable (1) 
to most suitable (5), using the Jenks Natural Breaks Algorithm. 
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Figure B.7: Ecological Niche Model for Diachasmimorpha tryoni (post-1980).  
Logistic suitability values per pixel are separated into five categories of habitat, least 
suitable (1) to most suitable (5), using the Jenks Natural Breaks Algorithm. 
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Figure B.8: Ecological Niche Model for Diachasmimorpha tryoni (All).  Logistic 
suitability values per pixel are separated into five categories of habitat, least suitable (1) 
to most suitable (5), using the Jenks Natural Breaks Algorithm. 
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