
1 

 

 

IMPACT AND MOLECULAR ECOLOGY OF Philornis downsi:  

AN INTRODUCED PARASITIC FLY OF BIRDS ON  

THE GALÁPAGOS ISLANDS 

    

 

 

RACHAEL YVONNE DUDANIEC  

B. Sc. Biodiversity and Conservation (Hons.) 

 

Presented for the degree of Doctor of Philosophy 

School of Biological Sciences 

Flinders University, South Australia 

 



2 

 

TABLE OF CONTENTS 

 

Declaration          5  

List of Figures          6 

List of Tables          8 

Acknowledgements         10 

Thesis abstract          12 

Statement of authorship        13 

 

CHAPTER 1:  Introduction        14 

Avian host-parasite interactions       17 

Genetics of island parasite invasions        17 

Molecular insights into parasite ecology      19 

The role of genetics in controlling parasitic flies     21 

Thesis scope and objectives        22 

Organisation of the thesis        22 

 

CHAPTER 2:  

Effects of the parasitic flies of the genus Philornis (Diptera:Muscidae) on birds 

Abstract          23 

Introduction          24 

Systematics of the genus Philornis       25 

Distribution and host choice        28 

The biology and ecology of Philornis      28 

Impacts of Philornis on nestlings       31 

Conclusion          35 

Acknowledgements         36 

 

CHAPTER 3:      

Interannual and interspecific variation in intensity of the parasitic fly Philornis downsi 

(Diptera: Muscidae) in Darwin's finches 

Abstract          37 

Introduction          38 



3 

 

Methods          39 

Results           44 

Discussion          48 

Conclusion   52 

Acknowledgements   52 

 

CHAPTER 4: 

Love thy neighbour? Social nesting pattern, host mass, and nest size affect ectoparasite 

intensity in Darwin’s tree finches 

Abstract          53 

Introduction          54 

Methods          56 

Results           61 

Discussion          63 

Conclusion          71 

Acknowledgements         72 

 

CHAPTER 5: 

Isolation, characterisation and multiplex polymerase chain reaction of novel 

microsatellite loci for the avian parasite, Philornis downsi 

Abstract          73 

Main text          74 

Acknowledgements         78 

 

CHAPTER 6: 

Genetic variation in the invasive avian parasite, Philornis downsi (Diptera, Muscidae) on 

the Galápagos archipelago 

Abstract          79 

Introduction          80 

Methods          82 

Results           89 

Discussion          95 

Conclusion          100 

Acknowledgements         101 



4 

 

CHAPTER 7: 

Microsatellite analysis reveals multiple infestations and female multiple mating in an 

invasive parasitic fly of Galápagos birds. 

Abstract          102  

Introduction          103 

Methods          104 

Results           109 

Discussion          116 

Acknowledgements         121 

 

CHAPTER 8: General Discussion       122 

Host behavioural ecology and P. downsi impact: Chapters 3-4   122 

Genetic insights into P. downsi ecology: Chapters 5-7    123 

Significance for the sterile insect technique    124 

Future directions    125 

 

REFERENCES         127 

 

APPENDICES  

Appendix 1                       147 

Appendix 2          155 

 

 

 

 

 

 

 

 

 

 

 

Cover images: above—nestlings of Darwin‘s finches; below—adult fly of Philornis downsi. 

Photos: Sonia Kleindorfer



5 

 

DECLARATION 

 

 

I certify that this work does not incorporate without acknowledgement any material 

previously submitted for a degree at this or any other university. To the best of my knowledge 

the work contained within this thesis has not been previously published or written by any 

other person with exception to those who have been given due reference. The author 

acknowledges that copyright of published works contained within this thesis resides with the 

copyright holder of those works. 

 

Rachael Yvonne Dudaniec 

 

 

22 August 2008 

 

 

 

 

 

 



6 

 

LIST OF FIGURES 

 

 

Figure 1.1                     15  

Map of the Galápagos Islands, Ecuador.   

   

Figure 1.2   16 

(a) Four parasitised nestlings of medium ground finch (Geospiza fortis);   

(b) P. downsi third instar larvae in the nesting material of a finch nest.  

 

Figure 1.3                  18 

(a) Enlarged nostril of a living nestling; (b) Internal bleeding 

 and lesions in a living nestling caused by larvae of P. downsi. 

 

Figure 1.4                   20` 

(a) The arid lowlands of Santa Cruz Island featuring Opuntia cacti; 

(b) The humid highlands of Santa Cruz Island featuring Scalesia pedunculata. 

 

Figure 3.1           45 

 P. downsi total (a) and mean (b) intensity (± s.e.) in relation to % nests  

with mortality for six Darwin finch species.  

 

Figure 4.1            60 

Darwin‘s small tree finch (male) (Camarhynchus parvulus).    

 

Figure 4.2            62 

Total P. downsi intensity (mean ± s.e.) of the focal small tree finch nest 

 increases with the number of neighbours. 

 

Figure 4.3           65 

The positive relation between host adult body mass (g) (mean per species)  

and mean nest size (± s.e) (derived PCA variable).  

 

 



7 

 

Figure 4.4           66 

Total P. downsi intensity (mean ± s.e) increases with nest size (± s.e).   

 

Figure 4.5           67 

Data for the small tree finch (Camarhynchus parvulus) only: a positive 

correlation between nest size and total P. downsi intensity. 

 

Figure 6.1            83 

Map of Santa Cruz, Floreana, and Isabela Islands with sampling locations.  

 

Figure 6.2      92    

Distribution of allele frequencies across islands, indicating a mode shift.  

 

Figure 6.3               93 

Estimated number of populations across three islands from Structure (a) and 

Geneland (b). 

 

Figure 6.4     94 

Genetic assignment of P. downsi individuals across three islands  

using Bayesian clustering analysis.  

 

Figure 7.1      113 

P. downsi genetic relatedness decreases as the number of  

reconstructed male and female genotypes increases within infrapopulations.  

 

Figure 7.2           114 

The percent of P. downsi infrapopulations with 1, 2, 3, 4 or 5 infestations, determined 

 by reconstructed maternal genotypes.  

 

Figure 7.3     117 

Mean genetic relatedness (± s.e) of P. downsi infrapopulations in nests 

from Santa Cruz and Floreana across the lowlands and the highlands.  

 



8 

 

LIST OF TABLES 

 

 

Table 2.1                   26-27 

Characteristics of hosts affected by Philornis parasitism.  

 

Table 3.1   43 

Data on host reproduction and parasitism for six Darwin finch species  

collected in 1998, 2000, 2001, 2002, 2004, and 2005. 

 

Table 3.2            46 

P. downsi mean intensity for all species in relation to annual 

rainfall (mm) and habitat (lowlands, highlands).  

 

Table 3.3       47 

Statistics for ordinal regression analyses of three fledging  

success categories in relation to P. downsi mean and total intensity.  

 

Table 4.1           59 

Total P. downsi intensity across five Darwin finch species in relation to 

host nest characteristics.  

 

Table 4.2           64 

Multiple regression results for total P. downsi intensity PCA  

nest size, nest cover, nesting height, and the number of neighbours.  

 

Table 5.1                 75-76 

Characteristics of Philornis downsi microsatellite loci. 

 

Table 6.1            85 

Sample sizes of bird nests and P. downsi individuals.  

 

 

 



9 

 

Table 6.2             91 

Allele frequencies for eight microsatellite loci wihin two 

genetic clusters. 

 

Table 6.3             96 

Genetic variation at eight microsatellite loci for two genetically distinct clusters 

identified in Geneland. 

 

Table 7.1     106 

The number of host nests sampled for genetic analyses and total P. downsi  

intensity in each habitat on Santa Cruz and Floreana. 

 

Table 7.2     110 

Allele frequencies for eight microsatellite loci calculated from one individual taken 

from 57 bird nests. 

 

Table 7.3           112 

Results of sib-ship reconstruction analyses using Colony software.  

 

 

 

 



10 

 

ACKNOWLEDGEMENTS 
 

 

 

It‘s been a journey full of adventure, moments of awe and beauty, intense bright sun, intense 

fluorescent lighting, and appreciation of life from the global to molecular scale. 

First and foremost I want thank my wonderful supervisor, Sonia Kleindorfer, who opened the 

door of biological research to me nearly five years ago. I will be forever grateful for her 

generosity, encouragement, patience, and the vital energy she has invested in me and my 

project. I am also honoured to be her first Phd student to complete. Our three field trips to the 

Galápagos Islands will remain among the best memories in my life that will never cease to 

provide inspiration. Secondly I would like to thank my co-supervisor, Mike Gardner, who 

taught me almost everything I know in the lab, and who without, I would have been 

swimming aimlessly in a pool of DNA fragments and toxic solutions. His expertise, 

enthusiasm and in-kind support have been invaluable and greatly appreciated.  

 

Next I want to thank those who on Galápagos, I was lucky to share the enchanting wonder 

with, and who helped me escape ‗The Curse of the Giant Tortoise‘ by guiding me through 

dehydration, disorientation, mosquitoes and thorns, while also being valuable contributors to 

the success of my project: Rebekah Christensen, Jody‘O Connor, Jeremy Robertson, Carlos 

Vinueza, Carlos Santos, Jasmani Fernando, and our dedicated collaborator, Birgit Fessl. I 

would like to thank the staff of the Charles Darwin Research Station and Galápagos National 

Parks, in particular David Wiedenfeld, Charlotte Causton, Edwin Egas and Gustavo Jimenez. 

I also send a special thank you to the community of Floreana Island, particularly the Familia 

Cruz and Familia Salgado, who welcomed us with smiles everyday, fed us nutritious 

Ecuadorian dishes and made sure our water tanks didn‘t dry out. 

 

I would like to thank everyone at the Evolutionary Biology Unit at Adelaide University/ 

South Australian Museum who joined me for coffees and drinks, especially: Luke, Julie, 

Leanne, Jaro, Annabel, Jacki, Mel and Taki, who were always keen to discuss and resolve 

those little troubling issues with me. Thanks also to Kathy Saint for keeping the lab running 

smoothly, and to Steve Donnellan for insightful discussions and helping wherever possible. 

It‘s been a wonderful experience to work in the Darling building with so many great people. It 

has also been fantastic be a part of the Bird Lab at Flinders University, where friends and 



11 

 

fellow students have provided a constant source of support, contrasting perspectives and 

positivity. My Phd was made possible by an Australian Postgraduate Award and project 

funding that was tirelessly and enthusiastically sought by Sonia Kleindorfer.  

 

Finally, a big thanks to my mum for her continuous support in all of the most important ways, 

and to my brother Nick, who has served as a very reliable source of laughs and entertainment. 

Thanks also to Tim, who made sure I had a permanent smile. My old and faithful friends 

deserve special thanks for their support, for keeping it real and providing the view from all 

angles. 



12 

 

THESIS ABSTRACT 

 

 

Endemic avian populations on islands may experience increased risks associated with 

introduced pathogens. This study examines the impact and molecular ecology of an invasive 

fly (Philornis downsi), which is a haematophagous ectoparasite of nestling birds on the 

Galápagos Islands, Ecuador. This parasite causes extreme mortality and fitness costs in 

Darwin‘s finches and threatens vulnerable and declining finch species across the archipelago.  

 

This study may be divided into two complementary parts; (1) ecological factors affecting the 

impact of P. downsi on its avian hosts (chapters 2-4); and (2) molecular ecological insights 

into the genetic structure and reproductive behaviour of P. downsi (chapters 5-7). With six 

years of data across six finch species, P. downsi intensity was found to be higher in years with 

increased rainfall, and finch species with high adult body mass had more parasites in their 

nests. The percentage of nests with mortality was between 40 % and 100 % for all six host 

species. Darwin‘s small tree finches that nested in mixed species aggregations had increased 

P. downsi intensity, and larger nests had more parasites. Evidence is therefore presented for 

parasite-mediated selection pressures on nesting behaviour and nest characteristics that 

interact with climate, habitat and host species. Using nine novel microsatellite markers for P. 

downsi, gene flow and dispersal was examined across two climatically contrasting habitats 

and three islands of the Galápagos. Low genetic differentiation across habitats and islands 

indicated high dispersal in P. downsi, though evidence for population genetic bottlenecks and 

fine-scale genetic structure within islands was observed. Genetic analyses of P. downsi broods 

within nests revealed a high frequency of multiple mating in female flies, and an almost 

ubiquitous occurrence of multiple infestations within nests. Patterns of host distribution, 

parasite intensity, and genetic relatedness of P. downsi broods across habitats on Floreana 

Island provided evidence for host density-dependent oviposition behaviour in female flies.  

 

The scope and approach of this study is unmatched by previous investigations of dipteran 

ectoparasites of birds, and represents a seminal contribution to the fields of avian parasitology 

and invasive species biology. The results are particularly applicable to the conservation 

management of the Galápagos avifauna, and future efforts to control and eventually eradicate 

the severe threat of P. downsi to endemic island populations. 
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CHAPTER 1: Introduction 

 

Host-parasite interactions can disrupt or alter the ecology and population dynamics of host 

species while shaping selection pressures on host and parasite life-histories (Richner 1998). In 

island ecosystems, invasive parasites may be particularly threatening to endemic species that 

have had limited pathogen exposure, resulting in high susceptibility, mortality and extinction 

risk (van Riper 1986; Wikelski et al. 2004). Arthropod ectoparasites of birds are frequently 

associated with high fitness costs, mortality and changes in host behaviour that may alter 

community interactions and population dynamics. The ecology of invasive avian parasites is 

largely determined by the distribution, density, and reproductive biology of their host species, 

and along with host impact, deserves equal attention for a comprehensive understanding of 

bird-parasite interactions.  

 

Darwin‘s finches are an iconic group of fourteen bird species that is endemic to the Galápagos 

Islands (Figure 1.1). Located ~1000 km west of South America, the Galápagos Islands are 

considered globally to be a natural living laboratory for biological research. Darwin‘s finches 

are known as an evolutionary treasure and have inspired extensive advancements in our 

understanding of adaptive radiation and natural selection. In reflection of his voyage to 

Galápagos in 1835, Charles Darwin concluded his memoir with the famous lines: 

 ―Hence, both in space and time, we seem to be brought somewhat near to that great 

fact —that mystery of mysteries— the first appearance of new beings on this earth.‖  

Current studies of Darwin‘s finches continue to provide theoretical advancements in the fields 

of evolutionary biology and behavioural ecology, but not in the absence of anthropogenic 

threats to their survival. While introduced predators of the endemic avifauna are well known 

(e.g. rats, cats, predatory birds), the impact of disease and parasitism in Darwin‘s finches was 

virtually unstudied until the discovery of a blood-sucking parasitic fly, Philornis downsi, 

within finch nests by B. Fessl and colleagues in 1997 (Fessl et al. 2001). Devastating and 

obvious high levels of nestling mortality due to P. downsi parasitism (Figure 1.2) caused great 

concern among Galápagos ornithologists and conservationists, and the study of this host-

parasite interaction was promptly initiated (Fessl and Tebbich 2002). This thesis represents 

the first comprehensive study to describe the impacts of P. downsi on the fitness and 

behaviour of Darwin‘s finches, and in addition, to examine the reproductive and behavioural 

ecology of P. downsi across the Galápagos archipelago using molecular genetic methods. 
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Figure 1.1 Map of the Galápagos Islands, Ecuador.
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(a) 

 

 

 

(b) 

 

 

Figure 1.2 (a) Four parasitised nestlings of medium ground finch (Geospiza fortis) at ten days 

of age, and all P. downsi larvae and puparia collected from their nest; (b) P. downsi third 

instar larvae in the nesting material of a finch nest. Each larva is approximately 1-1.5 cm in 

length. 
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Avian host-parasite interactions 

Apart from frequently causing mortality and reduced fledging success, parasites may also 

directly or indirectly affect avian hosts on morphological, behavioural and physiological 

levels (Richner 1998). These affects can vary dramatically across host species depending on 

host characteristics (see Chapter 2). Avian parasites may show variation in impact between 

hosts according to clutch size (Richner and Heeb 1995), nest structural characteristics 

(Gwinner 1997), host social behaviour (Whiteman and Parker 2004) or host body mass 

(Poulin and George-Nascimento 2007) (Chapters 2, 3 and 4). For example, aggregated nesting 

behaviour has advantages such as reduced nest predation, but also costs such as a higher 

chance of acquiring and accumulating ectoparasites due to increased proximity and contact 

among individuals (Côté and Poulin 1995; addressed in Chapter 4). Parasites may also use 

sound or olfactory cues to locate hosts, which may be intensified where hosts are aggregated 

(Gibson and Torr 1999), or for nests with larger clutch size (Richner and Heeb 1995; Chapter 

3).  

 

Variation in habitat characteristics may affect the impact of parasites upon avian hosts 

(Chapters 3 and 4), as well as the reproductive behaviour of parasites (Chapters 6 and 7) 

because of selective pressures brought about by variation in climate and vegetation structure, 

host species composition or host distribution. For nest-dwelling ectoparasites of birds, nest 

size and structure may significantly influence the abundance of parasites infesting a nest due 

to constraints on space, nesting material preference, or interaction effects of other variables 

such as brood size (Remeš and Krist 2005; Soler et al. 2007; Chapter 3). Parasites may exert 

strong selection pressure on the immune response of avian hosts (Lindström et al. 2004), 

which may induce trade-offs with parental care, nestling development, and parasite resistance. 

In Darwin‘s finches, bloodsucking P. downsi larvae reduce haemoglobin concentration in 

nestlings (Dudaniec et al. 2006 [Appendix 1]), while upon visual inspection, enlarged nostrils, 

lesions, and internal bleeding are often evident (Figure 1.3). Such wide-ranging effects of 

avian parasites point to the vast number of unexplored avenues to consider if we are to 

accurately assess and mitigate the impacts of harmful avian parasites. 

 

Genetics of island parasite invasions  

In the absence of immunological or behavioural defence mechanisms that have coevolved 

with parasite exposure, island communities may show extreme susceptibility to the impacts of 

introduced parasites (Parker et al. 2006). Molecular genetic techniques have allowed the  



18 

 

            (a)  
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Figure 1.3 (a) Enlarged nostril of a living nestling caused by burrowing larvae of P. downsi; 

(b) Internal bleeding and lesions in a living nestling caused by larvae of P. downsi. 

  



19 

 

genetic processes of biological invasions to be elucidated, and for invasive parasites this is  

linked with the distribution and reproductive characteristics of the host species. Thus the  

genetic structure of parasite populations is closely linked with the population dynamics and 

associated genetic variation within its host species (Whiteman et al. 2006a; Whiteman et al. 

2007). Introduced parasites on islands may show reduced genetic variation while successfully 

enlarging their ecological niche, especially because natural enemies (such as predators or 

parasitoids) are often absent (Frankham 2005). Host generalism among invasive parasites is 

particularly concerning for island populations, which are generally characterised by low host 

species diversity, resulting in a high prevalence of parasitism within species communities 

(O‘Dowd et al. 2003; Chapter 3).  

 

The genetic structure of introduced organisms is frequently characterised by founder effects – 

which is a population bottleneck resulting from a small number of individuals becoming 

reproductively separated from the source population, with a subsequent reduction in genetic 

variability (Sakai et al. 2001). In invasive species, this loss of genetic variability is found, 

paradoxically, alongside successful establishment and adaptation to new environments, most 

likely because of multiple introduction events, high reproductive rates, or migration (Chen et 

al. 2006; examined in Chapter 6). Dispersal for invasive parasites on islands introduces 

additional complexity and obstacles for migration and maintaining population genetic 

variation, particularly in regards to systems where human or weather-mediated dispersal is 

prevalent or requisite (addressed in Chapter 6). Genetic studies of habitat- and host- generalist 

parasite species (such as P. downsi) can reveal patterns of dispersal across and within habitats, 

elucidating fine-scale genetic structure and habitat use. On the Galápagos Islands, two 

contrasting habitats, the arid lowlands and the humid highlands (Figure 1.4) offer a unique 

opportunity to investigate these patterns. Highly variable molecular genetic markers, such as 

microsatellites, are particularly suitable for examining such questions, yet have not previously 

been used for ecological studies of dipteran ectoparasites of birds (Otranto and Stevens 2002; 

Criscione et al. 2005; Azeredo-Espin and Lessinger 2006).  

 

Molecular insights into parasite ecology 

The mating system of parasites plays a determinant role in the maintenance and distribution of 

genetic variation (Chevillon et al. 2007; see Chapters 6 and 7). Reproductive behaviour in 

parasitic insects may vary with host density, host distribution, and other environmental factors  
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Figure 1.4 (a) The arid lowlands of Santa Cruz Island featuring Opuntia cacti; (b)The humid 

highlands of Santa Cruz Island featuring Scalesia pedunculata. 
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determining parasite fecundity (Cronin and Strong 1999; Tripet et al. 2002). Highly resolving 

genetic markers, such as simple sequence repeats (e.g. microsatellites) have provided the  

necessary tools for examining parasite mating systems, life-cycles, transmission dynamics, 

and the evolution of host specificity (Criscione et al. 2005). For example, female multiple 

mating occurs in a variety of insect species and has implications for effective population size, 

rates of gene flow and maintaining genetic variation (Chapter 7). Genetic relatedness among 

parasites within a host has also been associated with the determination of optimal strategies of 

parasite growth, manipulation of host behaviour, and virulence (Chao et al. 2000; Puustinen et 

al. 2004; Chapter 7). Thus, molecular markers can address questions about otherwise cryptic 

or subtle ecological processes within parasite populations. 

 

The role of genetics in controlling parasitic flies 

The majority of molecular genetic studies of myiasis-causing flies, which encompass 

blowflies, screw flies and botflies (characterised by their ability to develop in animal flesh) 

have focused on species of medical, agricultural or veterinary importance, such as the cattle-

infesting New World screwworm fly and the botfly Dermatobia hominis (Otranto and Stevens 

2002; Azeredo-Espin and Lessinger 2006). Such studies are examples of management driven 

research aimed at minimising the large economic impact of myiasis-causing flies, and provide 

the theoretical and technical means to apply similar methods to the control of parasitic flies 

threatening wildlife populations. The primary management strategy for myiasis-causing flies 

to employ genetic techniques during the last half century is the sterile insect technique (SIT) 

(Krafsur 1998). Through the large-scale release of laboratory reared sterile male flies of the 

target species, SIT has successfully suppressed or eradicated myiasis-causing flies of global 

economic concern (Vreyson et al. 2006; Chapters 6 and 7). The development of SIT programs 

have benefited enormously from genetic studies, which can identify the existence of multiple, 

possibly reproductively isolated strains of the target species (Cayol et al. 2002), or reveal 

levels of polyandry that can be used to infer mating success of released sterile males 

(Bonizzoni et al. 2002). Through a fine-scale understanding of the genetic processes 

underlying parasite populations, molecular genetic techniques can help to predict not only 

behavioural, but also evolutionary responses of dipteran parasites to management practices, 

such as pheremonal attractants, insecticides, or SIT. Understanding the genetic structure of 

invasive insects is important for designing management plans that are appropriate at spatial 

and temporal scales, particularly on islands with discrete parasite populations subject to local 

ecological variation and fluctuating climatic conditions (Chapters 3, 6, and 7). 
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Thesis scope and objectives 

This thesis elucidates contrasting ecological patterns and impacts of parasitism across 

multiple bird species within an island ecosystem, and provides a foundation from which well-

informed conservation management plans can be developed. The following chapters describe 

the ecology and impact of P. downsi on birds and also provide essential knowledge regarding 

the molecular ecology of the fly that is necessary for an integrative control plan, namely SIT, 

which is currently being evaluated for its feasibility by Galápagos biologists. 

 

Specifically, the aims of this study are to: 

 

1. Synthesise all literature concerning the genus Philornis within a comprehensive review, 

encompassing species biology and effects on birds in light of the impact of P. downsi on the 

Galápagos Islands. 

2. Identify variation in P. downsi impact in six species of Darwin‘s finches across years, and in 

relation to rainfall and habitat (arid lowlands, humid highlands; Figure 1.3). 

3. Examine the roles of host social nesting behaviour, host nest size and host mass in the 

impact of P. downsi parasitism across tree finch species on Santa Cruz Island. 

4. Develop microsatellite markers for P. downsi for fine-scale genetic analyses. 

5. Examine dispersal, gene flow, and population bottlenecks in P. downsi across three islands 

of the Galápagos, and between habitats and sites within islands. 

6. Elucidate the reproductive ecology of P. downsi by determining female remating and nest 

re-infestation frequency, enabling patterns of fly oviposition behaviour to be described. 

 

Organisation of the thesis 

The thesis is presented as a series of papers that have been published or have been submitted 

for publication in peer-reviewed, scientific journals. Therefore the thesis contains some 

repetition in content. The thesis is comprised of one published review article and five data-

rich papers (the aims of which are stated above), which are assembled into separate chapters. 

A general discussion of findings and suggestions for future research concludes the thesis. 

Appendix 2 contains a copy of a published article co-authored by myself that contains 

molecular methods referred to within Chapter 5. The content of published chapters is 

presented as published or as for final submission, with the exception of references, which 

have been removed and incorporated at the end of the thesis. A statement of authorship is 

provided at the beginning of the thesis, stating the contributions of all co-authors. These 

contributions do not lessen the originality or my overall contribution to the thesis. 


