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ABSTRACT 

Parasites can influence evolutionary patterns in their hosts by generating a mosaic 

of selection pressures across populations. Variations in parasite prevalence and 

host-specificity can determine how parasites are distributed among hosts and, 

ultimately, how parasite interactions influence host biogeography. However, our 

understanding of how host-parasite interactions influence biogeographic patterns 

is limited by a lack of appropriate model systems. Avian malaria parasites 

(Plasmodium and Haemoproteus; Haemosporida) are a diverse, globally distributed 

group of vector-borne blood parasites. Because avian malaria prevalence and 

community composition can vary across host populations, these parasites  have 

potential to impose spatially divergent selective pressures in birds. This thesis 

generates new perspectives on the evolutionary importance of avian malaria by 

exploring patterns in malaria prevalence, diversity and host-specificity in the 

under-studied South Pacific. Specifically, I sample wild birds for malaria to test 

whether (a) these parasites conform to classic global and island biogeography 

patterns, and (b) whether variation in parasite prevalence and host-specificity may 

influence the distributions and evolutionary trajectories of their avian hosts.  

 

I begin by performing a meta-analysis to test whether avian malaria genetic 

diversity follows similar diversity patterns to birds. This chapter utilises a recently 

developed global database of malaria infections. By synthesizing the literature and 

performing the first global meta-analysis of avian malaria lineage distributions, I 

show that islands and temperate regions typically exhibit depauperate avian 

malaria genetic diversity compared to tropical mainland regions, although specific 

patterns are different for Plasmodium and Haemoproteus spp. To further 

investigate biogeographic patterns of avian malaria and how such patterns may 

present mosaics of selection pressure, I use molecular and microscopic techniques 
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to characterise infections from wild birds in Australia and southern Melanesia, a 

region supporting a unique community of bird species as well as a diverse but 

poorly studied community of avian malaria parasites.  

 

Because avian Plasmodium lineages tend to be more host-generalist than 

Haemoproteus lineages (i.e. capable of infecting a wider range of avian hosts), I 

postulate that host-specificity is a major driver for the different biogeographic 

patterns displayed by the two parasite genera. To test this previously unexplored 

prediction, I first use a long-term dataset of avian malaria infections in an island 

bird population (Zosterops lateralis chlorocephalus on Heron Island) to confirm 

predictions that host-generalist Plasmodium lineages are more likely to colonise 

and maintain temporal stability on islands than host-specialist Haemoproteus 

lineages. Next, I use a combination of molecular and microscopic screening 

procedures to demonstrate that Haemoproteus parasites with similar 

morphological features can exhibit high genetic diversity and tight host-specificity 

patterns across Australian honeyeaters (Meliphagidae). I then present evidence 

that Plasmodium lineages are more likely than Haemoproteus lineages to infect 

invasive common mynas (Acridotheres tristis) in Australia, lending solid support to 

the argument that host specificity plays an important role in a parasite’s 

interactions with invasive hosts.  

 

Spatial variation in avian malaria prevalence and composition are hypothesised to 

present a mosaic of host-parasite interactions for distinct host populations. To 

apply this hypothesis in a novel biogeographical framework, I use both new and 

well-established molecular statistical analyses to test whether spatial gradients in 

avian malaria infection coincide with ecological or host-related variables such as 

genetic divergence or habitat type. I first demonstrate that genetically distinct 
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populations of island birds (Zosterops spp. in New Caledonia) can be infected with 

different parasite communities and prevalence levels, a pattern that may be partly 

driven by associations between malaria and other blood-borne parasites 

(microfilaria). Next, I show that different populations and species of migratory 

waders (Charadriiformes) across the globe encounter different avian malaria 

prevalence, a pattern that may be driven by both habitat and wintering latitude. 

 

Throughout the thesis, I present strong new evidence that the majority of malaria 

infections in Australian birds are attributed to specialist Haemoproteus parasites, 

suggesting that this region may present a good model to explore patterns of host-

parasite coevolution. Moreover, by uncovering global biogeographic patterns and 

demonstrating that these patterns likely differ between parasites with different 

levels of host-specificity, this thesis advances the field by generating new research 

perspectives for the study of avian malaria and its evolutionary impacts on host 

biogeography. Lastly, a common theme to arise from my research is that avian 

malaria diversity, host-specificity and incidences of co-infections are difficult to 

address accurately without incorporating multidisciplinary screening approaches. 

I therefore present important new methodological techniques for identifying co-

infections whilst carrying out studies of avian malaria in wild populations.  
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GENERAL INTRODUCTION AND THESIS OBJECTIVES 

 

Parasites constitute an incredibly diverse component of most ecosystems and are 

hypothesised to impose selection pressures that can influence the evolutionary 

trajectories of their hosts (Ricklefs 2010; Hoberg et al. 2014; Poulin 2014). There is 

a wide range of potential impacts that parasites can impose on their hosts, and 

these impacts will vary depending on parasite prevalence, diversity and host 

specificity (i.e. the range of hosts infected by a parasite). For instance, persistent 

parasite pressure and high host specificity can result in evolutionary arms races 

that drive tight coevolution between hosts and parasites (Brooks et al. 2015). If 

spatially distinct communities encounter mosaics of localised host-parasite 

coevolution, this can eventually drive different populations of both hosts and 

parasites along divergent evolutionary trajectories (Ricklefs 2010; Olsson-Pons et 

al. 2015). Host species can also experience competitive advantages by escaping 

from their specialist parasites, either through natural distribution shifts or through 

anthropogenic introductions (Piersma 1997; De Walt et al. 2004; Adlard et al. 

2015). Describing the host specificity and phylogeography of parasites are key 

steps to investigating the evolutionary consequences of host-parasite interactions. 

 

Avian haemosporidian parasites (referred to throughouth this thesis as either 

‘avian haemosporidians’ or ‘avian malaria’, depending on the preferences of 

journals and/or the written style of the chapter) belonging to the genera 

Plasmodium and Haemoproteus (Haemosporida) are a diverse, globally distributed 

group of vector-borne blood parasites that infect a high diversity of bird species 

(Valkiūnas 2005; Clark et al. 2014). These parasites have been widely studied in 

recent years due to their cosmopolitan distributions and potential to cause disease 

in wild and captive birds (van Riper et al. 1986; Bensch et al. 2009; Ewen et al. 
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2012). Because the prevalence and community composition of avian malaria 

parasites can vary across spatially distinct host populations, these parasites are 

considered to be an appropriate natural system for studying the evolutionary 

implications of parasites on their hosts (Ishtiaq et al. 2010; Ricklefs 2010).  

 

Molecular screening methods have uncovered an enormous genetic diversity of 

avian malaria parasites that could rival the diversity of their avian hosts (Be nsch et 

al. 2009; Clark et al. 2014). Moreover, avian Plasmodium and Haemoproteus 

lineages appear to differ substantially in their avian host specificity, with 

Plasmodium lineages generally infecting a wide range of hosts and Haemoproteus 

lineages showing evidence of host-parasite coevolution (Bensch et al. 2000; 

Olsson-Pons et al. 2015). Host-specificity is considered to be an important aspect 

of a malaria parasite’s potential to cause disease (Mu et al. 2005; Palinauskas et al. 

2009), yet the examination of host-specificity as a trait that can influence parasite 

biogeography has received little attention (Hellgren et al. 2009). Understanding 

the range of hosts that a malaria parasite can infect is difficult when relying solely 

on molecular screening methods since parasites often exist in mixed infections and 

can display abortive infections that still yield amplifiable parasite DNA (Valkiūnas 

et al. 2006; 2009). For avian malaria parasites, estimating both host-specificity and 

the overall diversity of parasite lineages must rely on multidisciplinary approaches 

that include both molecular as well as traditional parasitology methods (Valkiūnas 

et al. 2009; Clark et al. 2014; Clark and Clegg 2015).  

 

Island systems present excellent models to investigate the mechanisms that drive 

the evolutionary trajectories of species (McArthur and Wilson, 1967; Diamond 

1975). The south Pacific region of Australia and southern Melanesia contains an 

assortment of islands, ranging from the large continental island of Australia and 
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the Gondwanan island of Grand Terre, New Caledonia, to small islands of volcanic 

or coral uplift origin as well as coral cays. This region is home to a diverse and 

phylogenetically unique community of avian species (Gardner et al. 2010; Dutson 

2012) and is also an important wintering ground for many species of migratory 

waders that arrive from their breeding grounds in the Arctic (Nebel 2007). 

Additionally, Australia has experienced a surge of well-documented avian 

invasions following the introductions of species from India and Europe (Martin 

1996; Woodall 2006), presenting opportunities to investigate hypotheses 

regarding the roles of parasites in the success of invaders. Despite the unique 

community of bird species and the existence of tractable island models to study the 

impacts of parasites on host evolution, avian malaria is poorly studied in Australia 

and southern Melanesia (Adlard and O’Donoghue 1998; Clark et al. 2014). 

 

In my thesis, I describe malaria prevalence and diversity in wild avian hosts in the 

south Pacific to investigate the ecological and environmental drivers of malaria 

infections in wild birds. I test both new and well-established hypotheses relating 

host-parasite interactions to the biogeography of their hosts, and I present 

valuable new evidence on the diversity and distributions of avian malaria parasites 

in an understudied host community. I generate novel hypotheses by postulating 

that parasite host-specificity plays an important but understudied role in driving 

the distributions of parasites, and I incorporate a combination of traditional 

parasitology and molecular methods to expand this idea into testable predictions. 

This thesis therefore generates new perspectives that will stimulate future avian 

malaria research directions.  

 

I first generate the first test of avian malaria global lineage diversity (Chapter I) by 

systematically reviewing the molecular avian malaria literature to ask (1) does 
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malaria lineage diversity vary across biogeographic regions? (2) do patterns of 

diversity vary for different malaria genera? and (3) do trends in sampling 

methodology or the incorporation of traditional parasitology methods identify any 

gaps in our knowledge that may influence current estimates of avian malaria 

diversity? Next, I utilise the noticeable variation in island diversity patterns for 

Plasmodium and Haemoproteus spp. revealed in Chapter I to test whether parasite 

host-specificity, source population prevalence and environmental variation 

influence the colonisation and temporal stability of malaria lineages in a small 

island population of silvereyes (Zosterops lateralis chlorocephalus; Chapter II). I 

extend the island biogeography approach to an archipelago by determining 

whether genetically distinct populations of Zosterops spp. across four islands in the 

New Caledonian archipelago are infected with different blood parasite 

communities and incidences of parasite co-infections (Chapter III). I shift my focus 

to the Australian mainland in Chapter IV by describing patterns of morphological 

and genetic variation for a common and cryptically diverse malaria parasite 

(Haemoproteus ptilotis) infecting Australian honeyeaters (Meliphagidae). In 

Chapter V, I capitalise on a regional database of malaria lineages to determine 

whether the invasive common myna (Acridotheres tristis) has escaped from its 

native malaria parasites and/or acts as an important carrier of introduced malaria 

strains in Australia. I extend my focus to global patterns of malaria prevalence in 

Chapter VI to determine whether migratory waders with different migration 

strategies are infected with to different levels of malaria pressure. Finally, I 

synthesise the important findings of this work and I highlight future research 

priorities. Note that data chapters represent reformatted versions of published or 

submitted manuscripts. 
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ABSTRACT 

Biogeographic patterns of parasite diversity are useful for determining how host-

parasite interactions can influence speciation. However, variation in 

methodologies and sampling effort can skew diversity estimates. Avian 

haemosporidians are vector-transmitted blood parasites represented by over 

1300 unique genetic lineages spread across over 40 countries. We used a global 

database of lineage distributions for two avian haemosporidian genera, 

Plasmodium and Haemoproteus, to test for congruence of diversity among 

haemosporidians and their avian hosts across 13 geographic regions. We 

demonstrated that avian haemosporidians exhibit similar diversity patterns to 

their avian hosts; however, specific patterns differ between genera. Haemoproteus 

spp. diversity estimates were significantly higher than those of Plasmodium spp. in 

all areas where the genera co-occurred, apart from the Plasmodium spp.-rich 

region of South America. The geographic distributions of parasite genera also  

differed, with Haemoproteus spp. absent from the majority of oceanic regions while 

Plasmodium spp. were cosmopolitan. These findings suggest fundamental 

differences in the way avian haemosporidians diverge and colonise new 

communities. Nevertheless, a review of the literature suggests that accurate 

estimates of avian haemosporidian diversity patterns are limited by (i) a 

concentration of sampling towards passerines from Europe and North America, (ii) 

a frequent failure to include microscopic techniques together with molecular 

screening and (iii) a paucity of studies investigating distributions across vector 

hosts.  

 

INTRODUCTION 

Global patterns of species diversity can yield important insights into the ecological 

and environmental mechanisms that promote diversification (Orme et al., 2005; 
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Grenyer et al., 2006). For many taxa, high levels of diversity typically occur in 

biogeographic ‘hotspots’, which are generally centred on tropical regions in low 

latitudes (Gaston and Blackburn, 2000). In addition to climate and latitude, 

landmass also appears to play a role in regulating species diversity, with island 

communities often exhibiting reduced diversity compared with continental regions 

(MacArthur and Wilson, 1967; Diamond, 1975). However, these patterns are not 

always congruent across taxa, suggesting that different mechanisms may be 

important for maintaining different facets of biodiversity (Orme et al., 2005).  

For parasitic organisms, biogeographic patterns may be useful for understanding 

the evolutionary and ecological implications of host-parasite interactions and how 

they can influence parasite diversity (Krasnov et al., 2007; Ishtiaq et al., 2010; 

Jenkins and Owens, 2011). For instance, vector-borne protozoan parasites of 

primates exhibit higher richness towards tropical regions, which may be the result 

of higher abundance and diversity of biting arthropods that act as vectors (Nunn et 

al., 2005). This diversity of resources (i.e. hosts) may promote parasite 

diversification through co-speciation (Poulin, 2011) and permit the coexistence of 

a larger range of parasite species (Krasnov et al., 2007). However, despite their 

utility for interpreting mechanisms of speciation, global analyses of parasite 

diversity are scarce (Brooks and Hoberg, 2001; Bordes et al., 2010). In this study 

we describe global diversity patterns for two commonly studied genera of avian 

blood parasites and investigate whether avian host diversity patterns can predict 

parasite diversity. We also conducted a literature review in order to identify 

emerging methodological patterns from a rapidly expanding field. In doing so, we 

identify geographical sampling gaps and methodological points that need to be 

considered as empirical data is amassed to allow global perspectives on 

haemosporidian diversity to be refined and tested.  
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Descriptions of large-scale biogeographic patterns for wildlife parasites require 

sensitive methodologies and adequate sampling regimes. However, due to their 

small size and often low prevalence, the diversity of parasites is intrinsically 

difficult to determine, particularly across large geographic scales or in diverse host 

communities (Brooks and Hoberg, 2001; Rohde, 2002). Moreover, variations in 

methodologies and inadequate sampling in potentially diverse geographic areas 

can skew estimates of parasite diversity (Poulin, 2004). To put global patterns into 

context, we need to consider geographic and host-species sampling coverage as 

well as the contributions and limitations of different sampling methodologies. 

Methodical literature reviews can be useful for highlighting such gaps in sampling 

(Pickering and Byrne, 2012).  

 

Avian malaria (Plasmodium spp.) and other haemosporidians (Haemoproteus and 

Leucocytozoon spp.) are a diverse group of vector-transmitted blood parasites that 

are abundant in most avian families (Valkiūnas, 2005). Traditionally the life-

history, morphology and classification of avian haemosporidians have been 

studied using light microscopy (Valkiūnas, 2005). However, the recent adoption of 

molecular methods using PCRs to identify infections has led to a surge in research, 

revealing fascinating insights into the parasites’ genetic diversity and host-

specificity (Hellgren et al., 2009; Ventim et al., 2012). Additionally, the design of 

nested PCR primers to screen for infections has led to improved detection 

efficiency, particularly for chronic infections that typically have low levels of 

parasitaemia (Waldenström et al., 2004). Molecular studies have identified over 

1300 unique avian haemosporidian lineages, prompting the creation of a 

coordinated database (MalAvi, http://mbio-serv2.mbioekol.lu.se/Malavi) to record 

the distributions of lineages and facilitate the investigation of global patterns 

(Bensch et al., 2009). For instance, MalAvi submissions have revealed that the 
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dominant avian Plasmodium lineage found in Hawaii, GRW4, has been recorded in 

hosts spanning multiple avian families and across geographic regions from 

mainland USA to French Polynesia (Beadell et al., 2006; Ishtiaq et al., 2006; Marzal 

et al., 2011). While recent reviews of this rapidly emerging field have been 

conducted, they have focussed primarily on the advantages and disadvantages of 

molecular and microscopic methods (Braga et al., 2011; Marzal, 2012). For 

example, recent findings indicate a vast underestimation of mixed species 

haemosporidian infections using common PCR methods, highlighting limitations in 

the current methodologies used to identify and describe mixed infections 

(Valkiūnas et al., 2006; Martinez et al., 2009). However, since the advent of PCR 

detection protocols and the creation of the MalAvi database, no large-scale 

published analyses of avian haemosporidian diversity have been carried out.  

 

The objective of this study is to systematically document the results  from 

molecular-based avian haemosporidian research in order to (i) describe 

biogeographic patterns of diversity for avian haemosporidians (Plasmodium and 

Haemoproteus spp.), (ii) determine how representative sampling for avian 

haemosporidians has been with respect to geography and host-species 

assemblages and (iii) document trends in methodology to identify potential biases 

that may influence interpretations of avian haemosporidian biogeography. 

 

MATERIALS AND METHODS 

Observed and estimated lineage richness 

To describe patterns in the diversity and distribution of avian haemosporidians, 

we extracted observed lineage diversity information from the MalAvi database 

(Bensch et al., 2009). In this database, unique haemosporidian lineages are 

identified based on sequence data from a fragment of the cytochrome -b (cyt-b) 
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gene that is commonly targeted in molecular studies of avian haemosporidians 

(Waldenström et al., 2004), reducing the risk of using multiple names for identical 

lineages. We recorded lineage occurrence information using the ‘Hosts and Sites’ 

query in the MalAvi database to record the country where sampling was conducted 

and the academic reference for the occurrence of each lineage (Bensch et al., 2009). 

To maximise the dataset, cyt-b lineages that were amplified from a different region 

of the parasite cyt-b gene were included (Fallon et al., 2003; Fallon et al., 2004; 

Fallon et al., 2005; Belo et al., 2011; Belo et al., 2012; Fecchio et al., 2013; 

Svensson-Coelho et al., 2013). Finally, unpublished lineage occurrence information 

was gathered directly from authors (A. Marzal from Universidad de Extremadura – 

Spain; S. Olsson-Pons from Griffith University – Australia; and F. Ishtiaq from the 

Indian Institute of Science – India). Due to the lack of lineages recorded within a 

number of countries, we grouped sampling locations into broader geographic 

regions in order to describe large-scale patterns in lineage diversity (Table I.1). 

Observed lineage recordings were used to generate an estimate of undiscovered 

lineage diversity for Plasmodium and Haemoproteus spp. in each geographic region 

using the non-parametric Chao2 estimator, which takes into account the frequency 

of each lineage (Chao et al., 2005). Chao2 estimates were generated using 1000 

randomizations in EstimateS v. 8.2 (http://viceroy.eeb.uconn.edu/estimates).  

 

For avian haemosporidians, global diversity patterns could reflect higher diversity 

of potential avian and vector hosts, both of which exhibit increased richness in 

biogeographical hotspot regions around low latitudes (Grenyer et al., 2006; Foley 

et al., 2007). An ideal test to examine whether avian haemosporidians follo w a 

similar pattern would be to map the latitude and longitude of infection 

occurrences for each parasite lineage. Unfortunately, adequate location records are 

not available for the majority of haemosporidian lineages. Therefore, to facilitate 
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statistical comparisons among biogeographic regions, we utilised a global database 

of the distributions of breeding avian species (sourced from Orme et al., 2005) to 

delineate geographic regions into three categories of avian diversity (continental 

avian hotspot, continental avian non-hotspot and oceanic; Table I.1). The 

continental avian hotspot and continental avian non-hotspot regions naturally fell 

into categories of 300 - 1000+ avian species and 60 - 299 avian species, 

respectively. One-way analyses of variance (ANOVAs) were then used to test for 

differences in the total observed lineage diversity among the three avian diversity 

categories. ANOVAs were also conducted to test for differences in estimated 

lineage diversity among categories using mean Chao2 diversity estimates for each 

sampling region. Significant differences among categories were determined using 

Tukey’s post-hoc HSD (Honest Significant Difference) tests and differences were 

considered to be significant when P < 0.05. Each ANOVA was carried out for 

Plasmodium and Haemoproteus spp. separately in Statistica 10.0 

(www.statsoft.com). 

 

Literature review 

To assess bias and knowledge gaps arising from research methodologies, we 

identified and examined peer-reviewed research articles that used PCR to 

investigate avian haemosporidians. First, we searched the electronic databases 

Web of Science, ProQuest, Science Direct, PubMed and Google Scholar for articles 

published between 1995 and November 2012 using combinations of the following 

key words: ‘avian’, ‘bird*’, ‘malaria’, ‘Haemoproteus’, ‘Plasmodium’, ‘Leucocytozoon’, 

‘disease’, ‘vector*’, ‘phylogenetic*’, ‘haematozoa*’, ‘parasite*’, ‘PCR’ and ‘blood’. The 

asterisk (*) operator was used as a wildcard to search for all possible variations of 

keywords. We then checked the reference lists of all articles for additional 

references that were not found in the primary searches. Studies using 
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experimentally infected or captive birds were excluded, as we were interested in 

patterns of natural infections in wild hosts. A flowchart showing the article 

selection process is presented in Appendix I.1, while a list of the references 

included in the literature review is provided in Appendix I.2.  

 

For each article, we recorded the following information: year of publication, host 

group investigated (i.e. avian, vector or both), haemosporidian genera screened 

and the methods used to describe infections. Methods were categorized based on 

the type of PCR, the molecular marker(s) targeted and whether microscopy was 

used in addition to PCR. We also recorded whether mixed infections were 

separately characterised and the methods utilised. Although double peaks on 

chromatograms have been interpreted as evidence of mixed infections  

 

Fig. I.1. Chao2 diversity estimates of avian malaria lineages among sampling regions for avian 

Plasmodium (grey bars) and Haemoproteus (white bars). Error bars indicate S.D.s. Abbreviations 

are as follows: N. for north, S. for south, E. for east, W. for west, SE. for southeast, AUS for Australia, 

PNG for Papua New Guinea and F. for French.  



CHAPTER I: GLOBAL DIVERSITY OF AVIAN MALARIA (HAEMOSPORIDIANS) 

 23 

(Ricklefs et al., 2005; Kimura et al., 2006), such observations do not specifically 

describe the infection and these cases were therefore not recorded as an 

investigation of mixed infection. Finally, country, latitude and longitude of each 

sampling site were recorded and for avian host studies, the taxonomic orders and 

the total number of avian species sampled were also recorded.  

 

RESULTS 

Biogeography of Plasmodium and Haemoproteus 

We recorded the geographic occurrences for 599 unique cyt-b lineages of avian 

Haemoproteus and 488 lineages of avian Plasmodium. Lineages of Plasmodium have 

been recorded in every region analysed (Table I.1; Fig. I.1). In contrast, 

Haemoproteus lineages have not been detected from three of the six oceanic 

regions (New Zealand, Hawaii and French Polynesia). It should be noted that 

Haemoproteus columbae and Haemoproteus iwa have been previously described 

from blood smears taken from Hawaiian birds (Valkiūnas, 2005); however, 

molecular screening of Hawaiian passerines has not established the presence or 

identity of any Haemoproteus lineages (Beadell et al., 2006; Bensch et al., 2009). 

For Haemoproteus, total observed lineages ranged from zero to 122 across regions 

and varied significantly among geographic categories of avian diversity (ANOVA; 

degrees of freedom (df) = 2, 10; F = 10.86; P < 0.01; Table I.1). Tukey’s post-hoc 

HSD tests revealed that continental avian hotspots and continental avian non-

hotspots did not differ significantly; however, oceanic regions exhibited 

significantly fewer observed lineages than the other two categories (Fig. I.2A). In 

contrast, Chao2 diversity estimates for Haemoproteus spp. varied significantly 

among all three categories (ANOVA; df = 2, 10; F = 91.49; P < 0.001), with 

continental avian hotspot regions exhibiting the highest Haemoproteus spp. 

estimates while oceanic regions exhibited the lowest estimates (Fig. I.2B). 
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Table I.1. Avian sample sizes and lineage diversity estimates for Plasmodium and Haemoproteus spp. in geographic regions. Regions were pooled into groups based on 

avian richness: continental avian hotspot (300 – 1000+ spp.), continental avian non-hotspot (60 – 299 spp.) and oceanic (Orme et al., 2005). Total avian samples screened 

and numbers of observed lineages in each region were recorded from the MalAvi database (http://mbio-serv2.mbioekol.lu.se/Malavi) and a literature review. Estimates of 

lineage diversity were generated using the Chao2 estimator. aSome samples were screened for only one genus of parasite. Abbreviations are as follows: N. for north, S. for 

south, E. for east, W. for west, SE. for southeast, AUS for Australia and PNG for Papua New Guinea.  

        Lineage diversity 

Region richness Countries / territories sampled Na Observed   Estimated (S.D.) 

       Plas   Haem   Plas Haem 

Sub-Sahara hotspot Nigeria, Cameroon, Gabon, Kenya, Zimbabwe, Ghana, South Africa 4501 96   122   171.36 (26.15) 286.95 (96.37) 

India/SE Asia hotspot India, Burma (Myanmar), Phillipines 1468 34   39   79.00 (23.41) 250.47 (75.01) 

S. America hotspot Brazil, Ecuador, Guyana, Venezuela, Uraguay, Peru 8672 159   86   426.54 (48.24) 304.26 (82.25) 

AUS / PNG hotspot Australia, Papua New Guinea 857 30   87   97.00 (47.70) 202.30 (32.27) 

E. Europe non-hotspot Russia, Lithuania, Bulgaria, Romania, Poland, Czech Republic, Hungary 4651 31   83   59.50 (17.67) 152.03 (25.81) 

W. Europe non-hotspot UK, Spain, France, Germany, Italy, Norway, Sweden, Belgium 11193 60   87   147.99 (41.83) 184.65 (34.47) 

N. America non-hotspot Mainland USA, Canada, Mexico 3245 49   38   89.00 (19.03) 168.15 (72.80) 

Melanesia oceanic New Caledonia, Vanuatu 2314 24   33   49.65 (18.36) 74.34 (25.63) 

Caribbean oceanic Lesser Antilles, Bermuda, Puerto Rico 2780 14   15   25.09 (11.42) 33.25 (15.27) 

NZ oceanic New Zealand 1102 8   0   11.72 (2.82) 0 

N. Atlantic oceanic Bioko, Madeira, Azores Islands 1661 4   1   4.37 (0.76) 1.27 (0.39) 

Hawaii oceanic Hawaiian Islands 320 2   0   1.48 (0.45) 0 

French Polynesia oceanic Society Islands, Marquesas 174 1   0   1.14 (0.38) 0 
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For Plasmodium spp., total observed lineages ranged from one to 159 across 

regions and varied significantly among geographic categories of avian diversity 

(ANOVA; df = 2, 10; F = 6.01; P = 0.02; Table I.1), with significantly fewer observed 

lineages in oceanic regions than in continental avian hotspot and continental avian 

non-hotspot regions (Fig. I.2C). Chao2 diversity estimates for Plasmodium spp. 

exhibited the same pattern as observed lineages, with significantly lower estimates 

in oceanic regions than in continental avian hotspot and continental avian non-

hotspot regions (ANOVA; df = 2, 9; F = 4.53; P < 0.04; Fig. I.2D).  

 

For regions where Haemoproteus lineages were recorded, Chao2 diversity 

estimates tended to be higher for Haemoproteus spp. than for Plasmodium spp., 

apart from South America (Fig. I.1), although this trend was not statistically 

significant (t-test, t = 1.13, df = 8, P = 0.28). However, when excluding South 

America, estimates for Haemoproteus spp. diversity were significantly higher than 

Plasmodium spp. (df = 7, t = 2.23, P = 0.04).  

 

Adequacy of geographic and host species sampling 

We identified a total of 162 papers that used PCR to investigate avian 

haemosporidian infections. There has been a rapid rise in molecular avian malaria 

studies since the first publications in the mid-1990s, with most (98%) published 

after the year 2000 when cyt-b primers for avian Plasmodium and Haemoproteus 

spp. were designed. The majority of these publications (86.4%) examined avian 

host infection, while far fewer publications (16%) examined vector host infection 

(Table I.2). Sampling locations for molecular studies of avian haemosporidians 

represent every continent and over 100 countries (Fig. I.3). However, there is a 

substantial geographical bias in the distribution of field collection sites, with half of 

all sampling sites located in continental avian non-hotspot regions in Europe and 
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North America (170 out of 340 total; Fig. I.3). Conversely, continental avian 

hotspot regions had a total of 88 sampling sites (22.9% of total; Fig. I.3). A wide 

range of avian hosts have been studied, however the number of publications 

screening passerines (Order Passeriformes) was significantly higher than those 

screening other avian orders (χ2 test; df = 19, χ2 = 1033, P < 0.01; Table I.1). The 

number of avian host species ranged from one to over 900 (mean 22.1 ± 7.5), with 

41.5% of avian studies investigating a single host species and 18.5% of avian 

publications investigating 25 or more host species.  

 

Trends in methodology 

Nested PCR targeting cyt-b has been the dominant molecular screening method 

since 2004, used in 61.7% of all publications (Table I.2). In contrast to 

mitochondrial screening, only 8.9% of publications used nuclear markers (Table 

I.2). A total of six different nuclear markers have been used, however, only two of 

these markers (DHFR-TS and SSUrRNA) have been targeted by more than one 

avian host publication. To date, a single vector host study has used a nuclear 

marker (Table I.2). Specific studies that targeted parasite genes other than cyt-b 

are highlighted in Appendix I.2. For both avian and vector hosts, far fewer studies 

screened for Leucocytozoon spp. than for either Plasmodium or Haemoproteus spp. 

(Table I.2). 

 

Less than half of all avian host publications (47.4%) included microscopy of blood 

films in conjunction with PCR (Table I.2). A total of 16.3% of avian host 

publications have used multiple genetic markers to characterize infections while 

no vector host publications have used multiple markers (Table I.2). Mixed species 

infections were specifically investigated in 30.7% of avian host publications, with 

microscopy the most frequently used method (Table I.2). The single vector host 
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publication that identified mixed infections used restriction enzyme digestion 

(Table I.2).  

 

DISCUSSION 

Our review of studies of avian haemosporidian cyt-b lineages indicated a high 

diversity of parasite lineages that are heterogeneously dispersed across 

biogeographic regions. Moreover, global patterns of observed and estimated 

lineage diversity varied between the two parasite genera, Plasmodium and 

Haemoproteus. There was a tendency for continental avian diversity hotspots to 

have higher estimates of lineage richness compared to avian non-hotspots and 

oceanic areas, both for Haemoproteus spp. and, to a lesser extent, Plasmodium spp. 

Our findings therefore reflect a biogeographic pattern of higher diversity in low 

latitude tropical areas, as has been widely recognised across a range of  taxa, 

including parasites (Sherratt and Wilkinson, 2009). A number of theories have 

been proposed to explain the phenomenon of a latitudinal diversity gradient, most 

of which are probably not mutually exclusive (Pianka, 2011). For example, the 

relatively stable year-round climate in tropical areas has been suggested to 

promote ecosystem productivity (Phillips et al., 1994). For avian haemosporidians, 

temperature and precipitation are important abiotic variables that may be 

conducive to parasite diversification by promoting parasite development and 

vector breeding opportunities (Beier, 1998; Santiago-Alarcon et al., 2012b). 

However, tropical archipelagos appear to be limited in avian haemosporidian 

diversity, suggesting that climatic conditions alone do not drive diversity. Rath er, 

haemosporidian diversity may be a function of avian and / or vector host diversity, 

both of which increase in tropical continental regions (Grenyer et al., 2006; Foley 

et al., 2007).  
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The tropics have also been suggested to have stronger biotic interactions than 

temperate habitats, with higher rates of parasitism or predation driving increased 

rates of speciation (Pitts and Roberts, 1997). This hypothesis of ‘diversity begets 

diversity’ is reliant on the principle that if new species evolve in an already hype r-

diverse ecosystem, they are likely to remain in that ecosystem and maintain or 

even accelerate the diversity gradient (MacArthur and MacArthur, 1961; 

Hechinger and Lafferty, 2005; Sherratt and Wilkinson, 2009). For avian 

haemosporidians, many vectors feed on a variety of avian host species (Ejiri et al., 

2011; Santiago-Alarcon et al., 2012a) suggesting that opportunities for a parasite 

to infect a naïve host (i.e. host-switching) should be higher in species-rich vector-

host systems than in species-poor systems. Phylogenetic and molecular studies 

suggest that host switching is common in avian haemosporidians (Ricklefs et al., 

2004; Krizanauskiene et al., 2006), a process that may be facilitated when potential 

hosts are phylogenetically close to the original host (Poulin, 2011). Therefore, high 

diversities of potential hosts could provide more opportunities for host switching 

and subsequent diversification (Hayakawa et al., 2008).  

 

Finally, the tropics may encourage faster rates of evolution either through shorter 

generation times or through the facilitation of sympatric speciation due to 

increased niche complexity (Mittelbach et al., 2007). Time-calibrated phylogenies 

can be useful for determining whether parasites in the tropics have diverged faster 

than their temperate counterparts (Currie et al., 2004; Bordes et al., 2010). 

However, while molecular clocks for avian haemosporidians have been estimated 

(Ricklefs and Outlaw, 2010), the frequent host-shifts evident in the evolutionary 

history of these parasites make estimations of divergence rates particularly 

problematic (Bensch et al., 2013). 
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Fig. I.2. Mean observed and estimated lineage diversity among avian diversity categories. A) Observed Haemoproteus diversity; B) estimated Haemoproteus diversity; C) 

observed Plasmodium diversity; D) estimated Plasmodium diversity. Asterisks represent significantly different groups determined from Tukey’s post-hoc HSD (Honest 

Significant Difference) test.
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Fig. I.3. Sampling locations used in published molecular avian haemosporidian studies from 1995 

to April 2012. Geographic Information System (GIS) layers for avian species richness data were 

sourced from Orme et al., (2005). 

 

The higher lineage richness exhibited by Haemoproteus spp. compared with 

Plasmodium spp. and the different biogeographic patterns exhibited by the two 

genera suggest fundamental differences in the way lineages from the two genera 

diverge. Lineage diversity may result from high degrees of host specialization, a 

life-history strategy that promotes the partitioning of resources (i.e. avian and 

vector hosts) and facilitates species coexistence (Lewinsohn and Roslin, 2008). 

Host occurrence information from a number of studies suggests that 

Haemoproteus spp. tend to be more host-specific compared with Plasmodium spp. 

(Ishtiaq et al., 2007; Beadell et al., 2009; Dimitrov et al., 2010; Ishtiaq et al., 2010), 

which may explain why estimates of Haemoproteus spp. diversity were 

consistently higher than Plasmodium spp. estimates. Greater partitioning of 

resources could also explain why Haemoproteus spp. diversity significantly 

increased in continental regions with higher avian host diversity while  

Plasmodium spp. diversity did not. With more potential avian hosts available in the 
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Table I.2. Molecular screening methods and the host-parasite systems examined in avian 

haemosporidian publications (1995-2012). aSome studies analysed avian and vector hosts 

simultaneously. Specific studies that targeted genes other than cyt-b are shown in Appendix I.2. 

    Totala   Avian Hosts   Vector Hosts 

    162   140   26 

screened Plasmodium   146   127   22 

screened Haemoproteus   126   115   15 

screened Leucocytozoon   43   39   4 

Mitochondrial marker(s)   154   133   25 

   cyt-b   153   132   25 

   cytochrome oxidase 3   5   5   0 

Nuclear marker(s)   14   13   1 

   DHFR-TS   4   4   0 

   SSU-rRNA   9   8   1 

   DGAT   1   1   0 

   LSU-rRNA   1   1   0 

   TRAP   1   1   0 

   ClpC   1   1   0 

Reaction methods             

   nested PCR   100   85   17 

   quantitative PCR   9   7   2 

   PCR+1   1   1   0 

Mixed infections identified   44   43   1 

   microscopy   19   19   0 

   restriction enzyme digestion   11   10   1 

   TA cloning   14   14   0 

   genus-specific primers   2   2   0 

Avian orders screened             

   Passeriformes   114   -   - 

   Columbiformes   21   -   - 

   Falconiformes   14   -   - 

   Strigiformes   11   -   - 

   Piciformes   10   -   - 

   Galliformes   9   -   - 

   Charadriiformes   9   -   - 

   Coraciiformes   5   -   - 

   Cuculiformes   5   -   - 

   Apodiformes   5   -   - 

   Other orders   22   -   - 



CHAPTER I: GLOBAL DIVERSITY OF AVIAN MALARIA (HAEMOSPORIDIANS) 

 32 

tropics, the relative abundance of hosts may promote niche-specialisation, 

particularly for parasites that demonstrate a proclivity for host specialisation 

(Norton and De Lange, 1999). Alternatively, Haemoproteus spp. infections may 

simply be easier to detect using molecular techniques. For example, the duration of 

relapses (i.e. secondary parasitaemia in the host blood), tends to be longer in 

Haemoproteus spp. (up to several months) compared with generally shorter 

relapse durations in Plasmodium spp. (Valkiūnas, 2005). Because PCR can fail to 

amplify DNA when parasite intensity is very low (Waldenström et al., 2004), it is 

possible that the reported higher richness of Haemoproteus lineages is partially an 

artefact of the longer window of opportunity to detect secondary parasitaemias.  

 

An exception to the pattern of higher diversity for Haemoproteus lineages was 

displayed in South America. This region exhibited considerably more lineage 

recordings and higher lineage diversity estimates for Plasmodium spp. than any 

other region. This high richness of Plasmodium lineages in South America is well 

exemplified by two particular studies, one in southeastern Brazil (Lacorte et al., 

2013), and the other in the western Amazon of Ecuador (Svensson-Coelho et al., 

2013). Plasmodium lineages sampled from the western Amazon of Ecuador were 

more specialized than Haemoproteus linages (Svensson-Coelho et al., 2013), while 

in southeastern Brazil, over 55 Plasmodium lineages exhibited host ranges of only 

one species (Lacorte et al., 2013). This suggests that Plasmodium spp. may have 

experienced an exceptional radiation alongside avian hosts in South America’s 

ecologically diverse tropical habitats. However, even though South America 

contains the most speciose avian and mosquito communities in the world (Grenyer 

et al., 2006; Rueda, 2008), this does not explain why Haemoproteus lineage 

diversity was not similarly escalated in this region. It may be possible that 

Plasmodium lineages in South America are phylogenetically distinct and contain 
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particular cyt-b sequences that increase the rate of detection over Haemoproteus 

lineages during mixed infections (see Valkiūnas et al., 2006). However, more 

sampling is needed in South America’s diverse habitats to improve assessments of 

avian haemosporidian diversity and to certify the existence of these unique 

biogeographical patterns. 

 

The lack of Haemoproteus lineages on some archipelagos (e.g. Hawaii, French 

Polynesia) may be due to the absence of appropriate vectors or to founder events 

where low numbers of colonizers are less likely to carry infections (Peirce and 

Adlard, 2004; Krasnov et al., 2007; Hellgren et al., 2011). For Plasmodium spp., the 

occurrence of lineages on south Pacific islands such as Hawaii, French Polynesia 

and New Zealand are thought to be in large part due to anthropogenic 

introductions of infected hosts and suitable vectors (Beadell et al., 2006; Tompkins 

and Gleeson, 2006; Ewen et al., 2012). However for Haemoproteus spp., the 

complete life cycles, specifically transmission dynamics between avian and vector 

hosts, have been poorly studied (but see Ishtiaq et al., 2008; Valkiūnas et al., 2010; 

Martínez-de la Puente et al., 2011). Further investigation into vector transmission 

will help to determine whether a lack of suitable vectors has led to the absence of 

Haemoproteus spp. on certain islands.  

 

Another hindrance to colonisation of Haemoproteus spp. could be higher degrees of 

avian host specialization for Haemoproteus lineages compared with Plasmodium 

lineages and, therefore, Haemoproteus spp. may have difficulty switching to new 

avian hosts in isolated island communities. Nevertheless, there are numerous 

cases of generalist Haemoproteus lineages recorded from avian hosts across broad 

geographic ranges including islands (Fallon et al., 2005; Beadell et al., 2009). It is 

more plausible that Haemoproteus spp. are absent on islands that are simply too 
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isolated for natural colonisation of these parasites to occur without anthropogenic 

introductions of infected hosts and / or suitable vectors (e.g. Pérez-Rodríguez et al., 

2013). Regardless of the mechanisms limiting Haemoproteus spp. distributions on 

islands, continued monitoring for introduced haemosporidian parasites will be 

valuable as the threat of emerging wildlife disease accelerates with the increasing 

mobility of humans (Huijben et al., 2007).  

 

Diversity patterns from molecular studies are supported by studies using only 

microscopic data, with higher Haemoproteus spp. richness for the majority of 

zoogeographical regions (Valkiūnas, 2005). For example, Bennett et al. (1992) 

found that sub-Saharan birds have a higher Haemoproteus spp. richness (63 

species) compared with Plasmodium (16 species). The same pattern was found in 

western Europe, with the occurrence of 28 Haemoproteus spp. and 12 Plasmodium 

spp. (Peirce, 1981). In addition, some microscopic evidence from the Neotropics 

suggests that avian hosts in both the Amazon basin and central America have a 

higher prevalence of Plasmodium spp. than of Haemoproteus spp. (White et al., 

1978). However, our analysis of cyt-b lineages suggests variations across 

biogeographic regions that were not previously noted using microscopy alone 

(Valkiūnas, 2005), such as the high diversity of Plasmodium spp. in the neotropical 

region and the higher diversity of haemosporidians in the tropics. These 

differences may therefore have arisen from infections overlooked due to the often 

low parasitaemias in natural infections. 

 

The high estimates of undiscovered richness coupled with relatively limited 

sampling in many regions with high avian diversity indicate a need for further 

molecular studies, which should ideally be complemented with microscopic 

methods. However, the spread of current research suggests a bias towards 
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European and North American passeriform communities. While a wealth of 

information regarding the prevalence, seasonality, diversity and host distribution 

of avian haemosporidians has been generated in these host-parasite communities 

(Krizanauskiene et al., 2006; Bensch et al., 2007; Shurulinkov and Ilieva, 2009), 

such knowledge is currently limited elsewhere. In Australia, for example, 

morphological descriptions previously indicated a paucity of haemosporidian 

species, interpreted as a result of limited colonisation and restricted diversification 

as well as the limited number of microscopic studies in the region (Valkiūnas, 

2005). However, it is becoming increasingly apparent that Australia harbours high 

haemosporidian lineage diversity, particularly for Haemoproteus spp., even though 

Australian studies have been restricted to two major community studies in the 

north (Beadell et al., 2004; Zamora-Vilchis et al., 2012) and one study in the south 

(Balasubramaniam et al., 2013). Additionally, while Passeriformes is the most 

diverse of the avian orders (Hackett et al., 2008) and likely contains the most 

diverse haemosporidian fauna (Valkiūnas, 2005), sampling from other orders, such 

as Columbiformes, Falconiformes and Strigiformes, has revealed high diversity and 

cryptic speciation of haemosporidians (Sehgal et al., 2006; Santiago-Alarcon et al., 

2010; Valkiūnas et al., 2010; Yildirim et al., 2013). The limited sampling in species-

rich habitats and among a range of avian host orders likely hampers descriptions 

of the overall diversity and the phylogenetic relationships of haemosporidians.  

 

The creation of the MalAvi database has encouraged the widespread use of a single 

nested PCR protocol, leading to methodological conformity among the majority of 

molecular studies and aiding our understanding of haemosporidian diversity. 

While it may be suggested that the dearth of nuclear investigations presents a 

hindrance to true estimates of parasite diversity, evidence from simultaneous 

nuclear and mitochondrial studies suggests that most cyt-b lineages probably 
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represent reproductively isolated entities (Bensch et al., 2004; Beadell et al., 2009). 

However, this rapid increase in molecular studies may be leading a shift away from 

more traditional parasitological methods, such as rigorous microscopic 

examinations (Braga et al., 2011). It is therefore important to emphasize that our 

conclusions are based on lineage detection using PCR methods. This method has a 

very low detection threshold and is capable of amplifying DNA from different life 

stages of haemosporidians (Valkiūnas et al., 2009), even when parasites are 

present in non-competent hosts. This can be a problem because sporozoites, which 

are injected by dipteran vectors into the avian hosts’ blood stream, can persist for 

some time in the peripheral bloodstream without developing into a full infection 

(Valkiūnas, 2005). Although such abortive infections can limit our understanding 

of parasite-host transmission dynamics, inference of biogeographical patterns is 

less affected as these types of infections still inform the number of existing lineages 

per region.  

 

In addition to confirming vector and host competence, microscopy together with 

PCR can link genetic and morphological descriptions of parasite diversity, which is 

crucial for phylogeographic studies and should lead to a better understanding of 

the evolutionary histories of avian haemosporidians (Martinsen et al., 2006; 

Palinauskas et al., 2007). However, such studies are lacking in many host-parasite 

communities, leading to a poor understanding of the true diversity of these 

parasites (Braga et al., 2011). The dynamics and frequency of mixed infections may 

also be overlooked without microscopic analysis (Valkiūnas et al., 2006; Valkiūnas 

et al., 2008), which may also limit our knowledge of haemosporidian diversity. 

Examination of blood smears together with PCR remains the ideal approach when 

characterising infections from avian hosts. 

 



CHAPTER I: GLOBAL DIVERSITY OF AVIAN MALARIA (HAEMOSPORIDIANS) 

 37 

The paucity of studies analysing haemosporidian infections in vectors may lead to 

a limited understanding of the true diversity of lineages as well as the dynamics of 

haemosporidian transmission (Santiago-Alarcon et al., 2012b). For instance, recent 

molecular surveys in southern Melanesia recorded numerous lineages of 

Plasmodium and Haemoproteus spp. in vectors that have not yet been recovered 

from avian hosts in the region (Ishtiaq et al., 2008; Ishtiaq et al., 2010). Because 

sexual reproduction occurs in the vector host (Valkiūnas, 2005), vectors are vital 

for the reproductive isolation of haemosporidian species (Gager et al., 2008). 

Therefore, it is fundamental to establish vector competence, which at the moment 

is only possible with the use of microscopy that allows the observation of 

sporozoites. Studies of vector host-specificity may therefore help to determine the 

role of vectors in driving lineage distributions among avian hosts (Medeiros et al., 

2013). However, vector feeding patterns can be complex, particularly since some 

species seem to adjust their feeding preferences according to host availability 

(Santiago-Alarcon et al., 2012b). Some studies have recorded a tendency for vector 

host-specialisation among lineages, suggesting that vectors can act as ecological 

barriers by restricting lineages to avian hosts that belong to the vector’s diet (Ejiri 

et al., 2008; Hellgren et al., 2008). This suggests that differences in parasite 

prevalence among different habitats may be strongly related to the presence or 

absence of suitable vectors (Mendes et al., 2005; Svensson and Ricklefs, 2009; 

Yohannes et al., 2009). It is clear that a great deal more remains to be discovered 

about vector host-specialisation and its role in driving parasite diversification 

(Santiago-Alarcon et al., 2012b). 

 

While nested PCR targeting of cyt-b has been instrumental to uncovering avian 

haemosporidian diversity across the globe, future studies may benefit from the use 

of variable nuclear markers that are already widely used in human malaria studies, 
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such as merozoite surface protein-1 (Silva et al., 2000; Hellgren et al., 2013). The 

development of such markers for avian haemosporidian studies could lead to a 

better understanding of host-specificity and geographic limitations for parasite 

lineages as well as more sophisticated taxonomic revisions (e.g. Pick et al., 2011; 

Tachibana et al., 2012). However, no complete genomes for avian haemosporidians 

are currently available, (but see incomplete genome for Plasmodium gallinaceum; 

Wellcome Trust Sanger Institute, UK), owing primarily to the difficulty of obtaining 

adequate concentrations of parasite DNA from avian blood samples (Palinauskas 

et al., 2010). As methods for collection of pure parasite template improve, we can 

expect avian haemosporidian studies to branch into more fine-scale population 

genetics as well as more informative phylogenetic analyses of relatedness among 

haemosporidians of vertebrates (Bensch et al., 2013). However, the identification 

of competent vector and avian hosts relies on widespread utilisation of traditional 

parasitological methods, particularly as PCR detection of haemosporidian DNA can 

occur despite abortive development in the avian host. Moreover, because 

remnants of infected blood cells and the presence of oocysts and ookinetes in the 

thorax of vectors can also provide parasite DNA template, positive parasite 

detection from the thorax of vectors species is inconclusive evidence for parasite 

transmission (Valkiūnas et al., 2013). Therefore, microscopic methods are still an 

essential tool, both for determining the vector species responsible for parasite 

transmission and for generating a more complete understanding of 

haemosporidian diversity. 
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PREFACE 

Chapter I showed that island patterns of parasite diversity appear to be different 

for Plasmodium and Haemoproteus spp, a trend which could relate to parasite host-

specificity. This prompted an investigation into the relative impacts of parasite 

host-specificity and environmental variables on the colonisation and temporal 

stability of Haemoproteus and Plasmodium lineages in an island bird population 

(Zosterops lateralis on Australia’s Heron Island).  
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ABSTRACT 

Colonisation and extinction are important drivers of island biogeography, but they 

are difficult to study. We used a long-term dataset to determine the mechanisms 

that contribute to colonisation and persistence for vector-borne blood parasites in 

an island population of birds that regularly receives infected vagrant conspecifics 

and wind-assisted potential vectors from the mainland. We determined the 

prevalence, temporal stability and host-specificity of Haemoproteus and 

Plasmodium parasites in resident and mainland-vagrant silvereyes (Zosterops 

lateralis) on Heron Island (Australia) over seven years. We carried out simulations 

using mainland infection data and vagrant arrival scenarios to test whether 

infected vagrants influence infection patterns in island residents. We tested 

whether variation in island parasite prevalence was predicted by abiotic factors 

associated with vector breeding and dispersal. Parasite prevalence and 

composition on the island varied considerably across years. Host-specialist 

Haemoproteus spp. exhibited lower prevalence than expected and frequent 

absence despite a high probability of arriving via vagrants. In contrast, host-

generalist Plasmodium spp. exhibited a low probability of arriving via vagrants but 

were temporally persistent in island silvereyes. Increases in prevalence and 

diversity of Plasmodium species were associated with episodes of offshore winds. 

We show that parasites abundant in source populations do not necessarily exhibit 

increased colonisation success via vagrant host movement. Vagrant silvereyes are 

not likely to shape infection patterns in island-resident silvereyes. Instead, 

associations between weather patterns and parasite dynamics suggest the insular 

parasite community may be limited by vector establishment. Our results support 

the hypothesis that host-specificity is important in determining a parasite’s ability 

to persist on islands, with host-specialists at greater risk of failing to establish after 

initial arrival. 
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INTRODUCTION 

Islands offer exceptional models to study the processes that drive community 

dynamics (MacArthur & Wilson, 1967; Diamond, 1975). For islands, the interplay 

between colonisation and extinction plays an important role in determining 

community composition by influencing species turnover and interspecific 

interactions (Lomolino, 2000; Losos & Ricklefs, 2010). Whether a species can 

effectively colonize an island depends on a number of factors, including the 

availability of suitable habitat, the number of colonists and the vagility of the 

species (Ricklefs & Lovette, 1999; Ahlroth et al., 2003). Colonisation–extinction 

dynamics are, however, difficult to investigate directly (Lees & Gilroy, 2014), and 

studies are often limited to inferring colonisation histories from current patterns 

of presence and absence. Consequently, the mechanisms that contribute to island 

colonisation and ultimately to community composition, are not well understood 

for many taxa (Lomolino, 2000). 

 

For vector-borne parasites, patterns of island colonisation and extinction are 

complex because of the habitat requirements and dispersal capacities of both 

intermediate and primary hosts (Sousa & Grosholz, 1991; Pérez-Tris & Bensch, 

2005). Parasites that colonize or persist at low prevalence are at risk of extinction 

if the population of either the vector or the primary host is reduced below a 

minimum transmission threshold (Bailey, 1957). Migratory or vagrant hosts that 

arrive from areas of higher parasite prevalence may therefore be important for 

maintaining island parasite populations (Clark et al., 2014a; see Supplementary 

Manuscript I). Additionally, differing levels of host-specificity are widely thought to 

determine whether some parasites effectively colonize or fail to persist following 

their initial arrival during a host’s range expansion (Clay, 2003; MacLeod et al., 

2010). For instance, parasites able to infect a range of host species (generalists) 
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may persist despite their prevalence being too low in a particular host if they are 

able to utilize multiple host reservoirs (Sturrock & Tompkins, 2008). Generalists 

are therefore expected to be more successful at colonizing islands than specialists 

that rely on closely related hosts (Ewen et al., 2012), particularly on small islands, 

where host population sizes may vary over time. However, specialized parasites 

may reach higher prevalence in their preferred hosts than do generalists (Keesing 

et al., 2006), which can increase the parasite’s chances of transport with dispersing 

hosts. 

 

Avian haemosporidians of the genera Plasmodium and Haemoproteus are an 

abundant and diverse group of vector-transmitted blood parasites found all over 

the globe except Antarctica (Valkiūnas, 2005). These parasites exhibit a range of 

vertebrate host-specificity strategies, from strict host-specialists to widespread 

generalists (Valkiūnas, 2005). Advances in molecular screening have led to a 

growing number of avian haemosporidian island biogeography studies, revealing 

distribution anomalies indicative of complex colonisation dynamics (Ishtiaq et al., 

2010; Cornuault et al., 2012; Pérez-Rodríguez et al., 2013) that may be partly 

driven by host-specificity strategies (Clark et al., 2014b). In addition, because 

dispersing birds are thought to be important drivers of disease dispersal (Klaassen 

et al., 2012; Levin et al., 2013; van Dijk et al., 2014), it has been suggested that 

vagrant birds act as dispersal vehicles for avian haemosporidians in island systems 

(Santiago-Alarcon et al., 2010; Valkiūnas et al., 2010; Clark et al., 2014a; 

Supplementary Manuscript I). Nevertheless, the role of vagrants in shaping island 

parasite communities remains untested because of a lack of empirical data for 

vagrant infection status and arrival frequencies. 
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Silvereyes, Zosterops lateralis (Latham, 1802), and related species within the 

Zosteropidae have high potential for dispersing parasites as they are remarkably 

good colonizers and have established island populations throughout the South 

Pacific (Lack, 1971). In addition, Zosterops species exhibit substantial levels of 

intraspecific variation (Clegg et al., 2002; Clegg & Phillimore, 2010), a feature that 

may contribute to the high diversity of haemosporidian lineages carried by 

Zosterops hosts (Ishtiaq et al., 2008, 2010). The Capricorn silvereye 

(Z. l. chlorocephalus Campbell & White, 1910) is the only regularly breeding 

passerine on Heron Island (Kikkawa, 1970), a small (0.12 km2), wooded cay 70 km 

from the Australian continental shore (28°26′ S, 151°57′ E; Fig. II.1). The Capricorn 

silvereye is a subspecies that has diverged rapidly from the Australian mainland 

form (Z. l. cornwalli Mathews, 1912) (Clegg et al., 2008). Nevertheless, mainland 

silvereyes regularly arrive on Heron Island as vagrants (Kikkawa, 1970) and are 

known to carry haemosporidian infections (Clark et al., 2014a; Supplementary 

Manuscript I). Mainland vagrants can persist on the island for a number of weeks 

(Kikkawa, 1970), increasing the chance that infected vagrants can act as sources 

for the island parasite community. Importantly, vagrant arrival frequencies can be 

accurately estimated from observations made over a long-term study (> 40 years) 

of the Heron Island silvereye population (Kikkawa, 1970; Clegg et al., 2008). 

Together, these features make the Heron Island silvereye population a tractable 

system to study the role of vagrant hosts in driving island parasite dynamics. 

 

On the Australian mainland, silvereyes exhibit a high prevalence of 

haemosporidian infections, often reaching > 50% (Beadell et al., 2007; Zamora-

Vilchis et al., 2012). In contrast, a recent study reported much lower prevalence 

(< 10%) in Heron Island’s resident silvereyes (Clark et al., 2014a; Supplementary 

Manuscript I), perhaps because of a lack of freshwater breeding grounds for 
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arthropod vectors (Marks, 1969; Pierce & Adlard, 2004). The community 

composition of parasite lineages may also vary between mainland and Heron 

Island silvereyes. The majority of infections in mainland silvereyes are attributed 

to ZOSLAT04-H (Beadell et al., 2007; Zamora-Vilchis et al., 2012), a specialist 

Haemoproteus lineage representing a morphospecies that has only been recorded 

in hosts from the family Zosteropidae (H. zosteropis Chakravarty & Kar, 1945) 

(Valkiūnas, 2005; Bensch et al., 2009). In contrast, 50% of infections in Heron 

Island silvereyes sampled in a single month (June 2012) were generalist 

Plasmodium lineages (Clark et al., 2014a; Supplementary Manuscript I), suggesting 

that generalist lineages are more successful on the island than on the mainland. 

Nevertheless, silvereyes on Heron Island are prone to large fluctuations in 

population size (ranging from 225 to nearly 500 individuals; McCallum et al., 

2000) and under such conditions – small and variable vertebrate host density, low 

infection rates and limited vector breeding opportunities – stochastic parasite 

extinctions are likely, and temporal variation in both prevalence and community 

composition is expected (Bailey, 1957). The arrival of infected vagrant silvereyes 

may therefore be particularly important in shaping the community of parasite 

lineages infecting Heron Island’s resident silvereyes. 

 

In dynamic island systems, the colonisation and local persistence of 

haemosporidian parasites might also be influenced by the population dynamics of 

vectors. Biting arthropods, the primary vectors for haemosporidians, are known to 

carry diseases among populations during wind events (Ritchie & Rochester, 2001; 

Ducheyne et al., 2007), and influxes of mosquitoes have been observed on Heron 

Island following periods of winds from the mainland (Fletcher, 1973), which 

approach the island in a NNW to SSW direction (henceforth referred to as ‘offshore 

winds’; Fig. II.1). However, a tendency for vagrancy does not necessarily result in 
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colonisation (Lees & Gilroy, 2014). Infection dynamics may instead respond to 

weather conditions that promote vector breeding / development (Zamora-Vilchis 

et al., 2012; Galen & Witt, 2014). 

 

We sampled silvereyes on Heron Island and the Australian mainland to test the 

hypothesis that vagrant birds can shape patterns of haemosporidian colonisation 

and persistence in an island parasite community. We screened island silvereyes for 

haemosporidian infection across seven non-contiguous years to determine 

temporal patterns of lineage prevalence and composition. We then used a database 

of mainland silvereye haemosporidian infections to test whether vagrants could be 

shaping the observed infection patterns in island silvereyes. We also determined 

the host-specificity of parasite lineages to test whether host-specialists are less 

likely to colonize and persist on the island than host-generalists. Finally, we tested 

whether patterns of haemosporidian prevalence are associated with weather 

factors that may influence vector dispersal from the mainland (offshore winds) as 

well as vector breeding and population density on the island (rainfall and 

temperature). 

 

MATERIALS AND METHODS 

Sample collection 

Resident and vagrant silvereyes were captured on Heron Island using mist nets 

and baited traps across seven years (1999–2003 and 2012–2013). Sampling on the 

island occurred during the non-breeding season from April to June each year. 

Morphological measurements of wing length, tail length, bill length, bill depth, bill 

width and weight were taken from each bird to differentiate island residents and 

mainland vagrants (see Clegg et al., 2002). Silvereyes were also captured using 

mist nets at sites in mainland eastern Australia (Fig. II.1). A small blood sample 
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was taken from the brachial vein of each bird and transferred to a microfuge tube 

containing lysis buffer (1% Sodium dodecyl sulfate, 20 mM NaCl, 10 mM TRIS pH 

8.0 and 10 mM EDTA pH 8.0). Individuals were banded with an Australian Bird and 

Bat Banding Scheme (ABBBS) metal band, and a unique set of colour bands in the 

case of Z. l. chlorocephalus, and released at the site of capture. 

 

Molecular methods 

DNA was extracted using ammonium acetate/ethanol precipitation (Richardson et 

al., 2001). Each bird was molecularly sexed following Griffiths et al. (1998), and 

this procedure also served to confirm extraction quality. Samples were screened 

for haemosporidian DNA (Haemoproteus and Plasmodium) using a nested 

polymerase chain reaction (PCR) to amplify 479 bp of the parasite cytochrome b 

(cytb) gene (Waldenström et al., 2004) following reaction conditions given by 

Waldenström et al. (2004). Positive amplifications were sequenced on an Applied 

Biosystems 3130xl Genetic Analyser (Foster City, California, USA) at the Griffith 

University DNA Sequencing Facility (Brisbane, Australia). Parasite sequences were 

aligned in GENEIOUS 5.4 (Biomatters, Auckland, New Zealand) and identified by 

comparison to sequences on GenBank and the avian malaria database, MalAvi 

(Bensch et al., 2009). Mainland infection results were added to published data to 

bolster comparisons between island and mainland populations. 

 

Host-specificity 

We used data from avian host–parasite records (from MalAvi) to classify lineages 

as either avian host-specialists or host-generalists. Lineages were classified as 

specialists if they have only been recorded to date in Z. lateralis. Lineages that have 

been amplified from at least one host species in addition to Z. lateralis were 

classified as generalists. However, to confidently determine if a haemosporidian 
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parasite is a generalist, infection viability (i.e. circulating gametocytes in host 

blood) must be confirmed from a range of host taxa (Valkiūnas et al., 2009). Such a 

classification is problematic due to the presumed high incidence of PCR-positive, 

abortive infections in natural populations (see Valkiūnas et al., 2009; Galen & Witt, 

2014). We therefore examined blood smears and parasite lineages from additional 

host–parasite occurrences in south-east Australia, as well as data from published 

sources, to repeat the analysis by classifying lineages as generalists using the 

criterion that gametocytes for that exact lineage must have been observed in blood 

smears from more than one avian species (see Appendix II.1). 

 

Weather variables 

We accessed climate data for the Heron Island research station using the 

Australian Bureau of Meteorology’s Data Services 

(http://www.bom.gov.au/climate/data-services). To test if weather variables 

commonly associated with vector breeding and abundance predicted 

haemosporidian prevalence, we calculated mean temperature and total number of 

days with rainfall (> 0.2 mm). To test whether offshore winds predicted 

haemosporidian prevalence, we calculated the total number of days on which 

mainland offshore winds were recorded. As the majority of haemosporidian 

infections are thought to be transmitted during the breeding season (Valkiūnas, 

2005), weather variables (mean temperature, total days with rainfall and total 

days with offshore winds) were extracted to span the breeding/fledgling season 

for each year prior to sampling (Sep. of the previous year to March of the sampling 

year; Kikkawa, 1970). 
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Statistical analyses 

All statistical analyses were conducted in the R statistical framework (version 3.0.1, 

R Development Core Team, 2008) except where specified. To test whether 

variation in parasite prevalence was explained by weather variables, we 

constructed generalized linear models (GLMs), specifying prevalence (number of 

birds infected and number uninfected) as the binomial response variable, weather 

variables as explanatory variables, and a binomial error structure (or 

quasibinomial when overdispersed, indicated by a dispersion parameter 

considerably greater than 1; Crawley, 2012). We could not fit a model with all 

interaction terms, because we had only seven data points (one for each year) and 

we therefore limited the number of explanatory variables in any model to three 

(Crawley, 2012). We first tested the overall prevalence of parasite lineages 

(Plasmodium and Haemoproteus species combined) against additive effects of 

number of days with offshore winds, mean temperature and number  of days with 

rain, and then tested in subsequent models for each combination of two effects and 

their interaction. Because avian Plasmodium and Haemoproteus species are 

transmitted by different arthropod vectors (primarily Culex mosquitoes and 

Culicoides biting midges, respectively; Valkiūnas, 2005; Santiago-Alarcon et al., 

2012), models were repeated for Plasmodium and Haemoproteus separately.  

 

To account for the possibility of single years having a disproportionate influence 

on models due to the low number of data points, we used a bootstrapping 

procedure whereby one year was randomly excluded from the dataset and models 

were performed on the remaining data subset. This process was then repeated 

following replacement of the previously excluded year, allowing for each year to 

have an equal probability of being excluded. We generated 1000 bootstrap 

replicates to calculate 95% confidence intervals of model statistics. We tested for 
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autocorrelation in models by calculating the Durbin–Watson statistic, where 

values approaching zero indicate negative autocorrelation, values approaching 

four indicate positive autocorrelation, and values around two indicate no 

autocorrelation (Crawley, 2012). 

 

To test whether variation in parasite prevalence in island silvereyes could be 

explained by the arrival of vagrant silvereyes, we drew pools of vagrant individuals 

from a simulated population of 100,000 mainland silvereyes. The simulated 

population was proportional to the number of infected and uninfected mainland 

silvereyes, with the infection prevalence of each parasite lineage equal to the 

prevalence identified in the mainland dataset (see Results). Although the number 

of vagrants arriving each year can vary from zero to a maximum record of 50 

individuals (Kikkawa, 1970), observations of more than eight vagrants 

simultaneously on the island are rare (S.M.C., pers. obs.). We elected to use a 

conservative approach when simulating vagrant arrivals by repeating simulations 

using vagrant pools of varying size. We carried out five simulations in total, using 

vagrant pool sizes of 5, 8, 15, 30 and 50 individuals. For each simulation, we drew 

10,000 pools from the null (mainland) distribution and determined the probability 

of occurrence for each parasite lineage by calculating the proportion of draws with 

at least one individual carrying that lineage. 

 

To determine whether the frequencies of individual parasite lineages differed 

between island and mainland silvereyes, we tested whether the observed island 

parasite composition deviated from an expected null distribution based on 

infection frequencies recorded on the mainland. We simulated a second population 

of 100,000 mainland silvereyes in which all individuals were infected, using the 

observed proportion of total infections for each parasite lineage from the mainland 
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dataset. From this, we randomly drew 10,000 groups of 33 infected individuals 

(equal to the number of infections found in island silvereyes; see Results) and 

calculated the prevalence of each parasite lineage in each draw. Simulations used 

Monte Carlo randomizations with replacement. 

 

We compared the observed proportion of generalist and specialist parasite 

infections between island and mainland populations using a chi-square test for 

equality of proportions. We repeated the analysis by excluding lineages that have 

been recovered from multiple host species but have not been microscopically 

confirmed (two Plasmodium lineages; see Results). We compared parasite 

diversity between the mainland and island using the non-parametric Chao2 

estimator in the program ESTIMATES 9.1.0 (Colwell, 2001). This estimate was 

chosen to control for different sample sizes and for unsampled diversity based on 

the number of rare lineages detected (Chao, 1984; Colwell, 2001). Estimates were 

produced from 10,000 permutations. 

 

RESULTS 

We sampled 1014 island-resident silvereyes and detected 33 haemosporidian 

infections (3.3% prevalence). We sequenced 32 infections (one infection failed to 

produce a sequence), 17 of which were Plasmodium and 15 Haemoproteus. Total 

parasite prevalence varied considerably among years, ranging from 0 to 8.6% (Fig. 

II.2, Table II.1). Plasmodium infections were recorded in all years apart from 2003 

and prevalence did not vary significantly (χ2 test: d.f. = 6, χ2 = 9.55, P = 0.15), 

whereas Haemoproteus was absent in three of the seven years (Fig. II.2, Table II.1) 

and its prevalence varied significantly (χ2 test: d.f. = 6, χ2 = 33.86, P < 0.001). 

Among the 32 sequenced infections, four parasite lineages were recovered, three 

Plasmodium (lineages BELL01-P, ORW1-P and FANTAIL01-P) and one  
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Fig. II.1 Map of the sampling area. Sampling locations for silvereyes (Zosterops lateralis) on the 

Australian mainland and on Heron Island are represented by black dots. Shaded areas show 

sampling regions of published lineages included in the mainland silvereye dataset.  

 

Haemoproteus (lineage ZOSLAT04-H; Table II.1). Five of the eight mainland 

vagrants sampled on Heron Island were infected (63.5% prevalence), three with 

Haemoproteus ZOSLAT04-H, one with Plasmodium BELL01-P and one with 

Plasmodium ORW1-P (Table II.1). The mainland silvereye dataset consisted of 118 

individuals, including 64 that were screened by Beadell et al. (2007), six screened 

by Zamora-Vilchis et al. (2012) and 48 new samples (see sample sites in Fig. II.1). 

Silvereyes are widespread and common in eastern Australia, and although 

mainland sampling was not carried out adjacent to Heron Island (Fig. II.1), 

individuals from the southern sampling region migrate north in winter months 

(Higgins et al., 2006) and have been suggested as a source of vagrants on Heron 

Island (Kikkawa, 1970). In addition, all lineages detected in the southern region 

were present in the north in similar proportions (percentage of infections 

attributed to ZOSLAT04-H: 78.1% in the north, n = 32 infections; 79.4% in the 

south, n = 34 infections).  
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In the mainland dataset, 65 individuals were infected (55.1% prevalence), 54 with 

Haemoproteus ZOSLAT04-H, one with Haemoproteus ZOSLAT07-H and 10 with 

Plasmodium spp. (seven with ORW1-P, three with ZOSXAN01-P; Table II.1). When 

adjusted for sample size, parasite diversity estimates were similar for Z. l. cornwalli 

(mainland birds and vagrants combined; Chao2 estimate of 5.44 ± 1.18 lineages) 

and the island Z. l. chlorocephalus population (4.01 ± 0.50 lineages). When 

considering the island as a proportional subset of the mainland, the observed 

prevalence of Haemoproteus lineages in island residents was lower than expected, 

and the three Plasmodium lineages recovered in island residents were more 

prevalent than expected (Fig. II.3). 

 

The number of offshore wind days ranged from 34 to 62 across years and was the 

only significant explanatory variable for the prevalence of Plasmodium spp. in 

island residents, a finding that was robust to the bootstrapping GLM procedure 

[bootstrap GLM including only offshore wind days; d.f. = 5, mean Z (95%CI) = 

2.31(2.101, 2.600), mean P = 0.02]. Analysis of model residuals revealed no 

temporal autocorrelation (Durbin–Watson statistic, 1.96). The diversity of 

Plasmodium lineages in island silvereyes also increased with increasing offshore 

wind days (Appendix II.2). No weather variables or two-way interactions 

significantly predicted variation in the prevalence of  Haemoproteus spp. or of both 

genera combined (Appendix II.3). 

 

Vagrant pool simulations drawn from a population of infected and uninfected 

mainland silvereyes returned a 95% probability of detecting Haemoproteus 

ZOSLAT04-H if only five vagrants arrive on the island each year, increasing 

to98.9% if eight vagrants arrive (Fig. II.4a). The observed proportion of years in 



CHAPTER II: ISLAND COLONISATION AND PERSISTENCE OF AVIAN MALARIA 

 60 

 which Haemoproteus ZOSLAT04-H was detected in island residents was 57.1% 

(detected in four out of seven years; Figs II.2 & II.4a). For the three Plasmodium 

lineages detected in island silvereyes, vagrant pool simulations indicated a 42.2% 

probability of detection for all lineages combined when five vagrants arrive each 

year, and 48.9% when eight vagrants arrive (Fig. II.4b). The observed proportion 

of years in which Plasmodium spp. infections were recorded in island silvereyes 

was 85.7% (Figs II.2 & II.4b). Our simulations suggest that between 15 and 30 

mainland vagrants would need to arrive on the island each year to reach an 85.7% 

probability of detecting Plasmodium infections in each vagrant pool (Fig. II.4b).  

 

All four Plasmodium lineages recovered in this study have been recorded in a range 

of avian species and geographical locations (Bensch et al., 2009; Appendix II.1) and 

are classified as host generalists (low parasitaemia prevented morphological 

identification of Plasmodium lineages in blood smears). In contrast, Haemoproteus 

 

Fig. II.2 Prevalence of avian Plasmodium lineages (grey bars) and Haemoproteus lineages (black 

bars) infecting silvereyes (Zosterops lateralis) resident on Heron Island, Australia, across sample 

years. Numbers above bars indicate absolute number of infected individuals
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Table II.1 Sample sizes and prevalence of avian Plasmodium (with suffix P) and Haemoproteus (with suffix H) lineages recovered from silvereyes (Zosterops lateralis) on 

Heron Island and mainland Australia. Island residents were sampled across seven years. Plas.: Plasmodium; Haem.: Haemoprotes 

Sample 

population Year n 

Plasmodium   Haemoproteus 

ORW1-P BELL01-P FANTAIL01-P ZOSXAN01-P Prevalence ZOSLAT04-H ZOSLAT07-H Prevalence 

Island-

residents 

1999 158 4 0 0 0 2.5%  0 0 0.0% 

2000 108 1 0 0 0 0.9%  0 0 0.0% 

2001 93 0 1 0 0 1.1%  7 0 7.5% 

2002 126 2 1 1 0 3.2%  1 0 0.8% 

2003 92 0 0 0 0 0.0%  0 0 0.0% 

2012 195 3 3 0 0 3.1%  5 0 2.6% 

2013 242 1 0 0 0 0.4%  2 0 0.8% 

Island- 

vagrants 

 8 1 1 0 0 25.0%  3 0 37.5% 

Mainland  118 7 0 0 3 8.5%  54 1 46.6% 
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 ZOSLAT04-H and ZOSLAT07-H have only been recorded to date in hosts from the 

family Zosteropidae (Beadell et al., 2007; Ishtiaq et al., 2010; Zamora-Vilchis et al., 

2012), and both were microscopically confirmed to represent the Zosterops-

restricted morphospecies H. zosteropis. These two Haemoproteus lineages were 

therefore classified as host specialists in proportion analysis. The proportion of 

infections attributed to specialist and generalist lineages differed significantly 

between island and mainland populations (χ2 test: d.f. = 1, χ2 = 18.31, P < 0.001), 

with generalist lineages accounting for 53.1% of island infections and 14.6% of 

mainland infections. When excluding generalists that have not been confirmed to 

infect hosts other than silvereyes (Plasmodium lineages FANTAIL01-P and 

ZOSXAN01-P; see Appendix II.2), the results were similar (χ2 test: d.f. = 1, χ2 = 

20.38, P < 0.001). 

 

Fig. II.3 Expected (grey bars ± SD) and observed (black bars) prevalence of each mainland parasite 

lineage of Plasmodium or Haemoproteus in silvereyes (Zosterops lateralis) resident on Heron Island, 

Australia. The expected prevalence for each lineage was generated from 10,000 Monte Carlo 

simulations from a null distribution of 100,000 infected mainland silvereyes.  
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DISCUSSION 

The prevalence and composition of haemosporidian parasites in Heron Island 

silvereyes are markedly different from those of populations sampled in mainland 

Australia, displaying temporal dynamics of infection that are not consistent with 

the contemporary arrival of infected vagrant mainland silvereyes. Differences in 

colonisation and persistence patterns observed between parasite genera appear to 

be influenced by variation in host-specificity and the potential for wind-assisted 

colonisation. Compared to the mainland, host-generalist Plasmodium lineages were 

more frequent in silvereyes residing on Heron Island than host-specialist 

Haemoproteus lineages, supporting the notion that host generalism is a feature 

that facilitates successful island colonisation and persistence. Indirect evidence 

provided by the relationships between weather variables and parasite prevalence 

further suggests that the composition of Plasmodium lineages on Heron Island is 

influenced by wind-aided dispersal from the mainland. 

 

Insular malaria community composition and the role of vagrant silvereyes 

Here we describe an ephemeral, low-prevalence insular haemosporidian 

community where stochastic extinction and avian host-mediated or vector-

mediated recolonisation must be important in shaping composition. Two lines of 

evidence, however, suggest that the dispersal of vagrant silvereyes has little 

influence on these dynamics. First, the observed prevalence of parasite lineages in 

island silvereyes was substantially different from that expected if the island 

population were a proportional subset of the mainland. Second, the observed 

detection probabilities across years for Haemoproteus and Plasmodium lineages in 

island silvereyes were substantially different from those expected under models 

that sample from the mainland parasite distribution based on realistic scenarios of 

vagrant arrivals. The complex life cycle of haemosporidians leaves them exposed 
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to multiple transmission-limiting steps, and the relative importance of vector-

associated or host-associated limits is likely to vary across systems. Reduced 

transmission efficiency may be particularly prevalent when colonisation processes 

are involved, resulting in a ‘drowning on arrival’ phenomenon (MacLeod et al., 

2010). In Heron Island silvereyes, transmission does not appear to be limited by 

the arrival of infected vagrants. For instance, both empirical data and simulations  

suggest that Haemoproteus species are regularly carried by vagrants, often without 

 

Fig. II.4 Expected probability of detecting (a) avian Haemoproteus infections and (b) avian 

Plasmodium infections in pools of vagrant-mainland silvereyes (Zosterops lateralis) in Australia. 

Probabilities were generated from 10,000 Monte Carlo simulations from a nul l distribution of 

100,000 mainland silvereyes using the observed prevalence data presented in this study. Dashed 

lines represent observed proportion of years in which (a) avian Haemoproteus and (b) Plasmodium 

lineages were recovered in Heron Island’s resident silvereyes. 
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successful transmission to island residents. Although this low level of transmission 

could reflect differences in immunity or vector-avoidance behaviours between 

island and mainland silvereyes, this seems doubtful because the Zosteropidae 

family generally exhibits high infection rates whenever avian haemosporidians are 

present (Ishtiaq et al., 2010; Cornuault et al., 2012). A growing number of studies 

have demonstrated differences in haemosporidian parasite frequencies between 

island and mainland populations despite regular arrivals of dispersing avian hosts 

(Beadell et al., 2007; Spurgin et al., 2012; Pérez-Rodríguez et al., 2013), and our 

results suggest that parasite host-specificity could explain this phenomenon. 

 

Wind-assisted dispersal and parasite lineage dynamics 

The influence of offshore winds on the prevalence and diversity of Plasmodium 

species suggests that wind-assisted dispersal may shape the observed island 

infection patterns. Although the arrival of vagrant silvereyes is likely to be 

influenced by offshore winds, our simulations suggest that arrival numbers would 

have to be unrealistically large to account for the patterns observed. Instead, the 

significant offshore wind effect could be attributed to wind-assisted vectors 

arriving from the mainland. A paucity of avian haemosporidian vectors has been 

reported for oceanic islands that lack permanent fresh water, as is the case for 

Heron Island (Marks, 1969; Pierce & Adlard, 2004). Island vector communities are 

therefore likely to be unstable, but near-shore islands may occasionally receive 

replenishment through wind-assisted dispersal (Fletcher, 1973; Chapman et al., 

1999). Mosquito species observed on Heron Island include Aedes vigilax and 

several Culex species (Marks, 1969), both of which are known to feed readily on 

birds (Santiago-Alarcon et al., 2012). Species from both genera have been 

identified as vectors for avian haemosporidians in other bioregions (Valkiūnas, 

2005), and haemosporidian DNA has been recovered from both gener a in the 
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South Pacific (Ishtiaq et al., 2008). In addition, A. vigilax often collects in large 

numbers on the Australian mainland and can be readily dispersed across water 

bodies (Marks, 1969; Chapman et al., 1999), but A. vigilax is a salt-marsh breeder 

with limited breeding opportunities on Heron Island. We suggest that A. vigilax is 

probably a transient component of the island’s vector community, with its 

presence governed by the frequency of offshore winds.  

 

The lack of temperature or rainfall effects on prevalence also suggests that vector 

numbers may often be too low to capitalize on favourable weather conditions for 

breeding. Associations (or lack thereof) between weather variables and 

Plasmodium species prevalence are consistent with the island having a transient 

vector community characterized by local extinction and recolonisation. 

Nevertheless, although vagrant silvereyes are unlikely to produce the patterns 

observed, numerous other vagrant species temporarily occur on Heron Island in 

small numbers and the island is a stopover site for some migratory waders 

(Kikkawa, 1970). The roles of other avian species as parasite carriers on Heron 

Island could therefore contribute to the offshore wind effect. 

We did not observe any influence of offshore winds on the prevalence of 

Haemoproteus species, which could be explained by the vector’s movement 

patterns. Whereas some species of biting midges exhibit wind-assisted dispersal 

(Ducheyne et al., 2007), other species restrict their movements to periods of low 

wind velocity (Murray, 1987). Because vagrant silvereyes are likely to carry 

Haemoproteus to the island, their frequent absence in island silvereyes and the lack 

of weather influences suggest that other factors are influencing the local 

abundance of vectors for Haemoproteus. The vectors responsible for transmitting 

the parasite lineages observed here are not known, and further research is needed 

to determine the mechanisms that restrict the transmission of Haemoproteus on 
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the island. Nevertheless, the absence of Haemoproteus lineages on islands appears 

to be common across the globe (Clark et al., 2014b) and may be indicative of 

limited vector dispersal and/or a paucity of breeding habitats. 

 

Host-specificity 

Explanation of the observed parasite prevalence and composition patterns 

requires a broader perspective encompassing host-specificity with regard to both 

vector and vertebrate hosts. Our findings support the widely held hypothesis that 

host-specificity influences a parasite’s colonisation success (Clay, 2003; MacLeod 

et al., 2010). The restriction of H. zosteropis to Zosterops hosts limits this parasite’s 

ability to persist on the island when its prevalence in silvereyes is low, which may 

explain the pattern of apparent extinction and recolonisation. In contrast, the 

Plasmodium lineages found in Heron Island silvereyes are avian host-generalists. 

Other vagrant bird species could occasionally carry generalist Plasmodium lineages 

to the island, increasing the chances of persistence for particular linea ges in 

silvereyes. For instance, the most stable lineage in island silvereyes, lineage ORW1 -

P, infects a variety of species in south-eastern Australia (Appendix II.1). Generalist 

lineages could also exploit a wider set of resident host species on islands, 

increasing their chances of persistence by having larger reservoirs of infection 

(Ewen et al., 2012). 

 

If the vector community is ephemeral as suggested, the extent to which parasite 

lineages have generalist or specialist vector requirements will also affect their 

likelihood of persistence. Some Plasmodium lineages display generalist tendencies 

with respect to vector species (Njabo et al., 2011; Inci et al., 2012), which can be 

advantageous to a lineage’s colonisation and persistence on islands where avian 

and vector host abundance can vary over time. The global colonisation success of 
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Plasmodium species on islands (Clark et al., 2014b), combined with the temporal 

persistence of Plasmodium lineages observed here, may partly be a result of 

generalist vector preferences, although more data are needed on specific vector 

species (Lima & Bensch, 2014). In contrast to Plasmodium, some lineages of 

Haemoproteus display specialist relationships with vector species (Martínez-de la 

Puente et al., 2011), a trait that may lead to high prevalence when the vector is 

common but would be highly restrictive when the vector is absent or at low 

abundance. An inability to use multiple vector species could explain why 

Haemoproteus infections were frequently absent from the island silvereye 

population. 

 

‘Drowning on arrival’ phenomenon in a host-specialist parasite 

The complex nature of interacting variables that can shape haemosporidian 

community dynamics on islands may best be summarized by the patterns 

displayed by a single lineage, Haemoproteus ZOSLAT04-H. This is the most 

common haemosporidian lineage in mainland silvereyes, and is regularly carried 

to the island by vagrant silvereyes, but does not occur in the island population at 

the prevalence expected if it were readily transmissible. In addition, this lineage is 

frequently absent from island residents, suggesting that ZOSLAT04-H exhibits a 

pattern of drowning on arrival. The lower success of ZOSLAT04-H on Heron Island 

than on the mainland is unlikely to be due to a single factor, but rather several 

interacting processes. First, the vectors for Haemoproteus may not be common or 

persistent on the island, nor arrive frequently enough via wind-assisted dispersal 

to replenish the island vector population. Second, vector and avian host 

specialization is likely to limit opportunities for the lineage to persist on the  island. 

Vector information for ZOLAT04-H is not available but, like other Haemoproteus 

species, it may not be able to use multiple vector species to perpetuate infection on 
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the island. Furthermore, this lineage is limited to avian hosts belonging to the 

genus Zosterops and therefore its probability of persistence is not raised via the 

mechanism of infecting other avian species. 

 

Conclusions 

To our knowledge, this is the first study to test whether contemporary dispersal of 

vagrant hosts contributes to colonisation and persistence in an island parasite 

system. Despite a propensity for infections to be carried by vagrants, the 

temporally unstable prevalence and lineage composition patterns in island 

silvereyes are not consistent with models of vagrant arrival from the mainland. 

The level of vector and host specialization, along with propensity for wind-assisted 

dispersal may be more important variables for explaining parasite community 

composition in island systems. Our results, from a relatively simplified system, 

highlight the complex and potentially lineage-specific interactions of abiotic, vector 

and host-related limits on the colonisation and persistence of vector-borne 

parasites in small island populations. 
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PREFACE 

Chapter II raised the question of whether distinct host populations can be infected 

with different parasite communities, suggesting that parasites might present 

spatially variable selection pressures for diverging hosts. I address this question in 

Chapter III by asking whether haematozoan parasites (including malaria and 

microfilaria) act as costly but spatially variable antagonists for genetically distinct 

host populations in a group of congeneric island birds.  
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ABSTRACT 

Pathogen co-infections can increase disease impacts and may be an important 

aspect of host-pathogen coevolution. Although common in nature, co-infections are 

often ignored and are rarely investigated in an evolutionary context. We studied 

the prevalence, diversity and incidence of co-infections for malaria (Plasmodium 

and Haemoproteus spp.) and microfilaria blood parasites infecting congeneric birds 

(Zosterops spp.) in New Caledonia. We determined host heterophil to lymphocyte 

(H/L) ratios as a proxy for immune response to infection, and we described host 

population genetic structures to determine if distinct populations encounter 

different parasite communities. We predicted that co-infections would be 

associated with increased immune responses and that both parasite prevalence 

and co-infection incidence are variable across genetically divergent host 

populations, presenting opportunities for local coevolution. Co-infections 

accounted for 39% of infections, and all microfilaria parasites occurred as co -

infections with malaria. H/L ratios were higher in malaria/microfilaria co -

infections compared to single infections, indicating a potential cost to the host. 

Parasite prevalence, diversity and co-infection incidence were spatially variable 

and host populations were genetically distinct, with little evidence of migration 

between islands with different parasite communities. Our results demonstrate that 

genetically distinct host populations can encounter different communities of 

parasite antagonists. 

 

INTRODUCTION 

Host populations can encounter a mosaic of pathogen communities across their 

ranges (Vögeli et al. 2011). This variation can influence host divergence through an 

assortment of coevolution scenarios (Laine 2009; Ricklefs 2010). Determining 

impacts of pathogens on host biogeography can be complicated by the often-
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overlooked occurrence of co-infections, particularly if co-infections lead to 

increased fitness impacts for the host (Bordes and Morand 2011; Kishida et al. 

2004). Here, we study associations between blood parasite co-infections and host 

population structure for congeneric birds in a Pacific archipelago. 

 

Avian haematozoa, including malaria (Plasmodium and Haemoproteus spp.) and 

microfilaria, are vector-borne blood parasites that occur in birds globally 

(Atkinson et al. 2008; Clark et al. 2014a). Avian malaria are increasingly used to 

infer the evolutionary importance of parasites for host divergence (Olsson-Pons et 

al. 2015; Svensson-Coelho and Ricklefs 2011), with molecular studies revealing 

strikingly high diversity and variable prevalence across host populations (Beadell 

et al. 2009; Lutz et al. 2015; Spurgin et al. 2012). In contrast, avian microfilaria 

have received little attention, despite evidence for high prevalence and detrimental 

impacts in some species (Hamer et al. 2013; Sehgal et al. 2005). Though often 

overlooked, haematozoan co-infections are common in wild birds and may 

compound adverse effects on host condition and survival (Dimitrov et al. 2015; 

Oakgrove et al. 2014; Palinauskas et al. 2011; Valkiūnas et al. 2006). In mammals, 

malaria/microfilaria co-infections can increase disease impacts by accelerating red 

blood cell destruction and inducing systemic inflammation (Graham et al. 2005). 

Due to their importance to human health, malaria/microfilaria co-infections are 

well studied in mammals (Graham et al. 2005; Nacher et al. 2001). In birds, 

however, the prevalence and fitness impacts of co-infections, and of 

malaria/microfilaria co-infections in particular, are poorly studied (but see 

Astudillo et al. 2013). 

 

In island systems, parasites may contribute to expansion or contraction of host 

ranges through alternating cycles of (a) favourable host mutations that lead a 
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lower cost of infection and subsequent range expansion, and (b) parasite 

mutations that contract host ranges and present antagonistic ‘barriers’ for 

incoming migrants (Ricklefs 2010). Assessing the importance of co-infections, and 

whether they present opportunities for local host-parasite coevolution, requires 

knowledge of parasite distributions, host population genetic structure and 

potential fitness impacts of infection. Prolonged stress in birds can lead to 

increased levels of corticosterone and a subsequent elevation in heterophils 

(leukocytes responsible for engulfing pathogens; Maxwell and Robertson 1998)  

relative to lymphocytes (leukocytes responsible for acquired immunity; Weber 

1975). The ratio of heterophils to lymphocytes (H/L ratio) is widely accepted as an 

indicator of avian immune response to parasites, particularly with regards to 

blood infections (Davis et al. 2008).  

 

The New Caledonian archipelago supports four species of Zosterops, including the 

regionally widespread Z. lateralis, the New Caledonian endemic Z. xanthochrous, 

and two single-island endemics, Z. minutus and Z. inornatus (Mees 1969). 

Molecular screening across the broader Melanesian region suggests New Caledonia 

supports a spatially variable avian malaria community with a seemingly high 

prevalence of malaria/malaria co-infections (Ishtiaq et al. 2010; Olsson-Pons et al. 

2015). In contrast, no data is available for microfilaria or the prevalence of 

malaria/microfilaria co-infections. For New Caledonian Zosterops spp., 

morphological variation across islands raises the question of whether genetically 

distinct populations encounter different parasite communities and prevalence of 

co-infections. Here, we use multidisciplinary screening approaches to describe the 

prevalence and diversity of haematozoa in New Caledonian Zosterops spp. We 

address the commonly overlooked prevalence of co-infections, and we determine 
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whether associations between parasites and host population str ucture can support 

a mosaic of host-parasite interactions by asking: 

1. Do different host populations encounter different levels of parasite 

diversity, prevalence and co-infection prevalence? 

2. Do birds carrying co-infections exhibit elevated H/L ratios compared to 

single-infected or uninfected birds? 

3. Are host populations genetically structured, and do migration rates 

favour movement between islands with similar parasite communities?  

 

MATERIALS AND METHODS 

New Caledonia contains four main islands, each with a different complement of 

Zosterops spp. (Table III.1). We used mistnets to capture Zosterops spp. on each 

island. Blood samples were taken from each bird and stored in lysis buffer (1% 

SDS, 20mM NaCl, 10mM TRIS pH 8.0, 10mM EDTA pH 8.0). To prevent sampling of 

recaptures, we clipped a tail feather from each bird prior to release. Samples were 

collected from September to December 2006 (for host population genetic structure 

analysis) and January to March 2014 (for parasite analyses and additional 

population genetic samples).  

 

From 235 of 265 samples collected in 2014, we prepared blood smears  to screen 

for co-infections and characterise H/L ratios. Smears were dried, fixed in 100% 

methanol and stained with 10% Giemsa. We screened the entire smear at 200X for 

microfilaria, which are relatively large (>100μm long) and easy to locate in smears. 

We then examined at least 100 fields at 1,000X for malaria, and we simultaneously 

determined H/L ratios by categorising the first 100 leukocytes observed, following 

Cornelius et al. (2014). Leukocyte counts are presented in Appendix III.1.  
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DNA was extracted using ammonium acetate/ethanol precipitation (Richardson et 

al. 2001). To prevent false negatives, samples were molecularly sexed following 

Griffiths et al. (1998). We screened for malaria (Haemoproteus and Plasmodium) 

using primers MalMito_F1 and MalMito_R1 to amplify 175bp of the cytochrome 

oxidase 1 gene (A. Goncalves da Silva, Monash University). For positive samples, 

we employed a widely used nested PCR protocol to amplify 479bp of the 

cytochrome b (cyt-b) gene (Waldenström et al. 2004).  

 

Nested PCR sequences suggested a bias towards Plasmodium spp. during malaria 

co-infections, with clean Plasmodium sequences generated from 16 samples that 

were visually confirmed as Plasmodium/Haemoproteus co-infections. To determine 

Haemoproteus lineages in co-infections, we used genus-specific primers. We 

aligned Haemoproteus cyt-b sequences recorded in Australia/Melanesia (Clark et 

al. 2014b; Clark et al. 2015; Olsson-Pons et al. 2015) and designed primers 

HMONLY-F and HMONLY-R to amplify 450bp of the parasite cyt-b gene. We 

sequenced three single-infection Haemoproteus controls using these primers to 

confirm accuracy. In all controls, sequences were identical to sequences produced 

during previous nested PCR, so we used these new primers to amplify 

Haemoproteus lineages from all Plasmodium/Haemoproteus co-infections. In 

samples confirmed to carry microfilaria, we amplified 782bp of the parasite large 

subunit (LSU) rDNA using primers designed by Nadler and Hudspeth (1998). 

Amplifications were generated in all cases, therefore, this primer set was used to 

screen samples that lacked corresponding smears (n=30). As a further control,  we 

screened a subset of samples that were visually identified as negative for 

microfilaria (n=30). No amplifications were generated in negative controls.  In all 

PCR runs, we included multiple negative and positive controls (identified by both 

microscopy and multiple PCR rounds). Nested PCRs were performed in individual 
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flip-cap tubes to prevent contamination. PCR protocols and primer sequences are 

given in Appendix III.1. Amplifications were sequenced at Macrogen (Seoul, Korea). 

Sequences were edited using Geneious 5.4 (Biomatters, Auckland, New Zealand). 

To determine if lineages were newly detected, we compared sequences to 

GenBank and the avian malaria database, MalAvi (http://mbio-

serv2.mbioekol.lu.se/Malavi/index.html).  

 

We constructed a molecular phylogeny to estimate relationships among malaria 

parasite cyt-b lineages. We used Akaike’s information criterion in jModelTest (v 

0.1.1; Posada and Crandall 1998) to determine the appropriate evolutionary model 

(GTR+I+G). Phylogenetic reconstruction was implemented in BEAST (v 1.8.1; 

Drummond and Rambaut 2007). We used a Yule prior for branching rates. We 

carried out two separate runs of 20 million generations, sampling at every 1000 

generations for both runs. We used TRACER (v 1.5; Rambaut and Drummond 

2007) to test whether estimated sample size (ESS) for each parameter was 

sufficient (ESS > 200) for robust estimates. We discarded four million generations 

of burn-in per run, leaving a posterior distribution of 32000 trees. Three 

mammalian Plasmodium parasite cyt-b sequences were used as outgroups (P. 

malariae, accession AF069624; P. falciparum, accession AJ298778; P. reichenowi, 

accession GU045314). To increase the likelihood of accurately reconstructing 

relationships between morphospecies, we included malaria lineages previously 

detected in Australian and New Caledonian Zosterops spp. (Clark and Clegg 2015; 

Ishtiaq et al. 2010; Olsson-Pons et al. 2015). Too few microfilaria lineages were 

identified (n=3) to construct a microfilaria phylogeny.  

 

For representative malaria lineages (i.e. presenting all parasite blood stages in 

smears), we identified parasites to morphological species (morphospecies) to 
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more accurately describe distributions and associations with co-infections. Malaria 

parasites were classified following Valkiūnas (2005), using single-infection smears. 

 

Statistical analysis  

Analyses were performed in R version 3.2.1 (Team 2008). We tested for variation 

in malaria prevalence (Haemoproteus+Plasmodium) among islands using a 

Generalized Linear Mixed Model (GLMM) with binomial error distribution and χ2 

analysis of deviance to test for significance. Individual GLMMs were also run for 

each malaria genus. We included ‘island’ as a fixed effect and ‘host species’ as a 

random effect. Due to uneven Zosterops spp. distributions across islands (Table 

III.1), we did not include an island X species interaction. Similar GLMMs were used 

to test variation in microfilaria prevalence, with the exception that we excluded the 

island of Lifou (microfilaria were not detected on Lifou).  

 

Table III.1: Sample size, malaria prevalence and Chao2 estimates of malaria lineage diversity across 

islands for Zosterops spp. hosts in New Caledonia. Z. lat, Zosterops lateralis; Z. xan, Zosterops 

xanthochrous; Z. min, Zosterops minutus; Z. inorn, Zosterops inornatus. ‘na’ indicates that species 

does not occur on an island.  

  Zosterops species (# infected/total)  Malaria diversity 

 Island Z. lat Z. xan Z. min Z. inorn Total Chao2 (95%CI) 

Grand Terre 10/10 64/69 na na 74/79 

32  

(42.2, 21.8) 

Maré 4/5 35/38 na na 39/43 

10.7  

(13.6, 7.8) 

Ouvéa 26/44 na na na 26/44 

3.9  

(4.7, 3.1) 

Lifou 3/27 na 9/72 0/10 12/109 

9.3  

(11.1, 7.5) 

Total 43/86 99/107 9/72 0/10 151/275   
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To compare malaria diversity across islands, we used the Chao2 diversity estimate, 

which weights rare lineages to incorporate un-sampled diversity (Dove and Cribb 

2006). We included lineages previously recorded in New Caledonian Zosterops spp. 

(Ishtiaq et al. 2010; Olsson-Pons et al. 2015) to improve estimate accuracy. We 

generated diversity estimates for each island using 10,000 randomisations in the R 

package ‘fossil’ (Vavrek 2011). Diversity scores were considered significantly 

different if 95% confidence intervals did not overlap. 

 

We tested for variation in H/L ratios among infection classes using linear 

regression. When considering Plasmodium and Haemoproteus separately, we had 

insufficient power for analysis. However, because both are intracellular 

apicomplexan parasites and occupy similar host resources (Valkiūnas 2005), we 

combined Haemoproteus and Plasmodium for analysis. Additionally, due to the 

small number of malaria/malaria co-infections (n=16), we were unable to test for 

differences across all four classes (‘uninfected’, ‘single malaria’, ‘malaria/malaria 

co-infection’, ‘malaria/microfilaria co-infection’). However, H/L ratios were similar 

for single malaria and malaria/malaria co-infections [mean (SE)=0.073 (0.011) for 

single malaria, 0.062 (0.014) for malaria/malaria] and so we combined scores 

from these two classes in the regression. We included ‘island’ as a covariate.   

 

We tested for parasite associations by asking if infection with particular malaria 

morphospecies influences the likelihood of co-infection. We used multinomial 

regression with logit link in the R package ‘nnet’ (Venables and Ripley 2002). We 

included ‘host species’ as a covariate and a three-level multinomial response 

(‘single malaria infection’, ‘malaria/malaria co-infection’, ‘malaria/microfilaria co-

infection’). Terms were considered significant if 95% confidence intervals of 

exponentiated coefficients did not include 1. 
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Population genetic structure for Zosterops hosts 

We screened 372 Zosterops individuals at ten polymorphic microsatellite loci. 

These included 89 birds collected in 2014 and 289 collected during 2006. 

Representatives from all species by island combinations were included (see 

Appendix III.2 for details of sampling and data analysis for population genetics). 

Both northern and southern parts of the large island of Grand Terre were sampled. 

We amplified seven microsatellite loci using primers developed for Z. lateralis 

[ZL12, ZL18, ZL35, ZL38 (Degnan et al. 1999) and ZL45, ZL46 and ZL50 (Frentiu et 

al. 2003)] and three loci [Ase19, Ase28, Ase64 (Richardson et al. 2000)] that are 

variable in Zosterops spp. (Clegg and Phillimore 2010). Multiplex combinations and 

PCR conditions are given in Appendix III.1. Allele scoring was done in Geneious 5.4. 

 

We used MicroChecker (Van Oosterhout et al. 2004) to scan for suspect genotypes 

such as allele dropout or null alleles. We used GENEPOP 4.1 (Rousset 2008) to test 

for linkage disequilibrium and Hardy-Weinberg equilibrium (HWE). FSTAT 2.9.3 

(Goudet 1995) was used to calculate pairwise Fst estimates of population 

differentiation and allelic richness. Significant differences in genetic variation 

between sites were tested for in SPSS ver. 20.0 (IBM Corp. 2011) using one -way 

ANOVA with a post-hoc Tukey’s HSD test. Estimates of allelic richness and 

heterozygosity are presented in Appendix III.2. We estimated population structure 

and gene flow in Z. lateralis and Z. xanthochrous, which are the only two species 

found on more than one island. We used STRUCTURE (Pritchard et al. 2000) to 

determine the number of genetic clusters within each species using genotypic data 

alone (i.e. in absence of location data). The number of potential genetic clusters (k) 

was evaluated for values of k=1 to 6 for Z. lateralis and k=1 to 5 for Z. xanthochrous. 

For each species, five runs were performed at each value of k, using a burn-in of 

105 and a run length of 106 iterations. The best run at each value of k was identified 
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as that with the smallest value of -2 log Pr(X|k). Prior probabilities across runs 

were compared to identify the most likely number of genetic clusters for each 

species. We used BAYESASS (Wilson and Rannala 2003) to estimate levels of gene 

flow.  Missing genotype data (~ 1.5% of the dataset) was inferred using data 

augmentation techniques to integrate over possible genotypes for individuals. 

Delta values for allele frequencies, inbreeding coefficients and migration rates 

were set so that acceptance rates for changes in each parameter fell between 20 

and 40%, following Wilson & Rannala (2002). We ran 12x106 iterations with a 

burn-in of 106 iterations. Convergence was assessed visually and the best of the 

five runs for each species was identified by log-likelihood values.  

 

Fig. III.1: Sample sizes and prevalence of haematozoan parasites in New Caledonian Zosterops spp. 

across islands. Sample size (n) for each island represents the total number of birds across all 

Zosterops spp. mal, single malaria infection; mal / mal, co-infection between two malaria parasites; 

mal / mf, co-infection between malaria and microfilaria. 

 



CHAPTER III: SPATIAL VARIATION IN PARASITE CO-INFECTIONS 

 85 

RESULTS 

We screened 275 birds for parasites, representing all four Zosterops spp. (Fig. III.1; 

Table III.1). We recorded malaria in 151 birds (prevalence 56.9%), including 16 

malaria/malaria co-infections and 43 malaria/microfilaria co-infections (39.1% of 

total infections were co-infections). We did not record microfilaria in any birds 

that were negative for malaria. Prevalence of malaria varied significantly across 

islands (GLMM, z=5.83, p<0.001). Grande Terre had the highest malaria prevalence 

(93.7%) while Lifou had the lowest (11.0%; Fig. III.1). Within islands, prevalence 

was similar for co-occurring species (Table III.1). Results were similar for each 

malaria genus separately (significant island variation), though specific island 

comparisons differed slightly (see Appendix III.3 for GLMM tables). 

 

The proportion of malaria infections attributed to malaria/malaria co -infections 

varied significantly across islands (χ2 test: df=3, χ2 = 13.05, p<0.001), ranging from 

20.3% (Grand Terre) to 0% (Lifou and Ouvéa; Fig. III.1). Malaria/microfilaria co-

infections were recorded on three of four islands and exhibited variable 

prevalence (Fig. III.1), though this variation was marginally not significant (GLMM 

excluding Lifou, z=1.89, p=0.058).  

 

We calculated H/L ratios for 166 birds (38 uninfected, 71 single malaria infections, 

16 malaria/malaria co-infections, 41 malaria/microfilaria co-infections). We did 

not calculate H/L ratios for Z. inornatus since no infections were recorded in this 

species (Table III.1). H/L ratios varied significantly across infection classes (linear 

regression, df=5,160, t=5.18, p<0.001) with no significant ‘island’ effect (p>0.05). 

Malaria/microfilaria co-infections exhibited elevated H/L ratios compared to other 

infection classes [Fig. III.2 (note that H/L scores for ‘single malaria’ and 

‘malaria/malaria’ were combined prior to regression)]. This elevation was driven 
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by both an increase in total heterophils (mean for malaria/microfilaria = 11.86, 

mean across other infections = 5.62) and a decrease in lymphocytes (mean for 

malaria/microfilaria = 74.87, mean across other infections = 83.43).  

Fig.III.2: Heterophil to lymphocyte (H/L) ratios for New Caledonian Zosterops spp. across infection 

classes. Also presented are the total sample sizes (n) for each infection. Note that H/L scores for 

‘single malaria’ and ‘malaria/malaria’ were combined prior to regression analysis.  

 

Table III.2: Distributions of malaria morphospecies and their co-occurrences with microfilaria in 

New Caledonian Zosterops spp. Also presented are the distributions of the three identified 

microfilaria LSU lineages. H. zost, Haemoproteus zosteropis; H. kill, Haemoproteus killangoi; P. rel, 

Plasmodium relictum; P. elon, Plasmodium elongatum.  

  

Malaria morphospecies  

(#co-occurring with microfilaria)   Microfilaria LSU lineages 

 Island H. zost H. kill P. rel P. elon   ZOSMF1 ZOSMF2 ZOSMF3 

Grand Terre 29 (10) 9 (2) 24 (8) 17 (3)   13 2 9 

Maré 35 (11) 2 (0) 2 (0) 1 (0)   6 0 5 

Ouvéa 13 (6) 10 (0) 1 (1) 3 (2)   3 0 3 

Lifou 6 (0) 2 (0) 1 (0) 0   0 0 0 

Total 83 (27) 23 (2) 28 (9) 21 (5)   22 2 17 
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Malaria diversity, morphospecies and the likelihood of co-infections 

We recorded 14 malaria lineages (six Haemoproteus and eight Plasmodium), 

including seven new lineages (GenBank Accession numbers XXXX). When including 

all lineages recorded in New Caledonian Zosterops spp. (n=23), diversity estimates 

differed significantly across islands (Table III.1). Grand Terre had the highest 

malaria diversity, followed by Maré and Lifou. Ouvéa had the lowest diversity 

(Table III.1). We sequenced 41 microfilaria infections and identified three new LSU 

lineages (GenBank Accession numbers XXXX). Two lineages were found across the 

entire microfilaria distribution (ZOSMF1, ZOSMF3; Table III.2). The third lineage 

(ZOSMF2) was rare, with only two recordings on Grand Terre. ZOSMF1 and 

ZOSMF2 were separated by a single base pair (0.1% nucleotide divergence), while 

ZOSMF3 was more genetically distinct (6.0% divergence from ZOSMF1).  

 

The phylogeny revealed two strongly supported Haemoproteus clades that 

corresponded to two different morphospecies (Fig. III.3). For Clade I, blood smears 

from four of six lineages were inspected, with all infections confirmed as the 

morphospecies H. zosteropis (Fig. III.3). We therefore assumed that all lineages 

from this clade represent H. zosteropis (mean within-clade Jukes-Cantor 

divergence=1.6%; Figure 3). The second Haemoproteus clade (Clade II; Fig. III.3), 

was separated from the H. zosteropis clade by a mean between-clade Jukes-Cantor 

divergence=6.2%, and was identified as the morphospecies H. killangoi (visual 

confirmation for three of the four lineages; Fig. III.3). Both species were present on 

all islands; however, H. zosteropis was more abundant (Table III.2; Fig. III.4).  

 

Plasmodium lineages grouped into four clades, two of which formed the majority of 

Plasmodium lineages (Fig. III.3). One of these main Plasmodium clades contained 

lineage GRW06 (Clade III; Fig. III.3), which was previously identified as the  
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Fig.III.3: Bayesian molecular phylogeny of avian malaria cyt-b lineages recorded in New Caledonian Zosterops spp. Lineages that were previously recorded in New 

Caledonian and Australian Zosterops spp. were included to improve phylogenetic reconstruction (Ishtiaq et al., 2010; Olsson-Pons et al., 2015). Lineages with asterisks (*) 

were recorded in Australian Zosterops spp. Shaded regions represent monophyletic clades that were visually associated with known parasite morphospecies (Clade I, 

Haemoproteus killangoi; Clade II, H. zosteropis; Clade III, Plasmodium elongatum; Clade IV, P. relictum). Numbers at nodes represent Bayesian posterior probabilities of 

branch placement.  
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morphospecies P. elongatum by Valkiūnas et al. (2008). Visual inspection of 

smears for another lineage within this clade also identified P. elongatum 

(MYNA01P; Fig. III.3). The second major Plasmodium clade (Clade IV; Fig. III.3) 

included the lineage GRW4, previously confirmed as P. relictum by Beadell et al. 

(2009), as well as a second lineage that we visually confirmed to represent P. 

relictum (NC8P; Fig. III.3). We therefore refer henceforth to Clade III as P. 

elongatum (mean within-clade Jukes-Cantor divergence=2.1%) and Clade IV as P. 

relictum (mean within-clade Jukes-Cantor divergence=1.9%). Both P. elongatum 

and P. relictum exhibited similar island patterns, with high prevalence on Grand 

Terre but low prevalence and patchy distributions on other islands (Table III.2; Fig. 

III.4). Overall, malaria lineage composition varied considerably across islands (Fig. 

III.4). 

 

H. zosteropis infections showed a significant increase in the likelihood of 

microfilaria co-infections compared to H. killangoi [multinomial regression: 

exponentiated coefficient=6.03 (95% CI=1.20, 30.41)]. This pattern was 

particularly evident on Ouvéa, where microfilaria were found in seven of 14 H. 

zosteropis infections but were absent from all 10 H. killangoi infections (Table III.2). 

No other comparisons between morphospecies and co-infections were significant 

(Appendix III.3). 

 

Zosterops population structure and migration direction  

All microsatellite loci were retained for analysis as no locus-wide or population-

wide instances of HWE or linkage disequilibrium were detected (Appendix III.2). 

Populations of both Z. lateralis and Z. xanthochrous were highly structured, with 

distinct genetic clusters showing strong geographic affinities (Fig. III.4). Of the 5 

independent BAYESASS runs conducted to quantify degree and direction of 
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migration among Z lateralis populations, all five converged on similar solutions. 

Analysis of the Z. xanthochrous populations also resulted in convergence. High 

levels of gene flow were detected within Grande Terre for both species, although 

the predominant migratory direction differed for the two species (Fig. III.4). In Z. 

lateralis, moderate gene flow was also detected from Grand Terre to Maré and in 

both directions between Lifou and Ouvéa (Fig. III.4). Only one population 

comparison suggested moderate migration to an island with increased parasite 

prevalence relative to the source (Lifou to Ouvéa for Z. lateralis). In contrast, 

migration from outer islands to Grand Terre was negligible for both Zosterops spp. 

(Fig. III.4). 

 

DISCUSSION 

Parasite co-infections are ubiquitous and may be an important but overlooked 

aspect of host-parasite coevolution. By uniquely addressing co-infections for three 

widely distributed avian parasites, we demonstrate that Zosterops spp. in New 

Caledonia are infected with a high prevalence of co-infections that are not evenly 

distributed across islands. Moreover, this parasite mosaic coincides with little 

evidence of host gene flow between islands with different parasite communities. 

These findings reveal the potential for parasite co-infections to act as spatially 

variable antagonists for genetically distinct host populations.  

 

As one of the first molecular studies to investigate co-infections between avian 

malaria and microfilaria, we demonstrate that co-infections are common and may 

have important consequences for New Caledonian Zosterops spp. Moreover, the 

fact that no microfilaria were recorded in birds that were free from malaria 

suggests associations between parasites that could be driven by within-host 

dynamics (Palinauskas et al. 2011). Microfilaria in mammals produce antigens that  
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Fig.III.4:  Distributions of malaria lineages and Zosterops spp. genetic structures in New Caledonia. 

(a) Composition of malaria lineages across islands. Colours represent individual lineages and are 

grouped according to morphospecies identified from the phylogeny (see Appendix 2). The two 

bottom panels represent population genetic clusters and estimates of migration rates for (b) Z. 

lateralis and (c) Z. xanthochrous. Solid lines show migration rates greater than 0.1, dashed lines 

0.02–0.03. Note that pie graph colours do not relate to across-group comparisons.  
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can depress adaptive immune responses and increase malaria severity during co -

infections (Graham et al. 2005). We similarly found decreased lymphocyte counts 

in microfilaria-infected birds, which could in turn lead to increased parasitaemia 

and transmissibility of malaria (Bordes and Morand 2011; Valkiūnas 2005). We 

cannot speculate on the physiological cost of such co-infections without 

experimental infection data. Nevertheless, variation across morphospecies in the 

likelihood of co-infections suggests either that parasite associations do not benefit 

all malaria species equally, or perhaps that shared vectors play a role. Birds 

carrying H. killangoi rarely carried microfilaria, even on Grand Terre and Ouvéa 

where H. killangoi and microfilaria were both common. In addition, birds on Maré 

exhibited high microfilaria prevalence that coincided with high abundance of H. 

zosteropis and low prevalence of other morphospecies . We postulate that 

associations between H. zosteropis and microfilaria may be evidence for a shared 

vector, while a different vector could transmit H. killangoi. Both Haemoproteus and 

microfilaria are known to use midges (Ceratopogonidae) as vectors (Atkinson et al. 

2008), and evidence suggests that different Haemoproteus species can use different 

vectors (Santiago-Alarcon et al. 2012). However, our understanding of 

haematozoan vectors is limited and warrants future study (Clark et al. 2014a). 

 

A mosaic of co-infections across host populations 

Island studies of avian haematozoa often refer to complex parasite distributions as 

possible evidence for divergent selection, an inference that is debatable without 

understanding how hosts’ respond to infection (Clark and Clegg 2015; Illera et al. 

2015; Olsson-Pons et al. 2015; Ricklefs et al. 2011). By linking co-infections to host 

leukocyte profiles, we suggest that malaria/microfilaria co-infections can 

represent a spatially variable antagonist for New Caledonian Zosterops spp. 

Population divergence in ‘great speciators’  such as Zosterops spp. is thought to be 
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consistent with the concept of the taxon cycle, in which geographic expansion is 

followed by rapid divergence as ranges contract (Diamond et al. 1976; Jønsson et 

al. 2014). Recently, it has been suggested that the presence of antagonistic 

pathogens on adjacent islands could contribute to reduced host dispersal and 

accelerated divergence (Ricklefs 2010). In our study, both the prevalence of co-

infections and the diversity/composition of malaria lineages were variable across 

islands, meaning that inter-island migrants may encounter different parasite 

communities compared to the source population. This limited gene flow for New 

Caledonian Zosterops spp. will likely drive population divergence and present 

opportunities for local host-parasite coevolution. Nevertheless, our study 

represents one time point and so the different parasite patterns across islands that 

we observed need to be interpreted with caution. 

 

Methodological considerations for studying parasite co-infections 

Despite their potential importance, co-infections are commonly overlooked in 

avian haematozoa studies (Clark et al. 2014a; Valkiūnas et al. 2006). Our study 

uniquely addresses co-infections by using multiple screening approaches and 

genus-specific primers. Selective amplification of certain malaria lineages during 

co-infections has been demonstrated previously (Valkiūnas et al. 2006), but by 

using multiple primer sets and combining visual with molecular screening 

methods, we identified a high prevalence of co-infections that would otherwise 

have been missed. Our study reinforces the recommendation for avian malaria 

research to pair molecular and traditional parasitology methods (Valkiūnas et al. 

2014).  

 

In the absence of microfilaria, we found no effect of malaria on H/L ratios; 

however, interpreting fitness impacts of avian malaria is challenging and may 
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depend sample size or on the physiological parameter studied (Staley and 

Bonneaud 2015). For instance, malaria can reduce survival, reproductive output 

and telomere length for infected birds (Asghar et al. 2015; Lachish et al. 2011). 

Interpreting fitness impacts could also be complicated by a multitude of host-

parasite combinations. Additionally, the relatively low sample size in our study 

may not have been large enough to find birds co-infected with H. killangoi and 

microfilaria. Malaria diversity in Zosterops hosts appears to be high compared to 

other species in the Pacific (Olsson-Pons et al. 2015), therefore, any impacts on 

host fitness could be lineage-specific (Dimitrov et al. 2015; Van Rooyen et al. 2013). 

 

Summary 

Our multidisciplinary analysis of haematozoan infections in New Caledonian 

Zosterops spp. identified a mosaic of parasite pressure that coincides with highly 

structured host populations. Our results suggest that co-infections between 

malaria and microfilaria are common and can influence host immune responses, 

and we recommend a stronger focus on co-infections in future studies of avian 

haematozoa. Such information will be valuable in identifying the ecological and 

evolutionary influences of parasite co-infections on host biogeography. 
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PREFACE 

Chapters I – III suggest that the diversity and host-specificity of avian malaria 

parasites can be underestimated without incorporating both morphological and 

molecular screening procedures. Chapter IV identifies morphological and genetic 

characteristics as well as the potential for cryptic speciation for a widespread 

Haemoproteus parasite that commonly infects Australian and south Pacific 

honeyeaters (family Meliphagidae).  
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ABSTRACT 

Avian Haemoproteus (Haemosporida) parasites occur in birds on all continents 

apart from Antarctica. Molecular screening has uncovered previously unforeseen 

levels of Haemoproteus lineage diversity; however, fewer than 20% of genetic 

parasite lineages have been linked to morphological descriptions. The process of 

linking morphology to DNA barcodes for Haemoproteus spp. is important for the 

study of host-parasite interactions and the potential for cryptic speciation. Here, 

we describe cytochrome-b barcodes and morphological diagnostics for the 

identification of Haemoproteus (Parahaemoproteus) ptilotis, a systematically 

confusing parasite found in Australian honeyeaters (family Meliphagidae). We 

characterised infections from the original type host (Lichenostomus chrysops) as 

well as from four co-occurring meliphagid species in southeast Queensland, 

Australia to investigate intraspecific variation in morphology and lineage identity. 

We recorded eight lineages that grouped into a well-supported monophyletic 

group, supporting the linkage of lineages to H. ptilotis. However, comparisons of 

diagnostics between the type host and co-occurring meliphagid hosts revealed 

high genetic diversity and variable morphology that could be indicative of cryptic 

speciation. This study highlights that morphological descriptions alongside 

molecular characterisation remain crucial if we are to gain an understanding of the 

true diversity and host-specificity of protozoan parasites in Australia and 

elsewhere.  

 

INTRODUCTION 

Avian haemosporidians (Haemosporida) belonging to the genus Haemoproteus are 

vector-borne blood parasites found in birds on all continents apart from Antarctica 

(Valkiūnas, 2005). Taxonomic descriptions, that are based largely on diagnostic 

morphological characteristics of blood stages, have identified over 130 
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morphospecies (Valkiūnas, 2005). However, molecular studies have uncovered 

previously unforeseen levels of haemosporidian diversity (Bensch et al., 2009; 

Ishtiaq et al., 2010) and the generation of DNA barcodes using partial cytochrome-

b (cyt-b) parasite sequences is well suited to haemosporidian research due to 

established polymerase chain reaction (PCR) protocols (Waldenström et al., 2004; 

Križanauskienė et al., 2010). Moreover, there is some evidence to suggest that 

Haemoproteus lineages whose cyt-b sequences differ by as little as a few base pairs 

may be reproductively isolated entities (Hellgren et al., 2007), yet the vast majority 

of newly described Haemoproteus DNA lineages are only identified to genus level 

without morphological description (Palinauskas et al., 2013; Valkiūnas et al., 2014). 

Morphological analysis of blood smears can yield important information on 

Haemoproteus spp. diversity as well as the competency of hosts, particularly since 

abortive infections can still yield amplified PCR products (Levin et al., 2013; 

Valkiūnas et al., 2013). In spite of the powerful research opportunities that PCR 

affords (Ishtiaq et al., 2008; Palinauskas et al., 2010; Medeiros et al., 2013; Clark 

and Clegg, 2014), morphological descriptions remain crucial to haemosporidian 

taxonomy (Valkiūnas et al., 2008b; Zehtindjiev et al., 2012; Dimitrov et al., 2014). 

Llinking morphological descriptions to DNA barcodes for Haemoproteus spp. 

therefore has merit for the ongoing study of host-parasite interactions 

(Križanauskienė et al., 2006; Palinauskas et al., 2007; Valkiūnas et al., 2007).  

 

Honeyeaters (Meliphagidae) belong to one of the most widespread and 

ecologically diverse avian families in the south Pacific (Schodde and Mason, 1999; 

Joseph et al., 2014). Cleland and Johnston (1909) identified a high prevalence of 

unknown Haemoproteus spp. infecting meliphagids in Australia, and originally 

classified these parasites into three distinct species based on the examinations of 

material from different avian host species (Haemoproteus ptilotis, type host 
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Lichenostomus chrysops; H. philemon, type host Philemon corniculatus; and H. 

meliornis, type host Meliornis novaehollandiae). Re-descriptions from original type 

material as well as new material (host Manorina melanocephala) led Bennett et al. 

(1994) to consider the titles H. meliornis and H. philemon as synonymous with H. 

ptilotis. The complex was again revisited by Valkiūnas (2005), with modifications 

from Bennett et al. (1994) and from Laird and Laird (1960) used to determine that 

morphological variation among host species and / or geography did not warrant 

the classification of multiple species. Nevertheless, the degradation of original type 

material for H. ptilotis has been a major hindrance to the identification of 

diagnostic characteristics (Bennett et al., 1994; Valkiūnas, 2005). Morphological 

and molecular characterisation of H. ptilotis from the original type host (L. 

chrysops) as well as from additional avian host species using fresh material are 

necessary to appropriately describe this widespread and systematically confusing 

parasite. Here, we combine morphological and molecular techniques to 

characterise H. ptilotis from the original type host L. chrysops. In addition, we 

characterise H. ptilotis infections from co-occurring meliphagid species to assess 

morphological and genetic diversity across avian hosts. 

 

MATERIALS AND METHODS 

We collected blood samples and blood smears from meliphagid hosts in southeast 

Queensland, Australia between July 2012 and December 2013 (Table IV.1). Birds 

were caught with mistnets, banded with an Australian Bird and Bat Banding 

Authority band and released at the site of capture after sampling. Blood samples 

were taken from the wing vein and stored in lysis buffer (1%SDS, 20mM NaCl, 

10mM TRIS pH 8.0, 10mM EDTA pH 8.0) for DNA extraction. Thin smears were air 

dried, fixed in 100% methanol and stained with Giemsa following the protocols in 

Valkiūnas et al. (2008b). We prepared two blood smears were for each bird. 



CHAPTER IV: CRYPTIC DIVERSITY IN A COMMON HAEMOPROTEUS PARASITE 

 103 

Smears were examined for H. ptilotis infection using light microscopy following the 

screening protocols in Valkiūnas et al. (2008b). We sampled 29 individuals of the 

original H. ptilotis type host, L. chrysops, and identified 15 infected individuals. 

Additionally, we identified H. ptilotis infections in 29 of 41 individuals from four 

co-occurring Meliphagid host species in the study area (Table IV.1). Prevalence of 

H. ptilotis in Meliphagid host species ranged from 20% (Meliphaga lewinii) to 

100% (Manorina melanocephala; Table IV.1). 

 

DNA Extraction, PCR and Sequencing 

We extracted DNA from blood samples using ammonium acetate/ethanol 

precipitation (Richardson et al. 2001).  We amplified a fragment of the parasite 

cyt-b gene using a nested-polymerase chain reaction (PCR) protocol (Waldenström 

et al., 2004) following reaction conditions described in (Clark et al., 2014a). 

Amplifications were sequenced on an Applied Biosystems 3130xl Genetic Analyser 

(Foster City, California, USA) at the Griffith University DNA Sequencing Facility 

(Brisbane, Australia).  

 

Phylogenetic analysis 

To test whether newly described H. ptilotis lineages were monophyletic, we 

constructed a molecular phylogeny of microscopically confirmed Haemoproteus 

species. We downloaded Haemoproteus lineages that have been microscopically 

assigned to morphospecies from GenBank and the avian malaria database, MalAvi 

(Bensch et al., 2009). We aligned and edited sequences in Geneious v5.4 

(Drummond et al., 2011). We created the phylogeny using BEAST version 1.6.1 

(Drummond and Rambaut, 2007) with an uncorrelated lognormal relaxed clock 

and a Yule speciation prior. We used Akaike’s information criterion in jModelTest 

version 0.1.1 (Posada, 2008) to determine the appropriate evolutionary model 
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(GTR+I+G). One sequence of Leucocytozoon spp. was used as an outgroup. We 

carried out two runs of 10 000 000 generations, sampling at every 10 000 

generations, and used TRACER version 1.6 (available at 

http://tree.bio.ed.ac.uk/software/tracer/) to assess convergence. We removed 

10% burnin from each run and combined the two runs using LogCombiner version 

1.4.7 (Drummond and Rambaut, 2007). MalAvi lineage names (Bensch et al., 2009) 

and GenBank accession numbers for all parasite lineages used in the phylogeny are 

presented in Fig. IV.1. 

 

Morphological analysis 

An Olympus BH2 light microscope (Tokyo, Japan) equipped with Nikon Digital 

Sight camera and NIS-Elements imaging software (Nikon, Tokyo, Japan) was used 

to examine slides and to prepare figures. We examined each blood smear for 15 –

20 min at low magnification (x400), and then at least 100 fields were studied at 

high magnification (x1,000). For voucher specimens, we screened the entire blood 

film for the presence of co-infections with other haemosporidian parasites. Blood 

samples with single infections of H. ptilotis were used to identify diagnostic cyt-b 

parasite sequences for morphospecies characterization (DNA barcoding). In 

addition to the type host and the four co-occurring Meliphagid host species from 

which we extracted DNA, we also screened smears and performed measurements 

for infections identified as H. ptilotis in Philemon corniculatus, using smears that 

were registered with the International Reference Centre for Avian Haematozoa 

(IRCAH; accession numbers G463506, G463508). 

 

RESULTS 

We confirmed the presence of single infections both by microscopic examination of 

blood films and by analysis of chromatograms (absence of double peaks in both 
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forward and reverse directions). All of the recorded parasite lineages from 

meliphagid hosts clustered in a well-supported monophyletic group and could be 

readily distinguished from other barcoded Haemoproteus species on the phylogeny 

(Fig. IV.1), supporting the linkage of the described cyt-b lineages to the 

morphospecies Haemoproteus (Parahaemoproteus) ptilotis. We identified multiple 

genetic lineages of H. ptilotis that vary in their relative genetic distance to the type 

lineage (0.6%, LICFRE03 to 5.0%, MYZSAN02), indicating possible intraspecific 

variation or cryptic speciation across meliphagid hosts. 

 

Morphological description 

Haemoproteus (Parahaemoproteus) ptilotis (Cleland and Johnston, 1909). 

Measurements for the type host and additional hosts are presented in Table IV.2. 

       DNA sequence: Mitochondrial cyt-b sequence LICHRYS01 (505bp, GenBank 

accession number KP721986). 

       Avian host and distribution: The lineage LICHRYS01 has only been recorded in 

the type host, the yellow-faced honeyeater Lichenostomus chrysops, in southeast 

Queensland (QLD), Australia. The following closely related lineages have been 

recorded in co- occurring Meliphagid hosts in southeast QLD, Australia: lineage 

LICFRE03 (genetic distance to type lineage 0.6%) was recorded in a white-

throated honeyeater Melithreptus albogularis in this study and previously in a 

bridled honeyeater Lichenostomus frenatus in northeast QLD, Australia (Beadell et 

al., 2004); lineage MELLEW03 (genetic distance 0.6%) was recorded in Lewin’s 

honeyeater Meliphaga lewinii; lineage NMIN01 (genetic distance 1.2%) was 

recorded in the noisy miner Manorina melanocephala; lineages MELALB01, 

MELALB02 and MELALB03 (mean genetic distance 1.4%) were recorded in the 

white-throated honeyeater, M. albogularis; lineage MYZSAN02 (genetic distance 

5.0%) was recorded in the scarlet honeyeater Myzomela sanguinolenta. 
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Table IV.1: Sample size and prevalence of Haemoproteus ptilotis in Meliphagid hosts in southeast 

Queensland. The type host is listed in boldface. *No parasite DNA was available from the host P. 

corniculatus, smears from this species were included in parasite morphological analysis (IRCAH 

accession G463506, G463508). 

species site (Lat, Long) # 

screened 

# infected with 

H. ptilotus 

# unique 

lineages 

Lichenostomus 

chrysops 

Brisbane, QLD (-27.64, 153.07)  29 15 1 

Manorina 

melanocephala 

Currumbin, QLD (-28.12, 153.41) 16 16 1 

Meliphaga lewinii Currumbin, QLD 10 2 1 

Melithreptus 

albogularis 

Brisbane, QLD 14 10 4 

Myzomela 

sanguinolenta 

Currumbin, QLD 1 1 1 

Philemon 

corniculatus 

Currumbin, QLD 18 10 NA* 

 

       Site of infection: Mature erythrocytes. 

       Representative blood films: Voucher specimens (accession numbers G465701 – 

G456705), L. chrysops, December 2012, collected in Karawatha Forest, Brisbane, 

QLD, Australia (by N. Clark and S. Clegg) were deposited in the IRCAH (Brisbane, 

Australia). 

       Macrogametocytes (Fig. IV.2a, b, c, d, e): Grow around the nuclei of erythrocytes. 

Growing gametocytes initially adhere to the envelope of erythrocytes (Fig. IV.2a) 

and later adhere to the nucleus (Fig. IV.2b). Mature gametocytes enclose and 

displace the nucleus laterally but do not encircle it completely (Fig. IV.2c, d). The 

central area of the pellicle in growing gametocytes frequently does not adhere to 

the erythrocyte envelope, which causes a ‘dip’ and gives a dumbbell-like 

appearance (Fig. IV.2d). Fully grown gametocytes fill the erythrocytes up to their 

poles and are closely appressed to both the nucleus and envelope of the 

erythrocyte (Fig. IV.2e). Outline is usually even in fully grown gametocytes, but 
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ameboid outgrowths are sometimes seen in growing gametocytes. The nucleus is 

compact and variable in form, and is either subterminal or submedian in position; 

it usually does not adhere to the erythrocyte nucleus. Pigment granules are 

roundish or oval, of medium (0.5 to 1.0 μm) size, usually scattered throughout the 

cytoplasm but sometimes concentrated to the poles (average 13.0 ± 2.0). 

        Microgametocytes  (Fig. IV.2f): Fully grown gametocytes can markedly displace 

the nucleus of erythrocytes laterally (Table III.2; Fig. III.2f). Fully grown 

gametocytes that completely encircle the nucleus are not observed in the type host 

but have been observed in additional hosts (M. sanguinolenta and P. corniculatus). 

Valutin granules may be present. Pigment granules are roundish or oval, small 

(<0.5 μm) or medium (0.5 to 1.0 μm) size, usually concentrated at poles (average 

11.6 ± 2.7). Other features are as for macrogametocytes with usual sexual 

dimorphic characters (see Valkiūnas, 2005).  

        Variation across hosts: Diagnostic characteristics were generally similar across 

the different host species sampled (Table IV.2). However, fully grown 

microgametocytes were slightly larger in additional host species than in the type 

host, and the number of pigment granules was generally lower in additional host 

species (Table IV.2). IRCAH accession numbers for smears from additional hosts 

are G465706 - G465710. 

 

DISCUSSION 

We have described diagnostic morphological characteristics and identified 

molecular markers for Haemoproteus (Parahaemoproteus) ptilotis, a widespread 

and abundant vector-borne parasite that infects numerous host species from the 

family Meliphagidae (Valkiūnas, 2005). Despite the existence of over 1300 unique 

avian haemosporidian cyt-b lineages, molecular barcodes have only been identified 

for approximately 20% of described morphospecies (Bensch et al., 2009; Valkiūnas 
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et al., 2014). Importantly, this study provides the first linkage of morphospecies to 

cyt-b molecular markers for an avian haemosporidian parasite in Australia 

(Bensch et al., 2009), despite the relatively high prevalence and diversity of 

Haemoproteus spp. infections reported in the Australasian region (Adlard et al., 

2004; Beadell et al., 2004; Zamora-Vilchis et al. 2012; Clark et al., 2014b). 

Phylogenetic trees constructed using the parasite cyt-b gene often lend support to 

previous morphological descriptions (Hellgren et al., 2007; Palinauskas et al., 

2007), as was the case in this study. However, we observed slight differences in 

gametocyte morphology across meliphagid hosts and recorded eight unique cyt-b 

lineages from only four host species, suggesting that cryptic speciation is a 

possibility for this parasite.  

 

The honeyeater family is widespread and ecologically diverse in the south Pacific 

(Driskell and Christidis, 2004; Joseph et al., 2014), which could facilitate speciation 

for host-specialist parasites that reach high levels of prevalence (Poulin and 

Mouillot, 2003; Poulin, 2014). Recent evidence suggests that species of 

Haemoproteus often display high levels of specificity with respect to their avian 

hosts (Beadell et al., 2009; Ventim et al. 2012). Our data shows a high level of host-

conservatism for H. ptilotis lineages infecting the sampled meliphagid host species, 

with only one host species presenting multiple unique parasite lineages (M. 

albogularis). Given that the sampled hosts all co-occur in southeast Queensland, 

this could be interpreted as evidence of cryptic speciation within the H. ptilotis 

complex in meliphagid hosts (Bensch et al., 2004; Sehgal et al., 2006).  
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Table IV.2: Morphological measurements (µM ± SE) for Haemoproteus ptilotis infecting 

Lichenostomus chrysops and additional hosts (M. melanocephala, M. lewinii, M. albogularis, M. 

sanguinolenta, P. corniculatus). NDR, nucleus displacement ratio. N=25 for all measurements. 

Feature L. chrysops Additional hosts 

Uninfected erythrocyte 

   Length 9.1-10.7 (9.9 ± 0.6) 9.8-11.2 (10.4 ± 0.4) 

   Width 4.6-5.8 (5.4 ± 0.4) 4.5-6.6 (5.8 ± 0.7) 

   Area 44.9-62.2 (53.6 ± 4.9) 46.3-71.5 (60.1 ± 7.0) 

Uninfected erythrocyte nucleus 

   Length 4.3-5.6 (5.0 ± 0.4) 4.6-5.9 (5.2 ± 0.4) 

   Width 1.8-2.8 (2.2 ± 0.3) 2.0-2.6 (2.3 ± 0.2) 

   Area 9.3-12.8 (11.0 ± 1.1) 10.0-13.8 (11.8 ± 1.2) 

Macrogametocyte 

Infected erythrocyte 

   Length 10.7-12.2 (11.5 ± 0.6) 11.2-12.4 (11.7 ± 0.5) 

   Width 4.6-6.0 (5.3 ± 0.4) 4.1-7.2 (5.6 ± 0.9) 

   Area 52.2-69.7 (61.7 ± 5.1) 48.9-74.5 (64.7 ± 6.8) 

Infected erythrocyte nucleus 

   Length 4.5-5.9 (5.1 ± 0.6) 4.3-5.7 (4.9 ± 0.4) 

   Width 1.9-2.4 (2.2 ± 0.2) 1.9-2.5 (2.1 ± 0.2) 

   Area 8.9-12.7 (11.2 ± 1.0) 9.0-11.6 (10.4 ± 0.9) 

Gametocyte 

   Length 9.8-11.9 (10.9 ± 0.9) 8.9-11.9 (11.0 ± 1.2) 

   Width 1.3-2.3 (1.9 ± 0.3) 1.4-3.0 (2.2 ± 0.6) 

   Area 16.0-26.5 (20.6 ± 3.6) 16.6-34.2 (23.9 ± 5.6) 

   Pigment granules 10.0-18.0 (13.0 ± 2.0) 6.0-12.0 (9.6 ± 1.6) 

   NDR 0.6-1.0 (0.8 ± 0.1) 0.6-1.0 (0.8 ± 0.1) 

Microgametocyte 

Infected erythrocyte 

   Length 10.9-13.0 (11.8 ± 0.7) 10.6-12.2 (11.5 ± 0.7) 

   Width 4.8-6.7 (5.6 ± 0.5) 4.6-7.2 (5.7 ± 1.0) 

   Area 57.3-86.7 (65.8 ± 7.4) 54.2-87.4 (66.3 ± 9.5) 

Infected erythrocyte nucleus 

   Length 4.6-5.9 (5.0 ± 0.5) 4.6-5.4 (5.0 ± 0.3) 

   Width 1.9-2.6 (2.2 ± 0.2) 2.0-2.6 (2.2 ± 0.2) 

   Area 9.0-13.8 (11.1 ± 1.3) 9.5-14.1 (10.9 ± 1.3) 

Gametocyte 

   Length 10.3-12.5 (11.7 ± 0.8) 9.7-19.1 (13.9 ± 2.5) 

   Width 1.3-2.9 (2.1 ± 0.6) 1.7-3.2 (2.3 ± 0.7) 

   Area 13.3-32.7 (24.3 ± 5.6) 19.4-37.2 (28.8 ± 5.4) 

   Pigment granules 6.0-16.0 (11.6 ± 2.7) 6.0-10.0 (8.4 ± 1.4) 

   NDR 0.5-1.0 (0.7 ± 0.1) 0.5-0.8 (0.7 ± 0.1) 
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Fig. IV.1: Bayesian molecular phylogeny of cyt-b Haemoproteus lineages linked to morphologically 

described species. Presented are MalAvi lineage names, GenBank accession numbers and the linked 

morphospecies. Shaded area represents lineages linked to Haemoproteus ptilotis in Australian 

Meliphagids. Numbers at nodes represent Bayesian posterior probabilities of branch placement. 

 

However, if reproductive isolation has occurred recently, we may not expect to 

find consistent differences in parasite morphology. For instance, in this study we 

identified subtle differences in the tendency for full enclosure of H. ptilotis 

microgametocytes across host species, a feature that has previously led to some 

confusion in nominating species for the H. ptilotis complex (Cleland and Johnston, 

1909; Lederer, 2000; Valkiūnas, 2005). In addition, the number of pigment 

granules in both macro- and microgametocytes is variable across the small 

number of host species sampled here, a pattern that has also been recognized 

previously for H. ptilotis (Mackerras and Mackerras, 1960; Bennett et al., 1994; 

Lederer, 2000). We found a high prevalence of H. ptilotis infections in L. chrysops as 

well as in the additional meliphagid host species, with the exception of M. lewinii.  
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Fig. IV.2:  Haemoproteus ptilotis (cytochrome-b lineage LICHRYS01) from the blood of 

Lichenostomus chrysops. (a-c), developing gametocytes; (d,e), macrogametocytes; (f), 

microgametocyte. Arrow, characteristic unfilled space between erythrocyte pellicle and 

macrogametocyte. Scale bar = 10µm 

 

While few additional haemosporidian studies have been carried out in Australia 

(Clark et al., 2014b), two recent studies also found relatively high prevalence in 

meliphagid hosts, again with the exception of M. lewinii (Zamora-Vilchis et al., 

2012; Laurance et al., 2013). The sampled meliphagid species in this study are all 

omnivorous and are capable of utilising a range of forest strata (Schodde and 

Mason, 1999), which may leave them susceptible to acquiring infectious disease by 

making vector avoidance difficult (Hart, 1990; Fecchio et al., 2013). Even small 

variations across cyt-b sequences have been linked to different parasite 

morphospecies (Hellgren et al., 2007), and rigorous microscopic examination 

combined with PCR has already revealed instances of cryptic speciation 

(Palinauskas et al., 2014), an important issue to consider when estimating the true 

distribution and diversity of haemosporidians (Sehgal et al., 2006). Data from 

additional meliphagid hosts and vector host specificity are necessary to perform 
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experimental infections and determine whether different host species do indeed 

harbor reproductively isolated parasite lineages.  

 

In addition, L. chrysops is locally nomadic in southeast QLD (Clarke et al., 2003), a 

behaviour that may lead to dispersal-driven accumulation of vector-borne 

parasites (Pérez-Tris and Bensch, 2005; Knowles et al., 2013). Nevertheless, the 

low prevalence of Haemoproteus infections in M. lewinii suggests that certain 

aspects of the host’s ecology, immunocompetence or behaviour towards vectors 

may result in reduced parasite prevalence (Lima et al., 2010; Fecchio et al., 2013). 

For instance, the restriction of M. lewinii to primarily wet forests in eastern 

Australia (Moran et al., 2004) may prevent high levels of exposure to the specific 

vectors responsible for H. ptilotis transmission. Given the paucity of avian 

haemosporidian research in Australia (Valkiūnas , 2005; Clark et al., 2014b), future 

studies are necessary to shed light on the complex interactions between H. ptilotis 

and meliphagid hosts. 

 

In conclusion, we have identified morphological and molecular diagnostic 

characteristics for Haemoproteus (Parahaemoproteus) ptilotis infecting meliphagid 

honeyeaters. In addition, we have provided preliminary evidence for the 

possibility of cryptic speciation in this diverse host-parasite system. As molecular 

studies continue to identify new levels of haemosporidian diversity, traditio nal 

parasitology techniques will become even more relevant to identifying cryptic 

species and describing parasite distributions. The use of morphological 

descriptions alongside molecular characterisation remains crucial if we are to gain 

an understanding of the true diversity and host-specificity of protozoan parasites 

in Australia and elsewhere (O'Donoghue and Adlard, 2000; Adlard et al., 2002; 

Valkiūnas et al., 2008a; Valkiūnas et al. 2014). 
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PREFACE 

Chapters I – IV showed that malaria prevalence varies across host species and that 

Haemoproteus spp. tend to be more common and more host-specific than 

Plasmodium spp. These findings raise questions about whether introduced birds 

can escape from parasites by avoiding Haemoproteus infections and, additionally, 

whether they act as important carriers for Plasmodium lineages. Chapter V tests 

whether introduced populations of the invasive common myna (Acridotheres 
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tristis) in Australia have escaped from their native malaria parasites and/or are 

acting as important carriers of potentially introduced malaria lineages. 
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ABSTRACT 

Pathogens can influence the success of invaders. The Enemy Release Hypothesis 

predicts invaders encounter reduced pathogen abundance and diversity, while the 

Novel Weapons Hypothesis predicts invaders carry novel pathogens that spill over 

to competitors. We tested these hypotheses using avian malaria (haemosporidian) 

infections in the invasive myna (Acridotheres tristis), which was introduced to 

southeastern Australia from India and was secondarily expanded to the eastern 

Australian coast. Mynas and and native Australian birds were screened in the 

secondary introduction range for haemosporidians (Plasmodium and 

Haemoproteus spp.) and results were combined with published data from the 

myna’s primary introduction and native ranges. We compared malaria prevalence 

and diversity across myna populations to test for Enemy Release and used 

phylogeographic analyses to test for exotic strains acting as Novel Weapons. 

Introduced mynas carried significantly lower parasite diversity than native mynas 

and significantly lower Haemoproteus prevalence than native Australian birds. 

Despite commonly infecting native species that directly co-occur with mynas, 

Haemoproteus spp. were only recorded in introduced mynas in the primary 

introduction range and were apparently lost during secondary expansion. In 

contrast, Plasmodium infections were common in all ranges and prevalence was 

significantly higher in both introduced and native mynas than in native Australian 

birds. Introduced mynas carried several exotic Plasmodium lineages that were 

shared with native mynas, some of which also infected native Australian birds and 

two of which are highly invasive in other bioregions. Our results suggest that 

introduced mynas may benefit through escape from Haemoproteus spp. while 

acting as important reservoirs for Plasmodium spp., some of which are known 

exotic lineages.  
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INTRODUCTION 

To the detriment of native species, invaders can have competitive advantages in 

their introduced range that lead to rapid range expansions and the exclusion of 

native species (DeWalt et al., 2004; Lake and Leishman, 2004). The mechanisms 

proposed to explain this competitive advantage include release from predators, 

rapid adaptation to new environments, and changes in host-pathogen interactions 

(Keane and Crawley, 2002; Lee, 2002). Host-pathogen interactions in particular 

can influence the way introduced species establish in non-native ranges (Schuler et 

al., 2012; Adlard et al., 2015), with two primary hypotheses explaining how 

pathogens might influence invasion success. The Enemy Release Hypothesis 

predicts invaders encounter a reduced abundance and diversity of pathogens in 

the introduced range, allowing the avoidance of costly infections and facilitating 

ecological release (Keane and Crawley, 2002; Dunn and Hatcher, 2015). The Novel 

Weapons Hypothesis predicts that invaders carry novel pathogens to the 

introduced range that can subsequently spill over to immunologically naïve 

competitors (Callaway and Ridenour, 2004; Adlard et al., 2015). 

 

Haemosporidian malaria parasites (Plasmodium and related Haemoproteus spp.) 

are vector-borne blood parasites found in birds across the globe (Valkiūnas, 2005; 

Clark et al., 2014a). Haemosporidian infections in birds can have a range of fitness 

impacts, from reduced locomotion and fecundity to mortality (Valkiūnas, 2005; 

Palinauskas et al., 2009; Asghar et al., 2015). Infections are particularly harmful in 

naïve island hosts, raising important concerns for conservation of native avifauna 

(van Riper III et al., 1986). Recent studies of parasite DNA sequences provide 

evidence that introduced birds can carry invasive haemosporidian lineages that 

are detrimental to native birds (Ewen et al., 2012; Hellgren et al., 2014), 

supporting the Novel Weapons Hypothesis. However, evidence also suggests that 
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introduced birds sometimes encounter a depauperate set of haemosporidian 

lineages in their introduced range (e.g. house sparrow, Passer domesticus; Marzal 

et al., 2011), supporting the idea for a competitive edge through infection 

avoidance. Importantly, the two haemosporidian genera display different 

specificity strategies, with Plasmodium lineages often infecting a range of species 

(generalists) while Haemoproteus lineages are more specific (Olsson-Pons et al., 

2015). This difference in life history strategies could lead to different capabilities 

of parasite genera to exhibit Enemy Release or to act as Novel Weapons, 

particularly in Australia where many birds often carry a high prevalence of 

Haemoproteus but a low prevalence of Plasmodium spp. (Adlard et al., 2004; Clark 

et al., 2015). Due to their cosmopolitan distribution and the existence of molecular 

techniques to characterise infections, avian haemosporidian parasites present a 

tractable system to study the influences of pathogens in the spread of invaders.  

The common myna (Acridotheres tristis) is considered by the International Union 

for Conservation of Nature (IUCN) as one of the world's most invasive avian 

species (www.issg.org). Introduced mynas are known to spread weeds, damage 

crops and aggressively defend feeding locations (Pell and Tidemann, 1997). 

Increases in myna abundance often correlate with declines of native species, 

possibly due to aggressive competition for roosting and feeding sites (Grarock et 

al., 2012, 2014) or to the myna’s innovative ability to occupy diverse ecological 

niches (Sol et al., 2011; Griffin and Diquelou, 2015). Following their primary 

introduction to southeastern (SE) Australia from India between 1862 and 1872, 

common mynas from the introduced stock were secondarily introduced along the 

eastern Australian coast, from where they have spread rapidly (see Appendix V.1 

for map of introduced ranges; Martin, 1996). This sequential pattern of 

introductions and subsequent expansions may have presented multiple 

opportunities for mynas to undergo Enemy Release. Due to this expansion and due 
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to their detrimental impacts on native birds, mynas are an ideal study group to 

investigate mechanisms driving the spread of invaders (Ishtiaq et al., 2006; 

Grarock et al., 2013).  

 

In its native range in India and SE Asia, the myna carries a high prevalence and 

diversity of haemosporidian parasites (Ishtiaq et al., 2006, 2007). Importantly, 

native-range mynas carry some of the most widespread and potentially invasive 

Plasmodium lineages currently known (Bensch et al., 2009). These include the 

parasite responsible for the decline of Hawaiian honeycreepers (Plasmodium 

relictum lineage GRW04; Beadell et al., 2006), as well as P. relictum lineage SGS1 

and Plasmodium elongatum lineage GRW06, both of which are spread by 

introduced birds in New Zealand (Baillie et al., 2012; Ewen et al., 2012; Ha et al., 

2013; Schoener et al., 2013). The potential for mynas to carry introduced 

haemosporidian parasites was highlighted by Ishtiaq et al. (2006), whose 

screening of 26 mynas collected from the primary introduction range in the early 

1980s confirmed the first detection of lineage GRW04 in Australia. Nevertheless, 

efforts to identify introduced pathogens require robust phylogeographic analyses 

that can be hampered by a lack of adequate sampling in the intro duced and/or 

native range (Ishtiaq et al., 2006; Hu et al., 2011), and we currently do not have 

detailed knowledge of the haemosporidian lineages infecting Australian native 

birds (Clark et al., 2014a, 2015). Moreover, studying the assembly of parasite 

communities in primary and secondary introduction ranges offers a unique 

opportunity to understand the processes involved during invasive species’ range 

expansions.  

 

Here, we screen introduced mynas and co-occurring native birds in the myna’s 

secondary introduction range in Australia for avian haemosporidian infection. Our 
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results are then combined with published data from the myna’s primary 

introduction range (Ishtiaq et al., 2006) to assess the relative roles of the Enemy 

Release and Novel Weapons Hypotheses in contributing to the myna’s invasion 

success. We characterised infections using parasite cytochrome-b (cyt-b) 

sequences, and we were able to discriminate between native and potentially 

introduced parasites by using published parasite cyt-b lineages from Australia and 

the introduced myna’s native range to construct regional phylogenies. These data 

are used to test the following predictions. Enemy Release predicts: i) lower 

parasite prevalence and diversity for introduced mynas compared with native 

mynas, and ii) lower parasite prevalence in introduced mynas compared with 

native birds in Australia. Novel Weapons predicts: i) introduced mynas act as a 

reservoir for introduced parasite lineages, some of which may be shared with 

native-range mynas, and ii) some of these potentially introduced lineages will spill 

over to Australian native species. 

 

MATERIALS AND METHODS 

We captured native birds using mistnets at field sites in northern New South Wales 

(NSW) and southern Queensland (QLD), Australia between April 2012 and 

December 2013. Field sites covered a broad range of habitats including open 

Eucalypt forest and residential gardens, many of which overlapped with territories 

used by mynas. A blood sample was taken from the wing vein of each bird and 

stored in lysis buffer (1% SDS, 20 mM NaCl, 10 mM TRIS pH 8.0 and 10 mM EDTA 

pH 8.0). Individuals were banded with an Australian Bird and Bat Banding Scheme 

(ABBBS) metal band and released at the site of capture. A common myna culling 

program operates in NSW and QLD, and all mynas used for this study were caught 

as part of this program. Mynas were caught in the secondary introduction range in 

northern NSW and southern QLD using baited walk-in traps (see Appendix V.1 for 
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sampling locations). Individuals were then transported to veterinary clinics where 

blood samples were collected prior to euthanisation by veterinarians.  

 

Molecular methods and inclusion of published data 

DNA was extracted from samples using ammonium acetate/ethanol precipitation 

(Richardson et al., 2001). We molecularly sexed each sample following the method 

of Griffiths et al. (1998) to confirm extraction quality and prevent false negatives. 

Samples were screened for avian haemosporidian DNA (Plasmodium and 

Haemoproteus) using nested PCR to amplify 479 bp of the parasite cyt-b gene 

(Waldenström et al., 2004; see Appendix V.2 for PCR conditions). Individual flip-

cap PCR tubes were used to prevent contamination, and at least three positive and 

three negative controls were included in each PCR run. All samples were screened 

twice to reduce false negatives. Positive amplifications were sequenced at 

Macrogen (Seoul, South Korea). Parasite sequences were aligned in GENEIOUS 5.4 

(Biomatters, Auckland, New Zealand) and identified by comparison with 

sequences on GenBank and the MalAvi database (Bensch et al., 2009). In addition 

to our sample of native forest birds, we aimed to improve phylogeographic 

resolution by including Plasmodium sequences that were amplified from migratory 

wader species that stopover in SE Asia before wintering in SE QLD (Limosa 

lapponica and Calidris ruficolis). 

 

We combined our results with published data from Australia and India / SE Asia 

for comparisons of parasite prevalence, diversity and phylogeographic structure 

across the invasive myna’s native and introduced ranges. We collected published 

data by searching the MalAvi database for all studies that molecularly screened 

birds for avian haemosporidians in Australia and India/SE Asia. From the 

references identified on the MalAvi database, we recorded total avian malaria 
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prevalence and downloaded the associated parasite sequences (these included 

sequences from Australia, India, Myanmar, Malaysia, Thailand and the Philippines; 

(http://mbio-serv2.mbioekol.lu.se/Malavi/index.html), accessed 12 March, 2015). 

Prevalence and lineage records for native mynas were taken from Ishtiaq et al. 

(2006, 2007), while data from the invasive myna’s primary introduced range in 

Australia was collated from Ishtiaq et al. (2006). All parasite sequences in the final 

dataset were compared with the MalAvi database to remove duplicates and gather 

information on geographic distributions. The dataset included 157 published 

haemosporidian cyt-b lineages. 

 

Parasite prevalence 

Statistical analyses were carried out in R version 3.1.2 (R Development Core Team, 

2008). To determine if mynas have experienced release from malaria parasites in 

Australia compared with their native range, we compared parasite prevalence 

among host groups using generalised linear mixed models (GLMMs), with a 

binomial error structure. We tested whether prevalence of Plasmodium or 

Haemoproteus spp. differed between invasive and native mynas as well as between 

mynas and co-occurring native species by nominating four distinct host groups 

(‘native mynas’, ‘invasive mynas’, ‘native Australian spp.’, ‘native India/SE Asian 

spp.’). To account for potential differences in screening methods across studies, 

study identification (‘study id’) was included as a random term in the model. To 

explore pairwise comparisons between host groups, we carried out po st-hoc 

pairwise interaction contrasts using the R package ‘phia’ (De Rosario -Martinez, 

2013; phia: Post-hoc interaction analysis). Significance of pairwise comparisons 

was determined following Bonferroni correction, although results were similar 

when using the less conservative false discovery control method for multiple 

comparisons (Benjamin and Hochberg, 1995). Separate models were run for 
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Plasmodium and Haemoproteus spp. Due to differences in sample size, we were 

unable to test for prevalence differences between primary and secondary 

introduction ranges for introduced mynas. 

 

Parasite diversity in native and introduced mynas 

To determine whether introduced mynas carry lower diversity of haemosporidian 

parasites compared with native mynas, we estimated parasite lineage diversity 

using the Chao2 estimator, which weights rarely encountered lineages to 

incorporate un-sampled diversity (Chao, 1987; Dove and Cribb, 2006). This 

method is particularly useful for comparing diversity estimates between 

populations with different sample sizes. We generated separate Chao2 diversity 

estimates and 95% confidence intervals (CIs) for native and introduced myna 

populations using 10,000 randomisations in the R package ‘fossil’ (Vavrek, 2011). 

Parasite diversity estimates were considered to be significantly different if 95% 

CIs did not overlap. 

 

Parasite phylogenetics 

We constructed a molecular phylogeny to estimate relationships among parasite 

cyt-b lineages. Akaike’s information criterion was used in jModelTest (v 0.1.1; 

Posada and Crandall, 1998) to establish the appropriate evolutionary model 

(GTR+I+G). Phylogenetic reconstruction was implemented in BEAST v1.8.1 

(Drummond and Rambaut, 2007) using a Yule prior for branching rates.  Four 

separate runs of 10 million generations were carried out, sampling at every 1000 

generations for each run. TRACER (Rambaut and Drummond, 2007; TRACER 

version 1.4, University of Edinburgh, UK) was used to assess convergence and to 

test whether the estimated sample size (ESS) for each parameter was sufficient for 

robust parameter estimates (ESS > 200). We discarded one million generations of 
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burn-in per run, leaving a posterior of 36000 trees. Three mammalian Plasmodium 

parasite cyt-b sequences were included as outgroups (P. malariae, accession 

AF069624; P. falciparum, accession AJ298778; P. reichenowi, accession GU045314). 

 

RESULTS 

Parasite prevalence 

In Australia, a total of 260 introduced mynas were screened for haemosporidian 

infection (234 from this study (sampled in the secondary range in so uthern QLD 

and northern NSW) and 26 from the primary introduction range, screened by 

Ishtiaq et al., 2006; see Appendix V.2 for myna sampling locations). 

Fig. V.1: Prevalence (± SE) of Plasmodium spp. (top graph) and Haemoproteus spp. (bottom graph) 

in mynas and co-occurring native bird communities in the myna’s introduced range (Australia; 

black bars) and the myna’s native range (India and Southeast Asia; grey bars). Letters above bars 

represent significant groups identified from Post-Hoc comparisons. Note the different y-axis scales. 
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In total, 57 introduced mynas were infected with Plasmodium spp. (12 in the 

primary range (46.2% prevalence) and 45 in secondary range (19.2%)) and five 

were infected with Haemoproteus spp. (five in the primary range (19.2%) and zero 

in the secondary range; Fig. V.1). The final database included 2038 Australian 

native birds (and 1017 from Balasubramaniam et al., 2013; 399 from this study; 

219 from Beadell et al., 2004; 403 from Zamora-Vilchis et al., 2012), with 78 

carrying Plasmodium spp. (4.0% total prevalence) and 266 carrying Haemoproteus 

spp. (13.1% total prevalence; Fig. V.1; Appendix V.2). Samples from Australian 

native birds were all collected in sites that overlap with the introduced myna’s 

distribution (Appendix V.1). Sample sizes and malaria prevalence for the 399 

Australian native birds newly tested for this study are presented in Appendix V.2. 

 

Ishtiaq et al. (2006, 2007) sampled 116 native-range mynas in India/SE Asia, with 

66 infected with Plasmodium spp. (56.9% total prevalence) and seven infected 

with Haemoproteus spp. (6.0% total prevalence; Fig. V.1). From the literature 

search, we extracted infection information from 761 native birds from India/SE 

Asia (498 from Ishtiaq et al., 2007; and 79 from Ivanova et al., 2015; 184 from 

Scordato and Kardish, 2014), with 129 carrying Plasmodium spp. infections (17.0% 

total prevalence) and 127 carrying Haemoproteus spp. (16.9% total prevalence; Fig. 

V.1). 

 

Prevalence for Plasmodium spp. varied significantly across host groups after 

controlling for study id (GLMM: degrees of freedom (df) = 3, z = 3.42, P < 0.001). 

Post-hoc pairwise interaction contrasts revealed no significant variation in 

Plasmodium prevalence between introduced and native mynas (Fig. V.1; Appendix 

V.2). Prevalence also did not differ between native mynas and other India/SE Asian 

native spp. or between Australian native spp. and India/SE Asian native spp. (Fig. 
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V.1; Appendix V.2). In contrast, Plasmodium prevalence was significantly higher in 

introduced mynas compared with Australian native spp. (Fig. V.1; Appendix V.2).  

 

For Haemoproteus spp., prevalence also varied significantly across host groups 

after controlling for study id (GLMM: df = 3, z = 3.70, P < 0.001). Haemoproteus 

prevalence in introduced mynas was significantly lower than in Australian native 

spp. (Fig. V.1; Appendix V.2). Haemoproteus prevalence was also significantly 

lower in native mynas than in native Indian/SE Asian spp. (Fig. V.1; Appendix V.2). 

Haemoproteus prevalence did not differ between Australian native spp. and 

Indian/SE Asian native spp. or between introduced and native mynas. However, all 

five Haemoproteus infections recorded in introduced mynas were found in the 

primary introduction range (SE Australia; Ishtiaq et al., 2006; Fig. V.1).  

 

Parasite diversity and phylogenetic relationships 

The parasite phylogeny included 166 malaria cyt-b lineages recorded to date in 

Australia and India / S.E. Asia, including nine previously undescribed lineages  

(Figs V.2 and V.3; see Appendix V.3 for GenBank accession numbers).  We recorded 

67 Plasmodium lineages, including 13 lineages that were found in Australia but not 

found in India / S.E. Asia and nine lineages that were shared between Australia and 

India / S.E. Asia (Fig. V.2; Table V.1). Of the 13 Plasmodium lineages that were 

phylogenetically associated with Australia, four were recorded in introduced 

mynas, two of which were also found in Australian native spp. (lineages BELL01 

and SCEDEN01; Fig. V.2; Table V.1). All nine Plasmodium lineages shared between 

Australia and India / S.E. Asia were carried by introduced mynas, and eight of 

these nine lineages were also recorded in native mynas. In addition, five of the 

Plasmodium lineages that were shared between introduced and native mynas were 

also recorded in Australian native birds (Table V.1), and four of these five lineages 



CHAPTER V: AVIAN MALARIA IN THE INVASIVE COMMON MYNA 

 131 

were situated in phylogenetic clades that were predominately associated with the 

myna’s native range (lineages ORW1, GRW06, ZEMAC1, and GRW15; Fig. V.2). A 

total of 10 Plasmodium lineages were found to infect introduced mynas, two of 

which were newly described lineages (MYNA01 and MYNA02; Fig. V.2). This 

compares to 19 Plasmodium lineages that were recorded in native mynas (Ishtiaq 

et al., 2006; 2007; Fig. V.2). 

 

A total of 99 Haemoproteus cyt-b lineages have been recovered from birds in 

Australia and India / S.E. Asia (Balasubramaniam et al., 2013; Beadell et al., 2004; 

Clark et al., 2015; Ishtiaq et al., 2006; 2007; Ivanova et al., 2015; Scordato and 

Kardish 2014; Zamora-Vilchis et al., 2012), 55 of which were found in Australia but 

not found in India / S.E. Asia (Fig. V.3). We found two Haemoproteus lineages 

infecting introduced mynas (both found in primary introduction sites; Ishtiaq et al., 

2006), compared to five Haemoproteus lineages recorded in native mynas (Ishtiaq 

et al., 2006; 2007). One of the Haemoproteus lineages detected in introduced 

mynas was also detected in Australian birds and in native mynas (lineage COLL2; 

Fig. V.3). The second lineage detected in introduced mynas (lineage AUS2) 

clustered strongly with two lineages from native mynas (lineages IND 16 and IND 

15; Fig. V.3). Parasite lineage diversity estimates were significantly higher for 

native mynas compared to introduced mynas (Chao2 (95% CI)= 97.79 (12.45) and 

17.25 (3.65), respectively).  

 

Identifying candidate introduced parasite lineages 

Ten of the 15 parasite lineages found in introduced mynas were also found in 

native mynas, seven of which were situated in non-Australian clades and represent  
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Fig. V.2: Bayesian molecular phylogeny of Plasmodium cyt-b lineages recorded in mynas and co-

occurring native birds in Australia and India / S.E. Asia. Shading represents clades of lineages that 

were predominately recorded in India / S.E. Asia (grey shading) or in Australia (red shading). 

Numbers at nodes represent Bayesian posterior probabilities of branch placement. 

 

potentially introduced lineages in Australia (Figs V.2 and V.3). For two of these 

lineages, their infections in introduced mynas represent their only recordings  

outside the myna’s native range (Plasmodium lineages GLACUC02 and IND 1; Fig. 

V.2; Table V.2). In addition, we found two of the three known invasive Plasmodium 

lineages infecting both native and introduced mynas (Plasmodium elongatum 

lineage GRW06 and P. relictum lineage GRW04; Ewen et al., 2012; Fig. V.2; Table 

V.2). Lineage GRW06 was recorded once in an introduced myna and once in an 

Australian native bird. In contrast, lineage GRW04 was recorded in five introduced 

mynas across two sampling sites in Australia, but has not been detected in 

Australian native species. Similarly, a lineage that was closely related to GRW04 

(lineage STNT01; Fig. V.2) was absent from resident Australian birds but was  
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Fig. V.3: Bayesian molecular phylogeny of Haemoproteus cyt-b lineages recorded in mynas and co-

occurring native birds in Australia and India / S.E. Asia. Shading represents clades of lineages that 

were predominately recorded in India / S.E. Asia (grey shading) or in Australia (red shading). 

Numbers at nodes represent Bayesian posterior probabilities of branch placement. 

 

found infecting a migratory species that utilises Southeast Asia during migrations 

(Calidris ruficollis). The third recognised invasive Plasmodium lineage, SGS1 

(Marzal et al., 2014), was recorded in native mynas but was not found in 

introduced mynas or in native Australian species (Fig. V.2). Aside from lineage 

GRW06, all other lineages that were shared between myna populations and native 

Australian birds have relatively wide distributions with as-yet unknown origins 

(lineages ORW1, FANTAIL01, ZEMAC1, GRW15, COLL2; Table V.2). Only one well-

sampled native Australian species carried a higher Plasmodium prevalence than  
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Table V.1: Associations between malaria (Plasmodium and Haemoproteus) lineages and avian hosts 

in Australia and the myna’s native range. 

  Plasmodium Haemoproteus 

lineages found in Australia but not in India / S.E. Asia 13 total 55 total 

found in introduced mynas 4 / 13 1 / 55 

found in both introduced mynas and Australian birds 2 / 13 0 

lineages shared between Australia and India/S.E. Asia 9 total  1 total  

found in introduced mynas 9 / 9 1 / 1 

found in both introduced and native mynas 8 / 9 1 / 1 

found in introduced mynas, native mynas and Australian birds 5 / 9 1 / 1 

 

 

Table V.2: Geographic distributions of malaria cyt-b lineages shared between introduced mynas in 

Australia and native mynas in India/S.E. Asia. Prefix P = Plasmodium; Prefix H = Haemoproteus. 

Distributions were accessed on the MalAvi public database. Asia: India, Thailand, China, Malaysia, 

Vietnam, The Phillipines; Oceania: Vanuatu, New Caledonia, French Polynesia; NZ; New Zealand; E. 

Eur: Eastern Europe; W. Eur: Western Europe; N. Am.: North America; S. Am.: South America; Aus 

Nat.; Australian natives. *also carried by mynas in Cook Islands, French Polynesia and Hawaii. 

  Bioregion 

lineage Asia Rus Ocean NZ E Eur W Eur N Am S Am Africa Aus 

Nat 

P-ORW1 X X X - - X - - - X 

P-GLACUC02 X - - - - - - - - - 

P-GRW06 X X X X X X X X X X 

P-ZEMAC1 X - - - - - X X X X 

P-IND1 X - - - - - - - - - 

P-GRW15 X - - - - X - - - X 

P-FANTAIL01 X - X - X - - - - X 

P-IND5 X - - - - - - - - - 

P-GRW04* X X X X X X X X X - 

H-COLL2 X - - - X X X - X X 
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mynas (Meliphaga lewinii; Appendix V.2); however, this species only carried 

lineages that likely originated in Australia (lineages BELL01 and MELLEW02; 

Appendix V.2).  

 

DISCUSSION 

Our survey of avian haemosporidian parasites in native and introduced myna 

populations found mixed support for the Enemy Release Hypothesis. Our results 

suggest that introduced mynas in Australia encounter lower parasite diversity 

compared with native-range mynas, and we found a reduction in Haemoproteus 

prevalence between primary and secondary introduction sites in Australia. 

However, we found no difference in Plasmodium prevalence between introduced 

and native mynas. In contrast, Plasmodium patterns support the Novel Weapons 

Hypothesis, with evidence suggesting that introduced mynas carry a high diversity 

of potentially introduced Plasmodium lineages in Australia. Indeed, myna 

populations carried higher prevalences of Plasmodium parasites compared with 

co-occurring native species in both Australia and India, further suggesting that 

introduced mynas could act as repositories for maintenance of exotic malaria 

parasites. 

 

Two of our findings are consistent with expectations of Enemy Release. First, 

introduced mynas carry a lower diversity of haemosporidian parasites compared 

with native mynas, a pattern that was strongly significant despite the higher 

sample size of introduced compared with native mynas. Second, all Haemoproteus 

infections in introduced mynas were recorded in the primary introduction range in 

the early 1980s (Baker and Moeed, 1987; Ishtiaq et al., 2006). In contrast, we 

found no Haemoproteus infections in mynas sampled in the secondary range, 

despite the much larger sample size for mynas in this region. Moreover, our study 



CHAPTER V: AVIAN MALARIA IN THE INVASIVE COMMON MYNA 

 136 

strongly supports previous evidence that Haemoproteus infections are common in 

native species that directly co-occur with mynas in urban and peri-urban 

environments (i.e. Corvus orru, Threskiornis molucca, Manorina melanocephala, 

Grallina cyanoleuca and Columba livia; Adlard et al., 2004). This suggests that 

Haemoproteus spp. have been lost in mynas, possibly due to founder effects as sub-

populations were relocated to eastern Australia (Martin, 1996). The release from 

pathogens may drive the evolution of increased competitive ability for invaders by 

facilitating a decrease in resource allocation to immune defence and a subsequent 

increase in allocation to fecundity (Callaway and Ridenour, 2004). Mynas have 

repeatedly been shown to rapidly increase population sizes in introduced ranges 

(Holzapfel et al., 2006; Peacock et al., 2007). Given the reduced diversity of 

parasites infecting introduced mynas in Australia compared with their native 

range, and the lack of Haemoproteus infections in secondary (and recently 

sampled) populations, Enemy Release could be one explanation for the introduced 

myna’s incredible success in out-competing native birds.  

 

Differentiating between specialist and generalist pathogens is useful for id entifying 

evidence of Enemy Release, as specialist pathogens are less likely to jump to 

invaders (Heger and Jeschke, 2014). In contrast to mynas, which carry a relatively 

high prevalence of Plasmodium infections, Australian native species (including 

species that directly co-occur with introduced mynas) often harbour a high 

diversity and prevalence of Haemoproteus lineages (Adlard et al., 2004; Clark et al., 

2014a; 2015). This pattern suggests mynas are not utilising habitats that are free 

of the vectors that transmit Haemoproteus spp. Instead, the paucity of 

Haemoproteus infections in introduced mynas could reflect differences in host 

specificity between the two parasite genera, as Haemoproteus lineages are 

typically more host-specific than Plasmodium (Beadell et al., 2009; Hellgren et al., 
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2009; Olsson-Pons et al., 2015). Host specificity could also explain how 

Haemoproteus lineages were seemingly left behind during the myna’s secondary 

introduction. For instance, in a study investigating temporal variation in avian 

malaria prevalence in an island bird population, the authors found that a host 

specialist Haemoproteus lineage was frequently carried to the island by vagrant 

birds without successful establishment (Clark and Clegg, 2015). Considering the 

high prevalence of Haemoproteus lineages in many Australian species, the lack of 

Haemoproteus spp. in invasive mynas could signify a competitive advantage 

through Enemy Release.  

 

An important point to note is the possibility that mixed infections between 

Plasmodium and Haemoproteus lineages could be occurring in some of our myna 

samples, as nested PCR tends to underestimate mixed species infections 

(Valkiūnas et al., 2006). It seems unlikely that our procedure of screening each 

sample twice would miss active Haemoproteus infections in mynas, particularly 

since our PCR protocol clearly works well to amplify Australian Haemoproteus 

lineages. However, it is also possible that Haemoproteus infections do occur in 

mynas but fail to reach the blood parasitaemia stage (so-called abortive infections; 

Valkiūnas et al., 2009). Because many of the myna’s competitors are carrying 

active Haemoproteus infections, it is highly likely that mynas are encountering 

Haemoproteus parasites in Australia and either do not become infected or are 

killed off before blood parasitaemia occurs. We suggest that a focused effort 

incorporating smears and genus-specific primers is warranted before concluding 

that mynas in the secondary introduction range are free from Haemoproteus 

infections. 
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Our findings support the prediction that introduced mynas in Australia carry 

potentially introduced haemosporidian parasites. For instance, P. relictum 

(GRW04) is considered one of the world’s most invasive species (Lowe et al., 2000) 

due to its devastating impacts in Hawaii (van Riper III et al., 1986; Atkinson and 

LaPointe, 2009), while P. elongatum (GRW06) has been detrimentally introduced 

to native birds in New Zealand (Ewen et al., 2012). Importantly, both GRW04 and 

GRW06 are capable of infecting a wide range of host species (Hellgren et al., 2009; 

Howe et al., 2012), although pathogenicity may vary across species (Palinauskas et 

al., 2009). This tendency towards host generalism indicates that particular avian 

Plasmodium lineages are at risk of becoming emerging infectious diseases 

following introductions (Marzal et al., 2014). We found evidence for GRW06 (P. 

elongatum) infecting native Australian species, suggesting that P. elongatum may 

be a high risk for spillover in Australia. In contrast, we did not find any evidence of 

GRW04 (P. relictum) infecting native Australian species, despite multiple 

recoveries in introduced mynas across different sites in Australia. This suggests  

that GRW04 is transmitted in Australia, but its distribution may be limited by a 

poor ability to infect native species (Medeiros et al., 2013) or perhaps by a limited 

vector distribution (Santiago-Alarcon et al., 2012). However, a more worrying 

explanation is that native birds do not survive when infected with GRW04 and thus 

we failed to identify infections. This raises an important issue concerning our lack 

of knowledge about the pathogenicity and transmissibility of particular 

haemosporidian parasites. For instance, mynas may actually absorb Plasmodium 

parasites if infections do not progress through their life cycle (Valkiūnas et al., 

2014), contributing to a dilution effect (Adlard et al., 2015). Molecular methods 

can identify infections that previously have been missed or overlooked (Loiseau et 

al., 2012; Clark et al., 2014b), but they do not identify the viability of hosts for 

parasite transmission. Understanding transmission is crucial for identifying novel 
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pathogens that exacerbate the impacts of invasive species (Tompkins et al., 2003; 

Dunn and Hatcher, 2015), and from a conservation standpoint these knowledge 

gaps are important and should be addressed in future studies.  

 

The high diversity of Plasmodium parasites carried by mynas suggests that mynas 

are important reservoir hosts across their range, particularly for P. relictum. In 

addition to its high prevalence in native mynas, lineage GRW04 is carried by 

introduced mynas in the Cook Islands, French Polynesia and Hawaii (Beadell et al., 

2006; Ishtiaq et al., 2006). In fact, along with house sparrows (P. domesticus), 

mynas were implicated by Beadell et al. (2006) as a potentially important 

reservoir for lineage GRW04 following its devastating introduction to Hawaii. 

Moreover, P. relictum lineage SGS1 and P. elongatum lineage GRW06 are carried at 

a high prevalence by native mynas and are known to infect introduced mynas in 

New Zealand (Beadell et al., 2006; Ishtiaq et al., 2006), further implicating mynas 

as important hosts for Plasmodium parasites across their range.  

 

The capability of mynas to act as reservoirs could also contribute to the 

amplification of native Plasmodium lineages in Australia. An extension of the Novel 

Weapon Hypothesis is the prediction of parasite spillback, which could occur when 

native parasites increase their own host range and potential disease impacts by 

infecting successful invaders (Kelly et al., 2009; Wells et al., 2015). Introduced 

mynas and native Australian birds shared seven Plasmodium lineages, and the 

higher prevalence of Plasmodium spp. in mynas could have positive ramifications 

for these lineages if their infections in mynas lead to an above-normal exposure to 

native species (Kelly et al., 2009; Adlard et al., 2015).  
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While lineages GRW04, SGS1 and GRW06 are known as invasive parasite lineages 

that have pathogenic effects on naïve hosts, their geographic origins are uncertain 

(Beadell et al., 2006; Valkiūnas et al., 2008; Marzal et al., 2014) . Indeed, several of 

the lineages we recovered infecting native and introduced myna populations have 

been found in many avian communities across the globe (Bensch et al., 2009). 

While our survey suggests that introduced mynas carry some non-native lineages 

in Australia, tracing introduction routes using avian Plasmodium cyt-b lineages is 

difficult (Ishtiaq et al., 2006; Lauron et al., 2014), possibly due to frequent host 

switching (Hellgren et al., 2014; Ricklefs et al., 2014). For instance, along with 

mynas, other introduced species may play a role in maintaining introduced 

Plasmodium parasites in New Zealand (e.g. European blackbirds and house 

sparrows; Ewen et al., 2012; Schoener et al., 2013), and this could be the case in 

Australia. Future sampling of Plasmodium parasites to include other exotic species 

and more rapidly evolving markers in addition to cyt-b may help to resolve 

relationships and yield insights into the origins of lineages  (Garcia-Longoria et al., 

2014; Hellgren et al., 2014).  

 

In contrast to Plasmodium, the tendency for Haemoproteus lineages to exhibit high 

host specificity in the southern Pacific region (Beadell et al., 2004; Clark et al., 

2015; Olsson-Pons et al., 2015) presents a better opportunity to examine 

phylogeographic structure. For instance, lineage AUS2, recovered in introduced 

mynas in Australia, closely clustered with two other Haemoproteus lineages that 

have thus far only been recovered from native mynas. Lineage AUS2 was 

recovered from one myna in the 1980s and has not been recorded since, so it is 

probable that AUS2 was a host-specific Haemoproteus parasite that was co-

introduced with mynas and was subsequently lost during expansion. Nevertheless, 
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data on parasite morphology and experimental infections are needed to confirm 

host specificity (Valkiūnas et al., 2008; Dimitrov et al., 2015).  

 

In summary, our phylogeographic analysis of a regional database indicates that 

introduced mynas carry a reduced diversity of haemosporidian parasites 

compared with native-range mynas, although overall prevalence does not differ 

between the two populations. Nevertheless, we suggest the high host specificity of 

Haemoproteus parasites in the region has allowed mynas to escape infections 

during secondary introductions, while host generalist Plasmodium parasites are 

more easily able to utilise introduced mynas as a reservoir of infection. Finally, we 

provide phylogeographic evidence that introduced mynas in Australia are carrying 

potentially invasive parasite lineages, a finding that warrants further monitoring of 

mynas and other introduced species that could be acting as maintenance 

reservoirs for harmful parasites. 
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PREFACE 

Chapters II, III and V described how biogeographic variation in malaria infections 

can potentially benefit avian host populations through parasite release in areas of 

low prevalence. Chapter VI asks whether spatial variation in malaria prevalence 

can influence the migratory strategies of waders by testing if species and 

populations that exhibit different habitat associations and migration strategies 

encounter different levels of malaria prevalence. 
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ABSTRACT 

Pathogen exposure has been suggested as one of the factors shaping the myriad of 

migration strategies observed in nature. Two hypotheses relate migration 

strategies to pathogen infection: the “avoiding the tropics hypothesis” predicts that 

pathogen prevalence and transmission increase with decreasing non-breeding 

(wintering) latitude, while the “habitat selection hypothesis” predicts lower 

pathogen prevalence in marine than in freshwater habitats. We tested these 

scarcely investigated hypotheses by screening wintering and resident wading 

shorebirds (Charadriiformes) for avian malaria blood parasites (Plasmodium and 

Haemoproteus spp.) along a latitudinal gradient in Australia. We sequenced 

infections to determine if wintering migrants share malaria parasites with local 

shorebird residents, and we combined prevalence results with published data in a 

global comparative analysis. Avian malaria prevalence in Australian waders was 

3.56% and some parasite lineages were shared between wintering migrants and 

residents, suggesting active transmission at wintering sites. In the global dataset, 

avian malaria prevalence was highest during winter and increased with decreasing 

wintering latitude, after controlling for phylogeny. The latitudinal gradient was 

stronger for waders that use marine and freshwater habitats (marine+freshwater) 

than for marine-restricted species. Marine+freshwater wader species also showed 

higher overall avian malaria parasite prevalence than marine-restricted species. 

By combining datasets in a global comparative analysis, we provide empirical 

evidence that migratory waders avoiding the tropics during the non-breeding 

season experience a decreased risk of malaria parasite infection. We also find 

global support for the hypothesis that marine-restricted shorebirds experience 

lower parasite pressures than shorebirds that also use freshwater habitats. Our 

study indicates that pathogen transmission may be an important driver of site 
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selection for non-breeding migrants, a finding that contributes new knowledge to 

our understanding of how migration strategies evolve. 

 

INTRODUCTION 

Identifying the factors that cause variation in migration strategies across 

populations and species is a central goal in ecology and evolution (Gunnarsson et 

al. 2005, Marra et al. 2015, Shoji et al. 2015). Parasite exposure is hypothesised to 

be a driver of migration strategies for a diversity of animal hosts, with behaviours 

or distributions that reduce exposure to parasites thought to convey an adaptive 

advantage (Altizer et al. 2011, Satterfield et al. 2015). Haemosporidian malaria 

parasites are vector-borne blood parasites that infect vertebrates across the globe 

(Clark et al. 2014, Clark et al. 2015a, Martinsen et al. 2008, Moens and Pérez-Tris 

2015, Schall 2000). For vector-transmitted parasites, variation in vector encounter 

rate is a strong determinant of infection risk (Gager et al. 2008, Giles et al. 2014). 

For instance, saline habitats and low minimum temperatures are considered to be 

harsh for vector survival and malaria parasite development, leading to reduced 

malaria prevalence (Figuerola 1999). This spatial variation in malaria prevalence 

and transmission is predicted to be an important determinant of life -history traits 

(Lutz et al. 2015), including migratory behaviours (Figuerola and Gr een 2000). 

 

Avian haemosporidians (Plasmodium and related Haemoproteus spp.; henceforth 

referred to as ‘avian malaria’) have received increased attention recently as they 

are globally distributed and can act as selective agents by reducing host fecundity 

or causing population declines (Lachish et al. 2011, Palinauskas et al. 2011, 

Valkiūnas 2005). Moreover, molecular techniques allow for tests of geographical 

structuring in avian malaria phylogenies that can shed light on areas where 

transmission occurs for migratory species (Hellgren et al. 2007, Roos et al. 2015). 
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However, the interplay between migration strategies and avian malaria prevalence 

is understudied, primarily owing to a lack of phylogenetically controlled 

comparative analyses from widespread host groups (Møller and Szép 2011).  

 

Some of the most impressive avian migrations are exhibited by waders 

(Charadriiformes), with species and populations travelling up to 22,000km on 

trans-equatorial migrations (Gill et al. 2009). Migratory strategies vary 

dramatically, from species that use both freshwater and saline habitats during the 

non-breeding season to species that use marine coastlines exclusively (Piersma 

1997, 2007). Wader migrations also vary within species, with some populations 

wintering in low-latitude tropical areas while others either extend trans-equatorial 

migrations to more southern latitudes or remain in temperate northern latitudes 

to winter ("avoiding the tropics"; Nebel 2007). This variation in non-breeding 

habitat and latitude use likely exposes migratory wader populations to different 

malaria parasite pressures through variation in vector exposure (Piersma 1997, 

Yohannes et al. 2009). 

 

Hypothetical impacts of wader migration strategies on malaria parasite risk 

Several hypotheses are proposed for how parasite pressure might vary across 

migration strategies (Altizer et al. 2011, Piersma 1997). Based on the dichotomy of 

wader distributions, Piersma (1997) formulated the “habitat selection hypothesis” 

to suggest that species using a broader range of habitats (i.e. using freshwater and 

marine habitats) are exposed to increased risk of parasite infection. Avian malaria 

parasites are a tractable model to test this hypothesis, as prevalence can vary 

across habitats due to climatic variation and vector distributions (Loiseau et al. 

2013, Santiago-Alarcon et al. 2012, Sehgal 2015). We therefore expect marine-
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restricted waders to have lower malaria prevalence compared to species that use 

freshwater and marine habitats (henceforth marine+freshwater species).  

 

In addition to habitat, the use of different wintering latitudes may influence 

parasite exposure. It is suggested that migratory waders have reduced parasite 

infections by using high-latitude breeding sites that remain outside of 

transmission areas (Piersma 1997). Malaria parasite development is impacted by 

temperature (Beier 1998), and several studies indicate the prevalence, diversity 

and transmission of avian malaria are higher in tropical than in temperate regions 

(Clark et al. 2014, Loiseau et al. 2013, Merino et al. 2008, but see Svensson-Coelho 

et al. 2014). Because of this low transmission at high latitudes, migratory waders 

are thought to acquire vector-borne infections predominately at stopovers and 

non-breeding sites (Piersma 1997, Mendes et al. 2005). If so, we expect that 

infected wintering migrants will carry similar parasite lineages to local residents, 

supporting the suggestion that transmission can occur in the non-breeding season. 

Avoiding the tropics could also benefit non-breeding migrants if the costs of 

migrating farther past the tropics are offset by low parasite pressure. We therefore 

expect parasite prevalence to be lower in populations “avoiding the tropics” by 

wintering at more southern latitudes.  

 

Molecular studies have examined malaria prevalence for select wader species with 

different habitat distributions (Yohannes et al. 2009) or within a single flyway 

(D'Amico et al. 2014, Mendes et al. 2005, Pardal et al. 2014). However, the 

“avoiding the tropics hypothesis” remains untested due to a lack of sampling from 

wintering birds across a latitudinal gradient. In contrast, preliminary support for 

Piersma’s “habitat selection hypothesis” was provided by Mendes et al. (2005), 

who found significantly higher malaria prevalence in freshwater compared to 
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marine habitats across a narrow latitudinal range in Africa. However, the authors 

did not distinguish between migrants and year-round residents and, more 

crucially, the authors deemed their data unsuitable for a phylogenetically 

controlled analysis due to uneven sampling across habitats (Mendes et al. 2 005). 

Comparative analyses control effects of evolutionary history when testing 

predictions across species (Pagel 1994), and using such methods can ensure that 

differences in avian malaria pressure across habitats are not simply a by-product 

of shared evolutionary histories (Møller and Szép 2011).  

 

Here we test the “habitat selection” and “avoiding the tropics” hypotheses using a 

global comparative analysis of malaria prevalence in waders. We provide data 

from the previously unsampled East Asian-Australian Flyway by screening 

resident and wintering waders for parasite infection along a latitudinal gradient in 

Australia. We use phylogenetic analysis of parasite infections to identify potential 

transmission areas under the prediction that infected wintering waders will share 

lineages with local sedentary shorebirds, supporting the suggestion for non -

breeding parasite transmission. We then combine our results with published data 

to generate a global database of wader malaria prevalence. Focussing on migratory 

species, we use phylogenetic comparative analyses to test two predictions: i) 

“habitat selection”: predicts marine-restricted migratory species will exhibit lower 

prevalence than marine+freshwater species; ii) “avoiding the tropics”: predicts 

decreased prevalence with increasing wintering latitude. 

 

MATERIALS AND METHODS 

Australian sampling and molecular methods  

Waders were captured using mistnets or cannon nets in Australia in five sampling 

regions (nine individual sites) across a latitudinal gradient during wintering 
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seasons in 2012 and 2013 (November to March; see Appendix VI.1 for species and 

sample site details). Sampling was concentrated around high-density sites ranging 

from 17°S (Broome, Western Australia) to 40°S (King Island, Tasmania; Fig. VI.1, 

Appendix VI.1). A blood sample was taken from each bird from the leg or brachial 

vein and stored as packed red blood cells in ethanol or whole blood in lysis buffer. 

For birds sampled in southeast Queensland, we also collected thin blood smears to 

identify whether infections exhibited parasite gametocytes, which would indicate 

that waders act as “true” hosts for that particular parasite strain (Clark and Clegg 

2015, Valkiūnas et al. 2009). DNA was extracted using ammonium acetate/ethanol 

precipitation and birds were molecularly sexed following Griffiths et al. (1998) to 

confirm extraction quality. 

 

Fig. VI.1: Australian sampling locations (dots) and wader sample sizes (number of infected birds / 

total number of birds sampled at each location).  
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Samples were screened for malaria DNA (Plasmodium and Haemoproteus spp.) 

using nested PCR to amplify the parasite cytochrome-b gene (cyt-b), following 

protocols in Waldenström et al. (2004). We used individual flip-cap PCR tubes to 

prevent contamination, and we included four positive and two negative controls in 

each run of 16 samples.  All samples were screened twice to further minimise false 

positives and false negatives. None of the negative controls produced 

amplifications. DNA sequencing was carried out at Macrogen Inc. (Seoul, South 

Korea) and sequences were compared to the MalAvi database (http://mbio-

serv2.mbioekol.lu.se/Malavi/) to determine if they were new lineages. For samples 

with mixed infections (carrying both Plasmodium and Haemoproteus), we re-

amplified parasite DNA using genus-specific primers (Clark and Clegg. in prep). 

 

Global dataset of avian malaria prevalence in waders 

We collated a global dataset by combining Australian results with published 

studies that molecularly screened waders for malaria. We first searched a database 

of studies that used PCR to screen for malaria in wild birds to November 2012 

(Clark et al. 2014). To identify more recent studies, we searched Web of Science, 

Google Scholar and PubMed following the protocols listed in Clark et al. (2014). 

Screening of organ tissues can yield important information on the presence of 

latent parasite infections. However, as the majority of studies only screened blood, 

we excluded results from organ screening to prevent bias in prevalence estimates 

(Mendes et al. 2013). 

 

We recorded the following from each site where waders were sampled: absolute 

latitude, malaria prevalence and total sample size for each species. For each 

species sampled, we recorded residency as either sedentary (no separation 

between wintering and breeding grounds) or migratory (spatial separation 
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between wintering and breeding grounds) and in the case of migrants, we 

recorded stage of annual cycle at time of sampling (breeding, migrating or 

wintering). In all cases, authors explicitly presented migration status in either the 

main text or supplementary files (see D'Amico and Baker 2010, Pardal et al. 2014). 

We used species distribution maps to record whether species are restricted to 

marine habitats (marine) or use both marine and freshwater habitats during the 

non-breeding season (BirdLife International 2012).  

 

Phylogenetic reconstruction 

We created a molecular wader phylogeny to account for non-independence of 

species relatedness. We included species in the molecular alignment if they had at 

least one sequence from the protein coding mitochondrial genes cytochrome 

oxidase I and cyt-b (see Appendix VI.2 for wader species GenBank accession 

numbers). Sequences were aligned in Genious v5.4 (Drummond et al. 2011) and 

the gene alignments were concatenated into a single alignment with a total length 

of 3688 bp. We used BEAST version 1.6.1 (Drummond and Rambaut 2007) to 

construct the phylogeny with an uncorrelated lognormal relaxed clock and a Yule 

prior. We generated two runs of 10 000 000 generations with sampling at every 10 

000 generations, and used TRACER version 1.6 (available at 

http://tree.bio.ed.ac.uk/software/tracer/) to assess convergence. We removed 

10% burn-in from each run and combined runs using LogCombiner version 1.4.7 

(Drummond and Rambaut 2007). The phylogeny included 39 of the 46 species in 

the final dataset. We grafted the remaining species onto the most appropriate 

nodes of the final consensus tree as polytomies using the latest phylogenetic 

information for Charadriiformes (Baker et al. 2007, Mayr 2011). As the resulting 

tree was not ultrametric, equal branch lengths were set using Grafen’s method. The 

wader phylogeny is presented in Appendix VI.3. 
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We constructed molecular phylogenies from parasite cyt-b sequences recovered in 

Australian samples using identical protocols to the methods outlined above for 

waders. To investigate whether parasite phylogenies could yield information about 

where infections were acquired, we included all published avian malaria 

sequences recovered in Australia and Southeast Asia (see Clark et al. 2015b for 

details on parasite sequence acquisition). In addition, we included parasite 

sequences previously recovered from waders and other non-passerine shorebirds 

(Levin et al. 2011, 2012, Mendes et al. 2005, 2013) to investigate whether waders 

in Australia carry similar lineages to shorebirds around the world. Separate 

phylogenies were constructed for Plasmodium and Haemoproteus spp.  

 

Statistical analyses 

All analyses were carried out in R, version 3.0.1 (R Development Core Team 2008). 

We tested for effects of explanatory variables on malaria prevalence in a 

comparative analysis. We used Bayesian phylogenetically controlled generalised 

linear mixed models (pGLMMs) in the package ‘mcmcGLMM’ (Hadfield 2010). The 

binomial response variable in pGLMMs weights for sample size by including 

numbers of infected and uninfected individuals for each species. We used weak 

proper priors with a low degree of belief for all parameters (variance > 0, degree of 

belief nu = 1). Models were run for 11 000 000 iterations with a burn-in of 100 000 

and a thinning value of 1 000. Significance of terms was inferred if the 95% 

posterior confidence interval for the coefficient (γ) did no t overlap with zero and if 

PMCMC -values were equal to or less than 0.05. We tested all possible 

combinations of terms and interactions and used deviance information criterion 

(DIC) to select final models.  
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Too few individuals from sedentary species were available for inclusion of a 

‘residency’ term in pGLMMs (N = 305). Sedentary species were therefore excluded 

from analyses and are only included in descriptions of overall prevalence and 

identification of parasite sequences (see Results). Using only migrants, the dataset 

for analyses comprised of 3422 individuals (from 36 species). Additional stressors 

related to long flights and high densities may result in different disease pressures 

depending on the stage of the annual cycle (i.e. Breeding vs Migrating vs 

Wintering; Buehler and Piersma 2008). We therefore fitted a pGLMM with habitat 

(two levels: marine or marine+freshwater) and migration stage (three levels: 

breeding, migrating or wintering). We also included mean body mass for each 

species (from Dunning Jr 2007) as a covariate. We tested all combinations of 

interactions during model selection. Due to low sample sizes for some species 

(Appendix VI.1), we tested the validity of our conclusions by excluding all species 

with fewer than 15 observations and repeating analyses. This reduced dataset 

comprised of 3236 individuals from 19 migratory species. To investigate the 

“avoiding the tropics” hypothesis, we tested for a latitudinal gradient in wintering 

malaria prevalence using a pGLMM that only included wintering migrants (N = 

1730 individuals; 27 species). Explanatory variables were absolute latitude, 

habitat, body mass and all interactions. Absolute sampling latitude and body mass 

were natural log transformed to reduce the influence of extreme values.  

 

While we obtained sequences from 29 of 40 infections from Australian waders (see 

Results), we did not perform separate analyses for individual parasite genera 

because most studies published to date have not produced an adequate number of 

lineages for genus-specific analysis (e.g. Mendes et al. 2005 sequenced seven of 54 

infections and recovered a total of three lineages).  
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Table VI.1: Avian malaria parasite lineages recovered from waders in Australia. Also presented are 

the known geographic ranges of lineages based on comparison to the avian malaria database, 

MalAvi (http://mbio-serv2.mbioekol.lu.se/Mal avi/). * indicate lineages that were confirmed to 

exhibit gametocytes in blood smears, suggesting complete parasite development within the host. 

 

Lineage Genus GenBank 

accession 

Total Migratory wader 

hosts 

Resident 

hosts 

Countries where lineage 

occurs 

BTGOD01* Plas KT777732 3 Limosa lapponica, 

Tringa brevipes, 

Arenaria interpres  

none Australia 

EMSPO06 Plas AB741487 1 Calidris ruficollis none Australia, China, Japan, South 

Korea 

FANTAIL01 Plas JX021567 1 Calidris 

tenuirostris 

Passerines Australia, Czech Republic, 

Singapore 

GRW09 Plas FJ404701 1 Charadrius 

leschenaultii 

Passerines Australia, Cameroon, Gabon, 

Malawi, Netherlands, Nigeria, 

Russia, Sweden, Switzerland, 

Tanzania, Ukraine 

GRW15 Plas DQ368380 2 Charadrius 

leschenaultii, 

Recurvirostra 

novaehollandiae 

Passerines Australia, Sweden 

ORW1* Plas AY714203 1 Limosa lapponica Passerines Australia, India, Japan, 

Myanmar, Papua New Guinea, 

Russia, United Kingdom 

RHIALB02 Plas JX418219 1 Arenaria interpres none Australia, Philippines 

STNT01* Plas KT777740 1 Calidris ruficollis none Australia 

STNT02* Plas KU296187 2 Calidris ruficollis, 

Tringa brevipes 

none Australia 

RUDTURN01 Haem KU296184 2 Arenaria interpres Waders Australia 

SANDPLOV01* Haem KU296185 3 Charadrius 

leschenaultia, 

Calidris ruficollis 

none Australia 

SDLG01 Haem KU296186 11 Calidris alba, 

Calidris 

tenuirostris, 

Limosa lapponica, 

Arenaria interpres 

Waders Australia 

TATTLR01* Haem KU296188 2 Tringa brevipes, 

Calidris ruficollis 

none Australia 
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RESULTS 

Avian malaria prevalence in Australian waders 

We sampled 1125 waders in Australia, 54 of which were from low latitudes (17° - 

19°S), 212 from mid latitudes (27° - 28°S) and 859 from high latitudes (38° - 40°S; 

Fig. VI.1, Appendix VI.1). Samples were taken from 19 species, with 15 species 

sampled as wintering migrants (Appendix VI.1). We detected 40 malaria infections 

for a prevalence of 3.56% (including migratory and sedentary species). When sites 

were grouped by latitude category, there was a trend of higher prevalence in low 

latitudes (13.0%) compared to mid- and high-latitudes (3.3% and 3.0%, 

respectively), although sample sizes in low latitudes prevented robust 

comparisons to detect a latitudinal gradient (either for migrants alone or for the 

full dataset of migratory + sedentary species) due to inadequate mixing of MCMC 

chains. Prevalence in marine+freshwater migrants was 3.0% (N=300 individuals; 5 

species) and 3.9% in marine-restricted migrants (N=665 individuals; 9 species), 

though the vast majority of marine+freshwater individuals were sampled in mid- 

and high-latitudes where overall prevalence was low (Appendix VI.1). 

 

We recovered 13 malaria cyt-b lineages from 29 sequenced infections (Table VI.1). 

The remaining 11 infections failed to produce clean sequences due to weak 

amplifications. Two infections were mixed, containing both Plasmodium and 

Haemoproteus parasites. The full, un-collapsed parasite phylogenies are presented 

in Appendix VI.4 (Figs. VI.4A1 and VI.4A2). From 18 sequenced Haemoproteus 

infections, we recovered four cyt-b lineages (Table VI.1; Fig. VI.2). For Plasmodium 

spp., we recovered nine lineages from 13 infections (Table VI.1; Fig. VI.4A2). False 

positives were unlikely, as none of the sequences matched sequences from our 

positive controls and seven of the 13 lineages recovered were new records for 

GenBank and MalAvi. Stained blood smears were available for seven of the infected 
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birds (representing six lineages), and parasite gametocytes were observed in all 

seven smears (Table VI.1). 

 

The four Haemoproteus lineages were all new, and two of these were recovered 

from both migratory and resident waders in Australian wintering sites 

(RUDTURN01 and SDLG01; Table VI.1; Fig. VI.2). Lineage SDLG01 was found in 

both freshwater and marine-restricted migratory species that co-occur at 

wintering sites (Table VI.1). Two sub-genera are currently recognised for 

Haemoproteus (Haemoproteus and Parahaemoproteus; Valkiūnas 2005), and the 

four Haemoproteus lineages grouped into a well-supported clade with other non-

Passerine waterbird lineages (Pelicaniformes and Charadriiformes hosts) in the 

Parahaemoproteus clade (Fig. VI.2; Fig. VI.4A1). Four of the nine Plasmodium 

lineages recovered in migratory waders have also been found in Australian 

resident passerines (Table VI.1). In contrast to Haemoproteus, the Plasmodium 

lineages did not group together but spread across the phylogeny (Fig. VI.4A2). 

 

Global avian malaria prevalence in migratory waders 

The global dataset, including Australian samples, comprised of 3727 sedentary and 

migratory waders from 46 species (Appendix VI.1). Sampling ranged from 

latitudes 73°N to 53°S across five continents (North America, South America, 

Africa, Europe, and Australia). The majority of samples were from migrants, with 

only 305 samples from sedentary waders (Appendix VI.1). Among migrants, 1730 

samples were from wintering birds (27 species; sampled from 53°N to 40°S), 1237 

from migrating birds (13 species; sampled from 53°N to 38°N) and 416 from 

breeding birds (12 species; sampled from 73°N to 71°N). Global malaria 

prevalence (including sedentary and migratory waders) was relatively low and 

variable among species (mean 6.2  ± 1.6%; Appendix VI.1).  
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Influence of phylogeny and migration strategies on avian malaria prevalence 

The global dataset provided robust power for comparative analyses (MCMC chains 

exhibited adequate mixing and autocorrelations for posterior samples were all less 

than 0.1). We found a strong influence of phylogeny (γ = 8.55; 95% CI = 1.24, 

21.06), an effect that was partially driven by similar habitat and migration 

strategies for some related species (e.g. both Limosa spp. are migratory marine 

species, Erythrogonys cinctus and both Vanellus spp. are all resident freshwater 

species, and four of five species in the Himantopus/Haemotopus/Recurvirostra 

clade are freshwater users; Appendix VI.1). However, this phylogenetic effect was 

also partially due to similarities in avian malaria prevalence for some related 

 

Fig. VI.2: Bayesian molecular phylogeny of Haemoproteus cytochrome-b lineages from the sub-

genera Haemoproteus and Parahaemoproteus. All Haemoproteus lineages previously recorded in 

Australia, China and Southeast Asia were included in the phylogeny. Numbers at nodes indicate 

Bayesian posterior probabilities. Lineages in black font were recovered from shorebirds in the 

order Charadriiformes. Lineages in bold were recovered from waders in Australia. Asterisks (*) 

indicate lineages shared between resident and migratory waders in Australia. COL, Columbiformes; 

CHD, Charadriiformes; COR, Coraciiformes; PIC, Piciformes; PEL, Pelicaniformes; STR, Strigiformes.  
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species. Infections were found in 10 of 13 species in the well-sampled 

Calidris/Arenaria/Philomachus clade (N=2815 individuals), with five of the seven 

marine+freshwater species and three of the six marine species exhibiting higher 

prevalence than the mean for their respective habitat distributions (Appendices 

VI.1 and VI.3). In contrast, no infections were found in the three Pluvialis species, 

though the total sample size for this genus was 18 individuals total. 

 

After accounting for phylogeny, the best model for the migrant dataset included 

stage of annual cycle and habitat strategy as significant terms. Wintering birds had 

significantly higher prevalence (mean 8.5 ± 2.5%) than either migrating or 

breeding birds (mean 0.7 ± 0.6% vs 0.3 ± 0.2%, respectively; γ  = 4.19; 95% CI = 

0.53, 8.14; PMCMC  = 0.01; Fig. VI.3a). We found global comparative support for 

Piersma’s “habitat selection hypothesis”, with marine-restricted species exhibiting 

significantly lower malaria prevalence than marine+freshwater species (mean 2.3 

± 0.9% vs 5.9 ± 1.7%, respectively; γ  = -2.04; 95% CI = -4.03, -0.03; PMCMC  = 0.04; 

Fig. VI.3b). Excluding species with fewer than 15 samples, MCMC chains mixed 

Fig. VI.3: Haemosporidian prevalence in migratory waders (a) at different migratory stages and (b) 

with different habitat selection strategies. Box and whisker plots indicate third quartiles (hinges of 

box) and 95% confidence intervals (error bars) of the median prevalence. Fresh = species that use 

freshwater and marine habitats during migration and winter; Marine = species that are restricted 

to marine habitats during migration and winter. 
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adequately and effect sizes for migration stage and habitat were smaller but were 

still significant (see Appendix VI.5 for model statistics). 

 

Avoiding the tropics: a latitudinal gradient in avian malaria prevalence 

When considering only wintering migrants, phylogeny again had a strong influence 

(γ = 11.05; 95% CI = 1.47, 27.35) and the best model included significant terms for 

habitat and sampling latitude (Appendix VI.5). Malaria prevalence decreased 

significantly with increasing wintering latitude (γ = -6.48; 95% CI = -11.22, -1.77; 

PMCMC = 0.001) and was significantly lower in marine than marine+freshwater 

species (γ = -18.05; 95% CI = -37.00, -0.01; PMCMC = 0.04). An interaction between 

latitude and habitat reduced model deviance and was borderline significant (γ = 

5.53; 95% CI = -0.19, 11.94; PMCMC = 0.053). Model predictions indicate the 

latitudinal gradient was stronger for marine+freshwater species (Fig. VI.4). Body 

mass and all other interactions did not significantly influence prevalence or 

improve model deviance. Results were similar when excluding species with low 

sample size, although PMCMC values for habitat and the habitat*latitude interaction 

were marginally non-significant (PMCMC = 0.06 for each effect, Appendix VI.5). 

 

DISCUSSION 

Using a global dataset that includes the previously unsampled Australian flyway, 

we present the first evidence that waders “avoiding the tropics” during winter 

experience a decreased risk of malaria parasite infection. The latitudinal gradient 

was stronger for marine+freshwater species, suggesting that wintering farther 

from the tropics may not benefit all populations equally. We also provide 

comparative evidence that species using both marine and freshwater habitats have  
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Fig. VI.4: Haemosporidian prevalence across wintering latitudes (log transformed) for migratory 

waders with differing habitat strategies: (a) species that utilise freshwater and marine habitats; (b) 

species that are restricted to marine habitats. Regression lines are phylogenetically-controlled 

MCMCglmm predictions with 95%CI (shaded areas). To improve interpretation, data points are 

scaled according to sample size.   

 

higher parasite prevalence than marine-restricted species, supporting Piersma’s 

“habitat selection hypothesis”. Migratory populations with different non-breeding 

distributions may be exposed to different interspecific interactions, a finding that 

has implications for our understanding of how migration strategies evolve.  

 

High malaria prevalence in winter: implications for avoiding the tropics 

Our results show that waders experience higher malaria burdens in winter 

compared to migration and breeding periods. We also found that migrants are 

carrying a diversity of parasite lineages, some of which are shar ed with residents 

in the wintering range. Indeed, six of the 13 recovered parasite lineages have also 

been found in Australian resident birds, indicating that these lineages can be 

actively transmitted on the wintering grounds. Although only seven infected 

waders had corresponding blood smears, all seven showed parasite gametocytes 

and were therefore confirmed as true infections that were transmissible to vectors. 

Our results support the suggestion that long-distance migrants may be susceptible 
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to infections following arrival to wintering grounds, perhaps because their 

immune function can be compromised from migration-induced fatigue or muscle 

injury (Klaassen et al. 2000, Piersma 1997). Moreover, the recovery of a well-

supported Haemoproteus clade that is only currently known to infect shorebirds, 

including two lineages that were shared between migratory and resident waders, 

suggests that migrants play a role in shaping the population dynamics of these 

parasites. In contrast to Haemoproteus spp., Plasmodium lineages in Australasia are 

typically host-generalists with wide geographic ranges (Clark et al. 2014, Clark and 

Clegg 2015, Clark et al. 2015b), making it difficult to determine where 

transmission occurred. For instance, Plasmodium lineages ORW1 and EMSPO06 

have both been found infecting resident birds throughout Australasia (Huang et al. 

2015, Ishtiaq et al. 2007), and so these parasites may have been picked up either 

during a migratory stopover or after arrival in Australia. The presence of latent 

infections could also be problematic for discovering transmission areas, as 

parasites can be missing from the blood and will not be amplified during PCR. 

However, our conclusion that winter represents an increased risk of infection does 

not hinge on distinguishing between recently acquired and re-activated infections. 

Latent infections cannot be acquired by vectors, so the fact that active infections 

are abundant in winter suggests wintering birds face high parasite pressures due 

to increased chances of infections moving around the flock (Begon et al. 2002).  

 

We also find evidence that increased wintering latitude results in decreased 

malaria prevalence, supporting our prediction that populations that ‘avoid the 

tropics’ experience decreased risk of infection. A similar trend was observed for 

tundra swans in Alaska, with populations that spend more time near the tropics 

exhibiting increased malaria prevalence (Ramey et al. 2012). We propose that 

shorebird populations wintering farther from the tropics are exposed to fewer 
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disease-carrying vectors, as both vector diversity and the rate of within-vector 

parasite development are reduced in high latitudes (Loiseau et al. 2013, Rueda 

2008). Because pathogen infection can reduce body condition and delay arrival 

times (Bradley and Altizer 2005, Møller et al. 2004), risk of infection may place 

additional pressures on migrants to choose the best non-breeding sites. 

Collectively, our findings support a broader recognition that choosing a non-

breeding site is an important trait that might have impacts throughout the life 

cycle (Gunnarsson et al. 2005, Marra et al. 2015, Shoji et al. 2015). 

 

Support for Piersma’s habitat selection hypothesis 

Our results also support the hypothesis that marine-restricted waders are using 

habitats with relatively low malaria parasite pressures (Mendes et al. 2005, 

Piersma 1997, Yohannes et al. 2009). Moreover, our study is the first to highlight a 

difference in parasite prevalence in wintering birds with different habitat choices, 

as marine species showed a weaker latitudinal gradient in wintering malaria 

prevalence than marine+freshwater species. Although the vectors that transmit 

avian malaria are poorly studied (Lima and Bensch 2014), evidence increasingly 

suggests that most vectors rely on permanent or semi-permanent freshwater to 

breed (Kalluri et al. 2007, Njabo et al. 2009, Santiago-Alarcon et al. 2012, Valkiūnas 

et al. 2015). The higher incidence of malaria infections in marine+freshwater 

wader species implicates the availability of vector breeding sites as a strong 

determinant of parasite risk. For freshwater habitats, changes in latitude may 

correlate with changes in climate that can influence the prevalence and diversity of 

parasites (Oakgrove et al. 2014, Sehgal et al. 2010). Climate influences may be less 

apparent for marine habitats, where lack of freshwater and high salt spray will be 

similarly unfavourable to vectors at different latitudes (Figuerola 1999). 

Consequently, marine-restricted species may minimize overall parasite exposure 
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by migrating between Arctic breeding areas and coastal habitats (Alerstam et al. 

2003), and could experience fewer disease-related benefits from avoiding the 

tropics than marine+freshwater species. Nevertheless, our comparison of 

latitudinal trends for marine and freshwater species was not statistically 

significant and so should be interpreted with appropriate caution.  

 

Influence of phylogeny on malaria parasite prevalence in waders 

In their study of the “habitat selection hypothesis”, Mendes et al. (2005) were 

unable to use a comparative analysis, a limitation that was recognised by the 

authors and was highlighted by Møller & Szép (2011). While we encountered 

similar problems analysing the Australian subset, our global analysis suggests that 

evolutionary history can influence malaria prevalence for some species. Infections 

were commonly found in species belonging to the Calidris/Arenaria/Philomachus 

clade, with the majority of species showing above average prevalence for their 

respective habitats. While it is unclear if certain shared traits predispose species to 

malaria, it is possible that this high prevalence is due to microhabitat use or 

foraging characteristics that expose species to high vector densities. For instance, 

the marine-restricted Arenaria interpres regularly scavenges around rotting 

organic material and may experience unusually high pathogen exposure (Mendes 

et al. 2006), while Philomachus pugnax often uses rice fields in Africa that remain 

wet and could adequately maintain vectors during the winter (Mendes et al. 2013). 

Alternatively, closely related species could have similar immune strategies that 

allow them to better tolerate infections, though this idea warrants future study.  

 

Importance of sample size and biological significance of malaria in waders 

Although comparative pGLMMs weight for samples size and our results were 

robust when excluding poorly sampled species, we stress the importance of large 
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sample sizes for parasite screening in wildlife. Despite extensive sampling, 

migratory marine+freshwater species were represented by only 300 samples from 

five species in Australia, the vast majority of which were sampled at high latitudes 

where prevalence is likely to be lower. Monitoring for natural prevalence levels is 

crucial in disease ecology (Clark et al. 2015b, Grogan et al. 2014), and sample size 

is an important consideration for identifying populations at risk.  

 

The influence of animal dispersal on disease incidence has gained increased 

recognition of late (Altizer et al. 2011, Bauer et al. 2015, Clark and Clegg 2015, 

Cohen et al. 2015, Jenkins et al. 2012, Møller and Szép 2011, Ramey et al. 2012). 

Some migration strategies are thought to be the result of species actively avoid ing 

parasite-rich habitats (Piersma 1997, Qviller et al. 2013, Sandström et al. 2013), 

suggesting that migrants must balance the costs of extra migration distances with 

the potential benefits of reduced pathogen exposure. Despite the low overall 

prevalence in our dataset, we found that nearly 10% of waders wintering in low 

latitude sites were infected with malaria across the globe. We propose that malaria 

in waders may be more common than previously supposed (Greiner et al. 1975), 

indicating that these parasites could have important but overlooked biological 

significance. However, the low overall parasite prevalence in our study raises 

questions about how important malaria parasites are for shaping migratory 

patterns in waders. A prevalence of 10% in tropical sites may not be adequate to 

act as a strong selective pressure and might not outweigh the added benefits of 

wintering in the tropics, such as the reduced flight distances (Klaassen 1996, 

Somveille et al. 2015). Moreover, we have no conclusive evidence for pathological 

effects of malaria parasites in shorebirds (but see Mendes et al. 2013), and it seems 

likely that any impacts might differ between Plasmodium and Haemoproteus 

parasites (Valkiūnas 2005). A multiplicity of variables can shape migration 
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patterns in birds (Bauer et al. 2010, Duriez et al. 2012, Klaassen et al. 2000, 2012), 

and the relative importance of malaria parasites compared to these factors as 

drivers of migratory routes requires further consideration.  
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GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

 

A major goal of ecology is to determine how interspecific interactions can influence 

the diversity and evolutionary trajectories of species (Grant and Abbott 1980; 

Poulin 2014; Sutherland et al. 2013). The aim of this thesis was to shed new light 

on the evolutionary implications of host-parasite interactions by describing 

biogeographic patterns in the diversity, prevalence and host-specificity of avian 

malaria parasites infecting Australian and southern Melanesian birds. By 

reviewing the literature and performing a meta-analysis to describe global 

patterns in avian malaria lineage diversity, I demonstrated in Chapter I that avian 

malaria diversity is spatially variable across biogeographic regions. Moreover, 

Chapter I showed that island patterns of diversity are different for host-generalist 

Plasmodium lineages and host-specialist Haemoproteus lineages. This raised the 

question of whether host-specificity contributes to the colonisation and stability of 

malaria lineages on islands. I tested novel predictions to address this question in 

Chapter II by demonstrating that host-specialist lineages are at greater risk of 

failing to establish after initial arrival than generalist lineages in a nearshore island 

population of birds. Chapter II also presented strong new evidence that distinct 

host populations can encounter different parasite communities. The question then 

arose as to whether parasites present spatially variable selection pressures for 

different host populations, an issue that I addressed in Chapter III by showing that 

genetically distinct host populations can encounter different communities of 

parasite co-infections. A common fundamental advance to arise from Chapters I-III 

was that avian malaria diversity can be underestimated without incorporating 

multidisciplinary screening approaches. I addressed this issue in Chapter IV to 

show that Haemoproteus parasites with similar morpholigies can have high genetic 

diversity and tight host specificity across co-occurring hosts. Chapter IV therefore
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reaffirmed the idea that host-specificity is high for Australian Haemoproteus 

lineages, raising the question of whether invasive species can escape from 

specialist parasites in Australia. I addressed this question in Chapter V, which 

suggested that introduced common mynas may benefit through escape from 

specialist Haemoproteus spp. while acting as important reservoirs for exotic 

generalist Plasmodium spp. Chapter V also showed that regional patterns of 

malaria prevalence and diversity can vary for widespread host species. This 

finding begs the question of whether migratory species that utilise global flyways 

encounter different levels of parasite pressure in different regions or habitats. In 

Chapter VI, I addressed this issue by showing that both habitat and wintering 

latitude are important predictors of malaria infection for long-distance migratory 

waders. Collectively, the chapters of this thesis contribute several major 

advancements to the field of avian malaria research that will have important 

ramifications for the wider study of wildlife disease. In addition, this work 

demonstrates important methodological points for consideration when carrying 

out studies of avian malaria in wild populations.  

 

MAJOR CONTRIBUTIONS AND FUTURE RESEARCH DIRECTIONS 

Host-specificity of avian Plasmodium and Haemoproteus parasites 

Birds in Australia and southern Melanesia are host to high prevalence and 

diversity of avian Plasmodium and Haemoproteus lineages; however, specific 

prevalence and biogeographic patterns were consistently different for the two 

parasite genera. I postulated throughout this thesis that one of the major drivers 

for the different biogeographic patterns displayed by Plasmodium and 

Haemoprotus spp. is avian host-specificity. Avian Plasmodium lineages tended to be 

more host-generalist than Haemoproteus lineages (Clark et al. 2015; Olsson-Pons 

et al. 2015), a trait that may have an important influence on the diversity and 
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distribution of lineages. Numerous studies of avian malaria in island systems have 

found similar evidence that host-generalism presents an advantage for colonising 

parasites (Illera et al. 2015; Pérez-Rodriguez et al. 2013), and my research agreed 

with these findings. For instance, I demonstrated in Chapters I and II that 

Plasmodium lineages were more diverse and more likely to maintain temporal 

stability on islands than host-specialist Haemoproteus lineages (Clark and Clegg 

2015; Clark et al. 2014a). I also presented evidence in Chapter V that host-

generalist Plasmodium lineages were more likely than Haemoproteus lineages to 

infect invasive mynas (Acridotheres tristis), a finding that gave new support to the 

argument that host specificity plays an important role in a parasite’s invasion 

success (Adlard et al. 2015; Callaway and Ridenour 2004; Marzal et al. 2014).  

 

In contrast to Plasmodium spp., Haemoproteus parasites in the Australia/Pacific 

region tended to show tighter patterns of host-parasite coevolution (Clark et al. 

2015; Clark and Clegg 2015; Olsson-Pons et al. 2015). These consistent differences 

in parasite host-specificity raised important questions about the way the two 

parasite genera might diversify and interact with their avian hosts over 

evolutionary timescales. Because generalist parasites are often able to rapidly 

switch to new hosts, they can cause devastating disease in naïve species (Ewen et 

al. 2012; van Riper et al. 1986; Woolhouse et al. 2005). However, host-swicthing 

may actually come at a cost as generalist parasites adapt to new defences. By 

contrast, parasites that coevolve with hosts are able to efficiently adapt to a single 

host species (Agosta et al. 2010; Hellgren et al. 2009). Therefore, the question of 

whether avian malaria parasites primarly evolve by host switching or coevolution 

is debatable (Bensch et al. 2013; Drovetski et al. 2014; Ricklefs et al. 2014). This 

thesis generated a solid new platform to intersect this debate by showing that 

Haemoproteus spp. in Australia / southern Melanesia likely evolve through 
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coevolution with their hosts, while Plasmodium spp. display tendencies for host 

switching. By contributing new sequence data for previously undescribed avian 

malaria lineages, and by presenting evidence for the host-specificity of lineages 

and parasite morphospecies, my thesis can stimulate future research parasite host-

specificity and its contributions to the diversity of avian malaria. 

 

A spatial mosaic of parasite communities across host distributions 

The second major finding from this thesis was that spatially discrete avian host 

populations in Australia and southern Melanesia often encountered different levels 

of avian malaria prevalence and different communities of malaria lineages. My 

research demonstrated that long-distance migrants, genetically distinct 

populations on archipelagos, and invasive species can all encounter spatial 

gradients in parasite prevalence across their distributions (Chapters II, III, V and 

VI; Supplementary Publications I and II). An important aspect of host-parasite 

interactions is the concept that spatial variation in parasite-mediated selection can 

influence host divergence (through local coevolution) or host ecological release 

(Heger and Jeschke 2014; Laine 2009). Collectively, this thesis reinforces the idea 

that avian malaria and other avian blood parasites present tractable study models 

to investigate the ecological and evolutionary contributions of parasites to host 

biogeography and to the mechanisms that generate biodiversity (Lauron et al. 

2014; Ricklefs 2011; 2014). For instance, by presenting a mosaic of antagonistic 

interactions, the gradients in blood parasite communities that I demonstrate d in 

this thesis may be important for facilitating ecological release in areas of low 

parasite pressure or for influencing behavioural straits such as wintering site 

choice and migration strategy (Altizer et al. 2011; Keane and Crawley 2002; 

Mendes et al. 2005). However, I also showed that parasite communities are not 

necessarily stable over time (Chapter II), supporting Ricklefs’ (2010) suggestion 
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that our understanding of pathogen-mediated influences on evolutionary 

processes for their hosts is limited by a lack of knowledge on the spatial and 

temporal dimensions over which pathogens and hosts interact.  

 

IMPORTANT RECOMMENDATIONS 

This thesis highlighted the need for broad-scale sampling regimes when studying 

avian malaria in wild populations. There are many examples of avian 

species/populations that exhibit strikingly high prevalence of avian malaria (Clark 

et al. 2015a,b; Knowles et al. 2013; Valkiūnas et al. 2003). However, a  consistent 

finding throughout this work was that some species and/or populations naturally 

encounter a very low prevalence of avian blood parasites that can be missed 

without large sample sizes that screen birds from a variety of sampling locations 

(Chapters II, II, V and VI). This holds true for many migratory wader species 

(Chapter VI; Mendes et al. 2005) but also for numerous species that exhibit very 

high prevalence in mainland habitats but comparatively low prevalence on islands 

(Chapters II and III; Beadell et al. 2007). Even with the advantage of sensitive 

molecular methods to identify infections, avian populations inhabiting small 

islands may appear to be free from malaria parasites if relatively small sample 

sizes are screened at one point in time rather than across multiple sampling years 

(Adlard et al. 2004; Clark et al. 2014b). Following on from this argument, it is 

important to note that my analyses of parasite diversity did not take into account 

geographic area, and so the influence of area is a factor that needs to be explored in 

future research. In addition, this thesis indicated that marine-restricted migratory 

waders encounter fewer parasites than their freshwater-using counterparts, 

suggesting that the habitat preferences of hosts may also be important for 

determining whether or not very large sample sizes are necessary to yield accurate 

estimates of malaria prevalence.  
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While my thesis has advanced the field by generating new data on parasite 

distributions and genetic relationships, I can only speculate on the roles that 

vectors play in driving these patterns. Vector communities can be highly seasonal 

(Santiago-Alarcón et al. 2013), and many vector species are known to transmit a 

variety of parasite lineages (Santiago-Alarcón et al. 2012). However with only a 

few exceptions, avian haemosporidian vectors are poorly studied around the globe, 

and this is particularly true in Australia and southern Melanesia  (Clark et al. 2014a, 

2015b,c). A lack of knowledge on the vectors that transmit avian blood parasites 

therefore presents a constant hindrance to interpretations of parasite prevalence 

and diversity patterns (Valkiūnas 2005; Valkiūnas et al. 2014). For instance, it is 

unclear whether the spatial patterns I observed in Chapters III and VI are due to 

different vector communities across latitudes or across islands (Clark et al. 2015c). 

As such, more research is needed to identify competent vectors and to determine 

the variables that can impact the transmission of avian blood parasites (Sehgal 

2015). 

 

Finally, this thesis strongly supported the necessity for a combination of 

traditional microscopy and more recently advocated molecular methods when 

describing avian malaria infections in wild birds (Valkiūnas 2005; Valkiūnas et al. 

2014). This multidisciplinary approach was especially vital for characterising 

parasite co-infections, particularly since co-infections appear to be relatively 

common and may have important evolutionary ramifications for the host-parasite 

coevolution (Chapter III; Dimitrov et al. 2015; Valkiūnas et al. 2006). Microscopy of 

avian blood smears can also identify other blood parasites in addition to malaria 

(such as microfilaria; Chapter III) and can yield a more accurate depiction of the 

host-specificity of parasite lineages by controlling for abortive infections in non-

viable avian hosts (Valkiūnas et al. 2009). Moreover, my molecular screening 
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results suggested that the most commonly used PCR protocol for amplifying avian 

malaria DNA can preferentially amplify Plasmodium lineages when both 

Plasmodium and Haemoproteus occur as a co-infection, indicating that a high 

proportion of Haemoproteus occurrences can be missed without the use of 

microscopy in addition to PCR (Chapter III). Without implementing 

multidisciplinary screening approaches to generate more accurate knowledge of 

the distributions and host-specificity of avian malaria lineages, our ability to 

determine the true diversity of avian malaria parasites will be hampered (Clark et 

al., 2014a). 

 

SUMMARY 

By encompassing a multidisciplinary approach to characterise avian malaria 

parasites in Australia and southern Melanesia, and by utilising tractable island and 

avian host models to test major hypotheses regarding the influence of parasites on 

host biogeography, this thesis adds substantial new knowledge to the field of avian 

malaria research parasites and generates exciting perspectives for future studies.  I 

propose that avian Plasmodium and Haemoproteus parasites in Australia and 

southern Melanesia present a good model system to disentangle the influence of 

prevalence, host-specificity and co-infection incidence on the diversity and 

distributions of parasites. Finally, I caution that the use of molecular methods 

should not completely replace traditional parasitology when describing avian 

blood parasites. 
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ABSTRACT 

Island and mainland populations of animals can experience substantial differences 

in their interactions with other species. One possible outcome of island 

colonisation is a reduction in parasite pressure on the island in comparison to the 

mainland, leading to ecological release for the host. We carried out a molecular 

survey for avian malaria (Plasmodium and Haemoproteus spp.) infections in 

Capricorn Silvereyes (Zosterops lateralis chlorocephalus) from a small island 

population previously thought to be free from the disease (Heron Island, Australia). 

We also screened mainland Silvereyes (Z. lateralis cornwalli) that arrived on the 

island as vagrants. Nested-PCR revealed an avian haemosporidian blood parasite 

prevalence of 6.2% in resident island Silvereyes and 100% for mainland vagrants 

(n=3). We report the first evidence of avian malaria infection in Silvereyes from 

Heron Island, indicating that island residents have not entirely escaped their avian 

malaria parasites. Additionally, we suggest that mainland vagrants play important 

roles in maintaining the stability of Heron Island’s avian parasite community.  

 

INTRODUCTION 

Island communities are often depauperate compared to mainland communities, a 

feature that has led to the development of numerous theories about the 

importance of reduced competition and predation (MacArthur 1967; Diamond 

1975; Adler & Levins 1994). Less attention has been paid to reduced parasite 

pressures in island communities. The loss of parasites during the colonisation of 

islands has been proposed to be important for the success of population 

establishment (Clay 2003). This reduction in parasite pressure on island 

populations can lead to ecological release for the host (Marzal et al., 2011; Lima et 

al., 2010), with increased opportunities to invest in reproductive effort and growth 

(Sheldon & Verhulst 1996; Williams 2005). Here we test for avian haemosporidian 



SUPPLEMENTARY PUBLICATION I: MALARIA IN HERON ISLAND SILVEREYES 

 187 

infection in a population of an island passerine where infection has not previously 

been detected (Peirce & Adlard 2004). 

 

The Capricorn Silvereye (Zosterops lateralis chlorocephalus) is the only regularly 

breeding passerine on Heron Island (23º26'S, 151º57'E), a small, wooded cay lying 

approximately 70 km off the Australian mainland (Kikkawa 1970). The population 

size ranges between 200 to 400 adult individuals (McCallum et al., 2000). The 

Capricorn Silvereye is a distinct subspecies, being significantly larger (up to 40% 

in some morphological traits; SP Fig. 1) and exhibiting rapid genetic divergence 

compared to the mainland form Z. l. cornwalli (Clegg et al., 2002; Higgins et al., 

2006; Clegg et al., 2008). While individuals from the mainland arrive sporadically 

as vagrants, usually in the winter months, they do not persist on the island or 

breed with island birds (Kikkawa 1970).   

 

On the Australian mainland, Silvereyes exhibit a high prevalence of 

haemosporidian blood parasites (Haemoproteus and Plasmodium spp), which are 

transmitted by arthropod vectors such as biting midges (Ceratopogonidae) and 

hippoboscid flies (Hippoboscidae) for Haemoproteus spp. and mosquitoes 

(Culicidae) for Plasmodium spp. (Valkiūnas 2005). These parasites can impact the 

health and reproductive success of their hosts, and may even cause mortality 

(Atkinson et al., 2000). A previous study (Peirce & Adlard 2004) screened for 

blood parasites (including avian haemosporidians) in a range of Heron Island birds, 

including Silvereyes. Examinations of Giemsa-stained blood smears revealed no 

evidence of infection by either Plasmodium or Haemoproteus spp. Earlier 

entomological surveys had noted low densities of biting arthropods, attributed to 

an absence of permanent fresh water (for breeding) on the island (Marks 1969; 

Fletcher 1973). The apparent absence of haemosporidian parasites in the 
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SP Fig. 1. Capricorn Silvereye (Z. lateralis chlorocephalus; left) and vagrant mainland silvereye (Z. 

lateralis cornwalli; right) captured on Heron Island in June 2012. Photo: Sonya Clegg.  

 

island avian community was therefore partly attributed to restricted vector 

densities. However, sample sizes for each avian species examined were too small 

(for Z. l. chlorocephalus, n=15) to be highly confident that infections were absent 

(Peirce & Adlard 2004). Moreover, sensitive molecular tools are now available that 

may increase detection of avian haemosporidians, particularly for low-intensity 

infections that may be overlooked using microscopic analysis (Waldenström et al., 

2004). In this study, we used molecular techniques to screen vagrant and resident 

Silvereyes on Heron Island for the presence of infection by Haemoproteus and 

Plasmodium spp.  

 

MATERIALS AND METHODS 

Resident and vagrant Silvereyes were captured on Heron Island using baited, 

hand-operated traps over a 10 day period in June 2012. A small blood sample (~ 

20 to 40µL) was taken by pricking the brachial vein, collecting the blood droplet in 

a capillary tube and transferring the blood to a labeled microfuge tube containing 
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lysis buffer (1%SDS, 20mM NaCl, 10mM TRIS pH 8.0, 10mM EDTA pH 8.0). Each 

bird was banded with an Australian Bird and Bat Banding Scheme (ABBBS) metal 

band and a unique combination of three colour bands, and released at the site of 

capture. Given the size disparity between island residents and mainland vagrants, 

the two subspecies can be readily differentiated using standard measurements of 

length, weight and bill shape (Clegg et al., 2002; Higgins et al., 2006). We therefore 

measured each bird using the techniques described in Clegg et al., (2002) to 

differentiate between island residents and mainland vagrants (SP Table 1). 

 

DNA extractions were performed using standard ammonium acetate/ethanol 

precipitation (Richardson et al., 2001). Extracted DNA from each sample was re-

suspended in 150 µL of 0.1X TE Buffer (10 mM TRIS pH 8.0, 1 mM EDTA pH 8.0). 

Each sample was screened for the presence of Haemoproteus and Plasmodium spp. 

using a nested-polymerase chain reaction (PCR) protocol to target the parasite 

cytochrome-b (cyt-b) gene. The first round of PCR, using primers HAEMNF and 

HAEMNR2 (Waldenström et al., 2004), consisted of 20 µL reactions containing 10 

µL TopTaq Mastermix (Qiagen), 5 µL DNA template and 0.2 µM of each primer. 

Reactions for the second round were identical to the first round, but used primers 

HAEMF and HAEMR2 (Waldenström et al., 2004) and 1 µL PCR product from the 

first round as DNA template. PCR cycling conditions for both rounds of PCR 

followed Waldenström et al., (2004). Positive amplifications, indicating a 

haemosporidian infection, were sequenced in both directions and run on an 

Applied Biosystems 3130xl Genetic Analyser at the Griffith University DNA 

Sequencing Facility (Brisbane, Australia). Parasite sequences were identified to 

genus level (Haemoproteus or Plasmodium) by comparison to sequences lodged on 

GenBank and the avian malaria database, MalAvi (Bensch et al., 2009). 
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RESULTS 

We sampled a total of 198 Silvereyes. Of these, 195 were morphologically 

identified as resident island birds (Z. l. chlorocephalus) and three were identified as 

mainland vagrants (Z. l. cornwalli) (SP Table 1). For resident Silvereyes, nested-

PCR revealed a total of 12 infections (6.2% prevalence), six being Plasmodium spp. 

and six Haemoproteus spp. (SP Table 2). All three mainland vagrant Silvereyes 

were infected, one with Plasmodium and two with Haemoproteus spp. (SP Table 2).  

 

SP Table 1. Morphological measurements for island (n=195) and vagrant mainland (n=3) Silvereyes 

captured on Heron Island. Following Clegg et al., (2002), wing length was measured as maximum 

flattened chord of the longest primary feather and tail length of central tail feathers was measured 

from base to tip. Dial calipers were used to measure metatarsal length and head length from rear of 

skull to tip of bill. Additional bill measurements, also taken with dial calipers, were mandible length 

and width at the posterior nostril opening (billLp and billWp, respectively) and mandible length 

and depth at the anterior nostril opening (billLa and billDa, respectively). Body weight was 

measured to the nearest 0.5 g using a 30 g Pesola spring balance (Pesola AG, Baar, Switzerland). 

Aside from weight, all measurements are given in mm.  

  Measurement 

 wing tail tarsus head billLp billLa billDa billWp 

Weight 

(g) 

Range          

Island  59.0-68.0 42.5-52.0 17.9-20.6 28.1-35.5 9.4-13.0 6.9-9.9 3.3-4.0 3.0-3.7 8.5-16.5 

Vagrant  54.5-60.0 39.0-44.5 16.1-16.4 28.3-28.8 9.4-10.2 7.1-7.4 2.7-3.0 2.6-2.8 8.5-10.5 

           

Mean          

Island 63.6 48.2 19.3 31.1 11.8 8.7 3.6 3.3 12.7 

Vagrant 57.3 41.8 16.2 28.6 9.9 7.2 2.9 2.7 9.7 
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SP Table 2. Prevalence of infection in island resident and vagrant mainland Silvereyes. Parasite cyt-

b lineages were identified based on BLAST searches of genetic sequences on GenBank and MalAvi 

(Bensch et al., 2009). 

  cyt-b lineage   Totals 

  

Plasmodium 

AP70 

Plasmodium 

LIN1 

Haemoproteus 

ZOSLAT04  infected uninfected 

Island 3 3 6  12 183 

Vagrant 1 0 2  3 0 

 

DNA sequencing revealed that the infections consisted of three genetic parasite 

lineages (2 Plasmodium spp. and 1 Haemoproteus sp.). All three lineages were 

found in resident island Silvereyes and two were also found in the mainland 

vagrants (SP Table 2).  The two lineages shared between resident and mainland 

Silvereyes were previously recorded from the Australian mainland and other 

Silvereye populations in Vanuatu and New Caledonia (Plasmodium AP70, 

Haemoproteus ZOSLAT04; see Beadell et al., 2004; Ishtiaq et al., 2010; SP Table 3). 

The third lineage found in island Silvereyes (Plasmodium LIN1; SP Table 2) has 

been recovered in a New Zealand bellbird (Anthornis melanura; see Baillie & 

Brunton 2011) and in a Lewin’s honeyeater (Meliphaga lewinii) in Australia, but 

has not been recorded from Silvereyes elsewhere (SP Table 3).  

 

DISCUSSION 

We report the first evidence of blood parasites in resident Heron Island Silvereyes, 

thus indicating that resident birds have not entirely escaped blood parasite 

infection. The sharing of parasite lineages between resident island birds and 

mainland vagrants suggests that lineages may be regularly introduced from the 

mainland. A number of factors may help explain why positive infections were 

found in this study, but not the previous study of Peirce & Adlard (2004). 
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SP Table 3. Genbank accession numbers and previous recordings for parasite cyt-b lineages 

identified in island resident and vagrant mainland Silvereyes on Heron Island.  

Lineage 

GenBank 

accession 

# 

Regions 

recorded Avian hosts recorded Sources 

Plasmodium 

AP70 

AY714203 Australia, 

Vanuatu, 

Myanmar, 

Japan 

Z. lateralis, Acanthiza 

katherina, Colluricincla 

megarhyncha, 

Tanysiptera galatea, 

Todirhampus sanctus, 

Acridotheres tristis 

Beadell et al. 2004; 

Ishtiaq et al. 2006, 

2010; Zamora-

Vilchis et al. 2012  

Plasmodium 

LIN1 

JN415756 Australia, New 

Zealand 

Anthornis melanura, 

Meliphaga lewinii 

Baillie & Brunton 

2011, NJC 

unpublished data 

Haemoproteus 

ZOSLAT04 

JX021550 Australia,         

Vanuatu 

Z. lateralis, Z. flavifrons Ishtiaq et al. 2010; 

Zamora-Vilchis et 

al. 2012 

 

 

First, molecular screening protocols may be more efficient at detecting 

haemosporidian infections than blood smears. Some studies have found that PCR is 

more reliable than microscopy for detecting avian haemosporidian infections 

(Durrant et al., 2006; Garamszegi 2010). However, skilled investigators using good 

quality smears should be able to detect a similar infection prevalence when 

comparing results to PCR screening (Valkiūnas et al., 2008). As the previous study 

on Heron Island birds was carried out by experienced parasitologists using freshly 

prepared smears (Peirce & Adlard 2004), it is unlikely that infections were missed 

during microscopy. Rather, the low prevalence found in this study indicates that 

large sample sizes were needed for accurate determination of whether infections 

do occur. Indeed, Peirce & Adlard's (2004) sample size of 15 birds is theoretically 

capable of detecting (at the 99% probability level) a randomly distributed 

infection only if the parasite population prevalence is ≥26% (Post & Millest 1991) . 
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Temporal variation in parasite prevalence may also contribute to the contrasting 

findings. Birds were sampled in a single year in both the current study and that of 

Peirce & Adlard (2004), and large variations in the occurrence of vectors, 

particularly those that depend on freshwater sources for breeding (Marks 1969), is 

likely to cause temporal variation in prevalence of the disease. Low prevalence in 

vertebrate hosts may also prevent completion of the parasite life cycle, particularly 

when vector abundances are also low (Valera et al., 2003). Therefore, Heron 

Island’s avian haemosporidian community may be highly unstable and reliant on 

climatic variables, such as high rainfall and high temperatures, that favour vector 

establishment (Sehgal et al., 2010). Sampling across multiple seasons and years 

may therefore give a clearer indication of whether the prevalence observed in this 

study is within a normal range as well an indication of whether haemosporidian 

parasites on Heron Island are influenced by climatic variation. 

 

The differences in parasite prevalence between island residents and mainland 

Silvereyes may have important evolutionary implications (Ricklefs 2010). In 

contrast to the low haemosporidian prevalence found in island residents in this 

study, prevalence in mainland Silvereyes can reach 70%. Over time, such 

differences in parasite pressure may lead to different immunological adaptations 

for mainland and island hosts (Hart 1990; Beadell et al., 2007). Indeed, Silvereyes 

that were introduced to the island of Moorea in French Polynesia within the last 

100 years already exhibit a decrease in parasite prevalence, as well as a decreased 

cell-mediated immune response, when compared to mainland birds (Beadell et al., 

2007). The differences in parasite pressure observed in this study may therefore 

provide an important ecological basis to help explain the rapid divergence 

observed between mainland and island Silvereyes (Clegg et al., 2002; Higgins et al., 

2006; Clegg et al., 2008). However, our study addressed two genera of avian blood 
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parasites, and Silvereyes have been found to exhibit infections with a wide variety 

of parasites (Mackerras and Mackerras 1960; Austin et al., 1973). Further studies 

are needed to determine whether differential parasite prevalence and diversity 

across mainland and Heron Island Silvereyes is common across a broader range of 

parasite taxa. 

 

The presence of infections in mainland vagrants suggests that these temporary 

visitors can act as potential sources for infections, and may therefore influence the 

stability of Heron Island’s avian parasite community. If island populations exist in 

relative isolation, they may evolve to represent unique faunal communities 

(Cornuault et al., 2012). Vagrant Silvereyes may therefore contribute to the 

prevention of such insular divergence for haemosporidian parasites on Heron 

Island by continually introducing mainland lineages. For instance, the two lineages 

carried by vagrants in this study, Plasmodium AP70 and Haemoproteus ZOSLAT04, 

have been recorded previously from Silvereyes on the Australian mainland 

(Beadell et al., 2004 Zamora-Vilchis et al., 2012). It is highly likely that these 

vagrant individuals were infected prior to arrival on the island, rather than 

contracting the infection there. This is because vagrants typically do not survive on 

the island for more than a few days to weeks (Kikkawa 1970), and the prepatent 

period of infection (i.e. the period following transmission when the parasite is not 

yet found in the blood stream) varies from 11 days to three weeks (Valkiūnas 

2005). However, the identification of Plasmodium lineage LIN1 in three resident 

island birds suggests that avian hosts other than Silvereyes may also be carrying 

parasites to Heron Island. This lineage has only been recorded previously in a 

Bellbird (Anthornis melanura) from New Zealand (Baillie & Brunton 2011) and in a 

Lewin’s Honeyeater (Meliphaga lewinii) from the Australian mainland, and has not 
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been found in Australia’s mainland Silvereyes (Beadell et al., 2004; Ishtiaq et al., 

2006; Beadell et al., 2007; Zamora-Vilchis et al., 2012).  

 

Many other forest-dwelling avian species have been observed as vagrants on 

Heron Island, including fantails (Rhipiduridae), monarchs (Monarchidae), cuckoos 

(Cuculidae), pittas (Pittidae), doves (Columbidae) and whistlers (Pachycephalidae) 

(Kikkawa 1970). The presence of other vagrant species may therefore facilitate the 

spread of parasites to Heron Island, particularly for Plasmodium parasites, which 

are generally less host-specific than Haemoproteus (Bensch et al., 2000; Hellgren et 

al., 2009). For lineages such as Plasmodium LIN1, migratory birds that feed in New 

Zealand and use Heron Island as a breeding ground (e.g. Wedge-tailed Shearwaters 

Puffinus pacificus (Hill & Barnes 1989)) may provide opportunities for parasites to 

colonise new habitats (Mendes et al., 2005). Although Peirce & Adlard (2004) did 

not find evidence of infections in Heron Island’s seabirds, blood parasites have 

been recorded in shearwaters and other seabirds elsewhere (Quillfeldt et al., 

2011). It may also be possible that Plasmodium LIN1 exists in mainland Silvereyes 

and has thus far escaped detection due to limited sampling. Without more 

adequate sampling of Australia’s bird and vector community, we can only 

speculate as to how certain lineages colonise the island and infect resident island 

Silvereyes. 

 

In summary, we report the first evidence of blood parasites in Heron Island’s 

resident Silvereyes. The low overall prevalence in island versus mainland birds 

may have important evolutionary consequences for the island population. We 

suggest that mainland Silvereye vagrants and other colonising hosts (both avian 

and vector) are central to understanding avian parasite community dynamics on 

Heron Island.  
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ABSTRACT 

Host-parasite interactions have potential to influence broad ecological and 

evolutionary processes, levels of endemism, divergence patterns and distributions 

in hosts. Understanding the mechanisms involved requires identifying the factors 

that shape parasite distributions and prevalence. A lack of comparative data on 

community-level host-parasite associations limits our understanding of the role of 

parasites in host population divergence processes. Avian malaria parasites in bird 

communities offer a tractable model system to examine the potential for 

pathogens to influence evolutionary processes in natural host populations. Using 

cytochrome b variation, we characterized phylogenetic diversity and prevalence of 

two genera of avian haemosporidian parasites, Plasmodium and Haemoproteus, 

and analysed biogeographic patterns of lineages across islands and avian hosts, in 

southern Melanesian bird communities to identify factors that explain patterns of 

infection. Plasmodium spp. displayed isolation by distance effects, a significant 

amount of genetic variation distributed among islands but insignificant amounts 

among host species and families, and strong local island effects with respect to 

prevalence. Haemoproteus spp. did not display isolation by distance patterns, 

showed significant genetic structuring among avian host species and families, and 

significant host species prevalence patterns. These differences suggest Plasmodium 

spp. infection patterns were shaped by geography and the abiotic environment, 

whereas Haemoproteus spp. patterns were shaped mainly by host associations. 

Heterogeneity in the complement and prevalence of parasite lineages infecting 

bird communities likely exposes hosts to a mosaic of spatially divergent selection 

pressures across their naturally fragmented Melanesian distributions. Host 

associations for Haemoproteus spp. indicate a capacity for locally co-adapted host-

parasite relationships, a feature that may limit intraspecific gene flow or range 

expansions of closely related host species.  
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INTRODUCTION 

Host-pathogen interactions have the potential to influence broad scale ecological 

and evolutionary processes, affecting species distributions and speciation rates 

(Ricklefs 2010a, b) and extinction dynamics (McCallum et al., 2009) in hosts. 

Variation in pathogen prevalence and composition is potentially important in 

intraspecific divergence of host species, creating spatial mosaics of selection 

pressures and generating local co-adapted host-pathogen relationships (Laine 

2009; Ricklefs 2010a). However, the microevolutionary consequences of host-

parasite interactions are neglected elements in understanding population 

differentiation and incipient speciation of hosts, in large part because of a lack of 

comparative information on community-level host-parasite associations (Ricklefs 

2010a, b). In the last decade, avian haemosporodian parasites (class 

Haemosporidia, genera Plasmodium and Haemoproteus) have emerged as a 

promising model system to examine the natural dynamics of host-pathogen 

interactions (Hellgren et al., 2007b; Valkiūnas et al., 2008; Bensch et al., 2009). 

Varying levels of host specialization at species and population levels (Woolhouse, 

Haydon & Antia 2005; Valkiūnas et al. 2008) afford an opportunity to examine 

geographical, environmental and host species/population influences on avian 

haemosporidian distribution and prevalence.  

 

Avian Plasmodium and Haemoproteus spp. are common blood parasites found in 

birds worldwide except for Antarctica (Valkiūnas 2005; Bensch et al., 2009; Clark 

et al., 2014). Both genera rely on multiple hosts to complete their life cycles, 

multiplying as haploid clones in avian hosts and undergoing sexual reproduction in 

arthropod vectors, primarily biting midges Culicoides spp. for Haemoproteus spp. 

and various mosquito species for Plasmodium spp. (LaPointe et al., 2005; Valkiūnas 

2005; Ishtiaq et al., 2008). Traditionally avian Haemosporidia have been studied 
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using light microscopy (Valkiūnas 2005), however, the adoption of molecular 

methods has rapidly increased our understanding of parasite distributions, 

diversity and potential for emergence in novel hosts (Ricklefs and Fallon, 2002; 

Palinauskas et al., 2007; Ishtiaq et al., 2010; Ricklefs and Outlaw, 2010; Clark et al., 

2014). A key finding has been the ability of certain parasite lineages to infect a 

wide range of avian hosts along with a considerable capacity for host switching 

(Ricklefs and Fallon, 2002; Beadell et al., 2004; Ricklefs et al., 2004; Szymanski and 

Lovette, 2005; Ricklefs et al., 2014). Other lineages appear remarkably host-

specific, restricted to a single, or a few closely related host species (Ishtiaq et al., 

2007; Beadell et al., 2009). The Haemoproteus genus was once considered more 

host-specific than the Plasmodium genus (Atkinson and van Riper III, 1991), an 

idea supported by molecular studies (Bensch et al., 2000; Beadell et al., 2004) 

however numerous recent studies have demonstrated that both genera contain 

examples of generalist and specialist lineages (Beadell et al., 2004; Hellgren et al., 

2009; Medeiros et al., 2013; Svensson-Coelho et al., 2013; 2014). 

 

Distributions of parasites across space and among host species are likely 

determined by a number of interacting factors, including availability of 

appropriate hosts (Beadell et al., 2004; Jenkins et al., 2012; Medeiros et al., 2013), 

dispersal ability of hosts (Pérez-Tris and Bensch, 2005), environmental factors 

that influence pathogen development (Blanford et al., 2013) and the distributions 

of vectors (Yanoviak et al., 2006; Steiger et al., 2012). However, the relative 

contributions of these factors to parasite prevalence and distribution patterns may 

differ substantially among parasite genera as well as among host species and 

populations. Moreover, differences in host specialisation may influence the 

number of hosts that can be utilised by parasites and therefore shape prevalence 

and geographic range of a parasite (Hellgren et al., 2009; Drovetski et al., 2014; 
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Medeiros et al., 2014). To examine the factors that are important in determining 

parasite distributions and hence their potential impacts on hosts, a host 

community perspective is required, where a group of pathogens is examined 

across a suite of co-occurring host species.  Avian communities on archipelagoes 

are excellent systems for such studies because the ecological and evolutionary 

factors that shape outcomes of host-parasite interactions can be partitioned 

(Apanius et al., 2000; Cornuault et al., 2013). For instance, following Fallon et al. 

(2003), significant host species effects on parasite prevalence imply that genetic  

and/or ecological attributes of hosts are important, e.g. some host species may be 

genetically more susceptible to infection or more susceptible because they 

frequent habitats with high vector abundance. ‘Island’ effects imply that 

environmental differences among islands are important in determining parasite 

transmission irrespective of which parasite lineages or bird species occur in each 

place, e.g. temperature or precipitation differences that affect vector biology, or 

that biotic differences occur e.g. in occurrence and abundance of various host and 

vector species across islands. Interaction effects suggest unique adaptations of the 

host and / or the parasite, or variation in the identity of parasite lineages infecting 

hosts on different islands. The latter could possibly arise from local co-adaptation 

between host and parasite, where reciprocal change results in locally restricted 

low virulence of a particular host-pathogen associations (Ricklefs 2010b).  

 

Here we examine haemosporidian parasites (Plasmodium and Haemoproteus spp.) 

across the avian host communities of New Caledonia and Vanuatu archipelagoes of 

southern Melanesia to test whether spatial and/or host infection patterns of 

prevalence and parasite lineage diversity provide opportunities for variation in 

parasite-mediated selection pressures. We describe the diversity and phylogenetic 

relationships of avian haemosporidian lineages across the region, determine if 
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parasite distribution and prevalence patterns are best explained by geographic 

distances, island effects, host species effects or their interactions and whether 

patterns differ for the two parasite genera.  

 

MATERIALS AND METHODS 

Sample sites and avian community sampling 

Sampling on 13 islands in the Vanuatu archipelago and three islands (four sites) in 

the New Caledonia archipelago occurred from 2004 to 2011 (SPII Table 1, SPII Fig. 

1). We sampled 1120 resident forest birds, representing between 6% and 44% of 

the resident forest avifaunal community on each island (SPII Table 1).  Birds were 

caught using mist nets and 20–40 µL of blood from the sub-brachial wing vein was 

sampled and stored in 70% ethanol or on wet strength no. 13 Whatman filter 

paper saturated with 0.5M EDTA (Petren et al., 1999).  

 

DNA extraction and parasite screening 

DNA was extracted using either a DNeasy Blood and Tissue Kit (Qiagen®, Valencia, 

California), following manufacturers protocols, or an ammonium acetate salt 

extraction method (Nicholls et al., 2000). DNA samples were screened for 

Haemoproteus and Plasmodium spp. infection using nested Polymerase Chain 

Reaction (PCR) targeting a 315bp or 479bp fragment of the parasite cytochrome b 

gene (cyt-b) (modified from Beadell et al. 2004; Waldenström et al. 2004). PCR 

reactions were performed in 20 μl reaction volumes in a C1000 Thermal Cycler 

(Bio-Rad, Hercules, California, USA) (see SPII Table S1 for primer combinations 

and PCR conditions). Each PCR included at least one known positive and negative 

sample, and a negative PCR control. In cases where a readable sequence could not 

be generated, the parasite genus was determined via a restriction digest (see 

Beadell & Fleischer 2005). To minimise the effect of false negatives caused by poor 
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quality DNA, we amplified a small fragment (268 bp) of avian cyt-b gene using 

primers cytb-2RC and cytb-wow (see protocols in Dumbacher et al., 2003). If 

samples failed to amplify using avian primers, even after re-extraction, they were 

excluded (17 samples). The largest fragment obtained from each infected 

individual was sequenced in both directions using Applied Biosystems BigDye 

Terminator® reactions at the Griffith University DNA Sequencing Facility 

(Brisbane, Australia). Sequences were edited and aligned in Geneious Pro version 

5.6.5 (Biomatters, Auckland, New Zealand). In 36 of 1120 cases, multiple peaks on 

the chromatogram indicated co-infection with multiple parasite lineages. These 

individuals were included in parasite prevalence analyses only. The full dataset 

included 704 samples of previously screened Zosterops spp. individuals (5 species) 

(Ishtiaq et al., 2010) and 416 newly screened individuals from 3 Zosterops species 

plus an additional 30 species. 

 

Statistical analysis 

Phylogenetic reconstruction 

We estimated the phylogenetic relationships among parasite lineages using 

between 271 and 498 bp of cyt-b sequence representing 45 distinct haplotypes 

(including 27 from Ishtiaq et al., (2010), GenBank Accession numbers: FJ664152 – 

FJ664178). We used an Akaike’s information criterion-based approach in 

jModelTest, version 0.1.1 to determine the most appropriate evolutionary model 

(GTR+I+G) (Posada 2008). Phylogenetic reconstruction was implemented in 

BEAST, version 1.7.4 (Drummond and Rambaut, 2007). Following Ricklefs and 

Outlaw (2010), a strict molecular clock with a divergence rate of 1.2% sequence 

divergence per million years was implemented along with a Yule prior fo r 

branching rates. Two runs of 20 million generations were performed, with 

sampling conducted every 1000 generations for both runs. Using TRACER version 
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1.5 (Rambaut & Drummond 2003) we tested whether the estimated sample size 

(ESS) for each parameter was sufficient (ESS > 200) to obtain robust parameter 

estimates. A posterior distribution of 32000 trees remained after discarding four 

million generations of burn-in per run. As avian Plasmodium spp. appears to be 

more closely related to avian Haemoproteus spp. than to mammalian Plasmodium 

spp. (Outlaw and Ricklefs, 2011), three mammalian Plasmodium parasite 

sequences, P. malariae (GenBank Accession: AF069624), P. falciparum (GenBank 

Accession: AJ298778) and P. reichenowi (GenBank Accession: GU045314) were 

used as outgroups.  

 

Parasite prevalence  

Variation in avian malaria parasite prevalence among islands and host species was 

assessed using a Generalized Linear Model (GLM), with binomial errors, and a 2 

analysis of deviance to test the significance of model terms. GLM’s were conducted 

in R version 3.1.2 (R Development Core Team 2014) with multiple datasets. The 

first used all host species and all island locations. A full model, including the terms 

island, host species and their interaction was specified, but uneven sampling of 

host species across islands meant that individual estimates were not generated in 

many cases. We then restricted the GLM to three well-sampled species (Myzomela 

cardinalis, Zosterops flavifrons and Z. lateralis) specifically to examine host species 

by location interactions. For each dataset, we analysed all infections and then 

Haemoproteus and Plasmodium spp. infections separately. The diversity of the 

parasite fauna meant we had too few recoveries across species and locations to 

repeat this analysis on a lineage-by-lineage basis or apply multinomial models 

specifying which lineage infected an individual, in place of the binomial models 

(infected versus uninfected) used.  
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Estimation of parasite lineage richness 

To assess the regional diversity of Haemoproteus and Plasmodium lineages from 

our sample, we constructed linked rarefaction and extrapolation curves in 

EstimateS, version 9.0.0 (Colwell 2013).  This method interpolates back from the 

empirically sampled reference point using Mao Tau estimates, and extrapolates 

forwards from the reference point towards a target richness Chao2 estimate of 

total parasite lineage diversity (Colwell et al., 2012). Chao2 estimates weight the 

number lineages detected once and twice to produce an estimate incorporating un -

sampled lineage diversity (Dove and Cribb, 2006). We conducted 1000 

randomisations without replacement and report classic Chao2 (Colwell 2013).  

 

SPII Fig. 1: Map of southern Melanesia (New Caledonia and Vanuatu). Pie graphs indicate the 

proportion of infected birds sampled at each location, with sample number in parentheses. Inset 

shows the position of southern Melanesia (circled) with respect to Australia. Site abbreviations 

correspond to SPII Table 1.   
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Assessing geographic relationships of parasite lineages 

The extent of geographic structuring of parasite lineages was assessed via analyses 

of molecular variance (AMOVA), performed in ARLEQUIN 3.5.1 (Excoffier et al., 

2005). AMOVA is a commonly used statistical technique that takes evolutionary 

distance (sequence divergence in our case) into account when partitioning genetic 

variance among hierarchical levels of population structure (Fitzpatrick 2009). 

Within ARLEQUIN, sequence divergence, calculated as pairwise Kimura-2 

parameter distances (Kimura 1980) and the frequency of each lineage that 

occurred in each location were used to estimate the proportion of total covariance 

distributed among versus within islands. The significance of variance terms was 

assessed by the Monte-Carlo permutation test in AMOVA, where a null distribution 

was created by assigning lineages randomly to islands 1000 times (Excoffier et al., 

1992). AMOVAs were repeated for Haemoproteus and Plasmodium spp. separately.  

 

We tested for isolation by distance (IBD) for Haemoproteus and Plasmodium 

lineages using mantel tests implemented in IBDWS with 30000 permutations 

(Jensen et al., 2005) to test for a correlation between geographic distance and each 

of two parasite distance matrices. Pairwise geographic distances were log-

transformed round earth distances calculated with function rdist.earth in the 

package ‘fields’ (Furrer et al., 2012) in R version 3.1.2 (R Development Core Team 

2014). The first parasite distance matrix measured average haplotype nucleotide 

divergence between location pairs (Kimura 2-parameter ΦST values transformed to 

Rousset’s distance measure (ΦST / (1- ΦST)) (Rousset 1997). The second parasite 

distance matrix quantified parasite community similarity using lineage by location 

prevalence information. These were expressed as Bray-Curtis indices, a commonly 

used measure for comparing community composition (Legendre and Legendre, 

1998), calculated using EstimateS, v 9.0.0 (Colwell 2013). This program returns a 
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similarity measure, where a high Bray-Curtis index reflects high similarity 

between two communities. A square-root transformation was applied to reduce 

the effects of quantitatively dominant lineages (Legendre and Legendre, 1998).  

 

Assessing host-parasite relationships  

We calculated host specificity, STD*, (Poulin and Mouillot, 2005) for each lineage 

using TaxoBiodiv2 (http://www.otago.ac.nz/parasitegroup/downloads.html)  

STD* is the average taxonomic distance among host species used by a parasite, 

weighted for prevalence in each host, with higher scores indicating increased host 

generalism. Taxonomic distance between each host pair is calculated as the 

number of taxonomic classification steps to reach a common node (from species, to 

genus, to family etc.) that separates the two host species, which is then weighted 

by the parasites’ prevalence in each host (Poulin and Mouillot, 2005). Lineages 

recorded once were omitted as they provide no information about host range, and 

lineages recorded multiple times in a single host species were given a default score 

of 1 (Poulin and Mouillot, 2005). Next, we partitioned genetic covariation of 

parasite lineages into within- and among-host components using AMOVA in 

ARLEQUIN 3.5.1 (Excoffier et al., 2005) as described above for geographical 

partitioning. AMOVA was calculated with all host species considered as a single 

group, then treated hierarchically, with host species grouped by family and 

repeated for Haemoproteus and Plasmodium spp. separately. Significance of 

variance terms was assessed via Monte-Carlo permutation test in AMOVA, based 

on 1000 iterations.  

 

Host population divergence and parasite community similarity  

We used population genetic information from two host species, Zosterops lateralis 

and Z. flavifrons from Vanuatu (Clegg and Phillimore, 2010), to test if parasite 

http://www.otago.ac.nz/parasitegroup/downloads.html
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community similarity among islands was correlated with genetic connectivity 

among host populations. For Z. flavifrons, our analysis was restricted to those 

populations where contemporary gene flow was most likely (Phillimore et al., 

2008; Clegg and Phillimore, 2010). We conducted a partial mantel test for each 

species, comparing the host pairwise genetic divergence matrix (FST/(1-FST)) to the 

Bray-Curtis index of parasite community composition, while conditioning on the 

third matrix of geographic distance.  Partial mantel tests were conducted using the 

function mantel.partial in the package ‘vegan’ (Oksanen et al., 2011) in R version 

3.1.2 (R Development Core Team 2014). Genetic divergence matrices based on 

microsatellite variation were those used in Clegg and Phillimore (2010). Because 

the analysis required three dissimilarity matrices, Bray-Curtis similarity indices 

were calculated as above, and converted to a dissimilarity measure by taking each 

pairwise value away from 1 and a square root transformation applied.  The subset 

of islands where each Zosterops species occurred were used in each case, and all 

avian parasite lineages found in each avian island community were included 

regardless of whether they were recovered in Zosterops species. The analyses were 

repeated using only those parasite lineages that were recovered in either Z. 

lateralis or Z. flavirons in Vanuatu.     

 

RESULTS 

The dataset comprised 1120 individual birds from 35 species and 16 families (SPII 

Table S2). Haemosporidian infections were detected in 378 individuals (33.8% of 

total) consisting of 91 Plasmodium infections (24.1% of infected individuals), 251 

Haemoproteus infections (66.4%) and 36 mixed infections (9.5%) spanning 18 

species from 8 families. Phylogenetic reconstruction of 275 sequenced infections 

revealed 18 Plasmodium and 27 Haemoproteus lineages (SPII Fig. 2). Three 

lineages have been reported from Australia and / or Papua New Guinea (AP27, 
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SPII Fig. 2: Maximum clade credibility tree of Plasmodium and Haemoproteus lineages recovered 

from avian hosts from two Melanesian archipelagos based on cytochrome b (271–351 bp). 

Posterior clade probability support values above 0.5 are shown. Mean nucleotide divergences are: 

10.6% between Haemoproteus and Plasmodium spp.; 6.3% within Haemoproteus spp. and 4.4% 

within Plasmodium lineages. Outgroups are Plasmodium malariae, P. falciparum and P. reichenowi.  

 

AP28, AP31 (Beadell et al., 2004)), and 42 have not been recorded outside of 

southern Melanesia to date (18 newly detected in this study and 24 also detected 

by Ishtiaq et al. (2008; 2010)).  

 

Prevalence of parasite infection and parasite lineage richness 

Parasite prevalence was heterogeneous across islands, ranging from 6.5% to 

75.4% (SPII Fig. 1 and SPII Fig. 3) and across host species, ranging from 0% to 
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100% (SPII Fig. 4) (and see SPII Table S2). Of the seven locations that were 

sampled in two years with at least 10 samples in a year (SPII Table 1, SPII Table 

S3), only one (Efate) had a significant difference in overall prevalence (GLMM with 

year as a fixed effect and species as a random effect, p<0.001). With all host species 

included, the main effects of ‘island’ and ‘host species’ in GLMs significantly 

reduced the deviance of the models, but their interaction was not significant for 

both parasite genera considered together (SPII Table S4a) nor for each genus 

considered separately (SPII Table S4b,c).  

 

Prevalence of haemosporidians in three well-sampled host species (Myzomela 

cardinalis, Z. flavifrons and Z. lateralis) varied significantly across islands and 

showed a significant island by species interaction (SPII Table 2a). For Plasmodium 

spp., prevalence varied significantly across islands only (SPII Table 2b). For 

Haemoproteus spp., the island, species and interaction terms were all significant 

(SPII Table 2c). Maximum models were fitted, but in numerous cases all 

individuals were infected or uninfected, rendering standard errors around 

individual estimates for island, species or their interaction unreliable, so full GLM 

tables are not shown.  

 

Sample reference points shown on the rarefaction-extrapolation curves are well 

below the asymptote for all lineages considered together and for genera 

considered separately (SPII Fig. S1a and b, respectively). Most lineages (28/46, 

60.8%) were only recorded once or twice (14/19, 73.7% for Plasmodium; 14/27, 

51.8% for Haemoproteus). This resulted in estimates of Chao2 total lineage 

richness of 111.0 ± 37.3 sd for all lineages, 108.8 ± 102.3 for Plasmodium spp. only 

and 48.2 ± 15.2 for Haemoproteus spp. only.  
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SPII Table 1: Sampling localities in southern Melanesia. Species # sampled shows the number of 

species sampled compared to the number of terrestrial forest bird species (taken from Dutson 

(2012) and avibase.bsc-eoc.org/checklist.jsp). Results are combined across sites for islands where 

multiple sites were sampled, except for the large island of Grand Terre (New Caledonia).  

 

Location  Latitude (South) Species # Dates sampled 

(Abbreviation) Longitude (East) sampled  

Vanuatu 

Vanua Lava (VL) 13.88S 167.55E 14/32 April 2004, April 2006 

Gaua (Ga) 14.83S 167.67E 2/30 April 2004 

Espiritu Santo (ES)  12/46 

 Kole1 15.23S 167.16E  Feb 2006, Feb 2008 

 Luganville 15.53E 167.22E  April 2004 

Maewo (Mw) 15.19S 168.11E 5/33 Feb-Mar 2006 

Ambae (Ab) 16.22S 167.91E 7/34 Mar 2006 

Pentecost (Pn) 15.47S 168.16E 7/33 Mar 2006 

Malekula (Mk)   12/39 

 Wiawi  16.13S 167.20E  Mar 2006 

 Lakatoro  16.12S 167.42E  Mar 2004 

Ambrym (Ar) 15.28S 167.99E 10/40 April 2006, Feb 2008 

Epi (Ep) 16.45S 168.33E 2/36 May 2004 

Efate (Ef)   12/46 

 Moso Is. 17.56S 168.22E  Feb 2006 

 Port Vila 17.73S 168.32E  Feb 2004, Feb 2006 

Erromango (Er) 18.70S 169.15E 9/35 May 2004 

Tanna (Tn) 19.53S 169.27E 7/31 Mar 2004, Feb 2008 

Aneityum (An) 20.33S 169.66E 4/32 Mar 2004, Feb 2008 

New Caledonia 

North Grand Terre (NP) 20.72S 164.94E 8/58 Nov-Dec 2006, Dec 2007 

South Grand Terre (SP) 22.17S 166.75E 5/58 Sept-Oct 2006 

Lifou (Li) 20.78S 167.13E 15/38 Oct-Nov 2006, Nov 2011 

Maré (Ma) 21.53S, 167.99E 2/31 Nov 2006 

 

Geographic relationships of parasite lineages 

For the entire parasite community and for each parasite genus considered 

separately, a significant proportion of genetic variation was distributed among 

islands (SPII Table 3). The proportions remained similar when the analysis was 
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repeated using only lineages recovered more than 4 times (SPII Table S5). For 

Haemoproteus spp., we found no significant effect of geographic distance on 

lineage divergence (Z = 172.27, r = -0.14, p = 0.89) or Bray-Curtis community 

similarity (Z=136.27, r=0.099, p=0.78) across 17 islands where it occurred. In 

contrast, for Plasmodium spp., geographic distance showed a significant positive 

relationship with lineage divergence (Z = 151.01, r = 0.42, p = 0.01) and a 

significant negative relationship with Bray-Curtis community similarity (Z=60.52, 

r=-0.27, p=0.016) across 12 islands where it occurred. Alternative community 

similarity measures produced similar results (Morista Horn: Haemoproteus spp. Z 

= 195.62, r = 0.10, p = 0.77; Plasmodium spp. Z = 71.11, r = -0.31, p = 0.006; Chao-

Sørensen: Haemoproteus spp. Z = 190.06, r = 0.09, p = 0.75; Plasmodium spp. Z = 

72.87, r = -0.29, p = 0.009).  

 

SPII Table 2: 2 analysis of deviance of GLM of avian malaria prevalence in M. cardinalis, Z. flavirons 

and Z. lateralis across 7 common islands. a includes host individuals with mixed infections. 

 

    Deviance df Residual P-value 

   Deviance  

a) All parasite lineagesa  

Null model   139.36               

Island    89.16         6 50.20 <0.001 

Species    11.97         2 38.23 <0.01  

Island*Species    38.23          12 0          <0.001 

b) Plasmodium spp.  

Null model   65.28 

Island    54.98         6 10.30 <0.001 

Species    0.77              2 9.52     >0.5 

Island*Species    10.939          12 0 >0.5  

c) Haemoproteus spp.  

Null model   129.45  

Island    85.61         6 43.84 <0.001 

Species    10.43         2 33.42   <0.01 

Island*Species    33.42          12 0 <0.001 
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Host species relationships of parasite lineages 

Host-specificity STD* for 24 genetic lineages recovered more than once, ranged 

from 1 to 7.67 (Plasmodium lineage average 2.37 ±0.48 sd; Haemoproteus 2.34 

±0.48) (SPII Fig. 4). When genera were combined, AMOVA revealed significant 

genetic structuring of parasite genetic variation among hosts for all levels of the 

hierarchical treatment, a pattern caused by host taxa effects of Haemoproteus 

lineages (SPII Table 4a,b). Considered on their own, Plasmodium lineages did not 

have a significant component of variation among host species, nor for any level of 

the hierarchical analysis (SPII Table 4a,b). The relative amounts of variation 

distributed across levels differed markedly for the two parasite genera and this 

was particularly evident at the host family level, where over half of the molecular 

variance was distributed among host families for Haemoproteus lineages, 

compared to none for Plasmodium lineages. Restricting the analysis to lineages 

recovered at least 4 times did not change this interpretation (SPII Table S6), but an 

individual hierarchical AMOVA for Plasmodium lineages recovered at least 4 times 

was not conducted due to a lack of power (a minimum possible p-value of 0.1 (see 

Fitzpatrick 2009)). One Haemoproteus clade primarily infected the Zosteropidae, 

but the other was noticeably absent from this host family, being found most often 

in the Meliphagidae in addition to a suite of other species (SPII Fig. 4). Given our 

extensive Zosterops spp. sampling (704/1120), it is unlikely that this absence is a 

sampling issue (binomial tests of proportions of infections by members of this 

clade: 0/704 Zosterops samples versus 40/416 non-Zosterops samples or 26/143 

Meliphagidae samples, p<0.0001 in both cases). A significant positive relationship 

existed between number of host species infected and number of islands occupied 

by each parasite lineage (linear regression: all lineages, R2=0.48, F1,43=38.83, 

p<0.001; Haemoproteus lineages, R2=0.45, F1,25=38.83, p<0.001; Plasmodium 

lineages, R2=0.58, F1,16=22.42, p<0.0001).   
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SPII Table 3: AMOVA tests of genetic structure among islands in southern Melanesia; df=degrees of 

freedom, SS=sums of squares. ST summarises the proportion of nucleotide diversity among islands 

relative to the total. P is the probability of obtaining an equal or lower phi value according to 1000 

randomisations.  

 

 df SS % variation ST P 

All parasite lineages 

 Among islands 16 653.48 19.51 0.20 <0.001 

 Within islands 258 2207.27 80.49 

Plasmodium lineages 

 Among islands 11 133.39 29.66 0.30 <0.001 

 Within islands 69 224.09 70.34 

Haemoprotues lineages 

 Among islands 16 293.83 20.93 0.21 <0.001 

 Within islands 178 839.75 79.07  

 

 

Host population divergence and parasite community similarity  

Partial mantel tests of host population genetic divergence versus parasite 

community dissimilarity, conditioned on geographic distance, were not significant 

for Z. lateralis (Mantel r: -0.01, p > 0.5). In Z. flavifrons, a positive trend existed 

between genetic divergence and parasite community dissimilarity, but fell short of 

significance (Mantel r: 0.33, p = 0.08). When parasite genera were treated 

separately, in Z. lateralis there was no relationship between genetic divergence and  

Plasmodium spp. community dissimilarity (Mantel r: -0.01, p=0.52) or 

Haemoproteus spp. community dissimilarity (Mantel r: 0.11, p = 0.31). In Z. 

flavifrons, the corresponding values were Plasmodium spp. (Mantel r: 0.23, p = 

0.09), Haemoproteus spp. (Mantel r: 0.09, p = 0.38). When community dissimilarity 

was calculated using only those lineages recovered from Zosterops species, no 

significant relationships were apparent (p>0.3 in all cases).  
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SPII Fig. 3: The distribution of haemosporidian lineages at each island site. The phylogenetic tree from Figure 2 is compress ed on the left. Shaded blocks indicate the 

identity and number of lineages recovered from each location. Site abbreviations correspond to Table 1. Note that not all infections were sequenced. 
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SPII Fig. 4: The distribution of haemosporidian lineages in host species. The phylogeny from Figure 2 is compressed on the left. Shaded blocks indicate the identity and 

number of lineages recovered from each species. STD* is the host specificity index for each lineage. Note that not all infections were sequenced.  Abbreviations: Z. 

flav=Zosterops flavifrons; Z. lat=Z. lateralis; Z. min=Z. minutus; Z. xan=Z. xanthochrous; L. inc=Lichmera incana; Myz. cal=Myzomela caledonica; M. card=M. cardinalis; P. 

not=Phylidonyris notabilis; P. cal= Pachycephala caledonia; P. pec=P. pectoralis; R. ful=Rhipdura fuliginosa; R. spil=R. spilodera; Myi. cal=Myiagra caledonica; L. mal=Lonchura 

malacca; C. ind=Chalcophaps indica; M. mack=Macropygia mackinlayi; P. grey=Ptilinopus greyii; T. chlor=Todiramphus chloris; C. esc=Collocalia esculenta. 
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SPII Table 4: AMOVA tests of genetic structure a) by host species and b) host species grouped by 

host family (species/family). df=degrees of freedom, SS=sums of squares. The -statistics 

summarise the distribution of nucleotide diversity within and among host species and host families, 

relative to the total. P-values (P) were calculated from 1000 randomisations. 

 

 df SS % variation        -statistic P 

a) Host species 

All parasite lineages 

 Among host species 19 414.72 11.39 ST 0.11          

<0.001 

 Within host species 257 2246.03 88.61 

Plasmodium lineages 

 Among host species 8 49.26 6.05  ST 0.06          >0.1 

 Within host species 71 306.27 93.95 

Haemoproteus lineages 

 Among host species 16 580.26 52.91  ST 0.53          

<0.001 

 Within host species 178 553.04 47.09 

b) Host species grouped by family  

All parasite lineages 

 Among host families 7 248.05 13.74  CT 0.14          <0.05 

 Among host species/families 10 166.67 3.92  SC 0.05          <0.01 

 Within host species 257 2446.03 82.34 ST 0.18          

<0.001 

Plasmodium lineages 

 Among host families 3 12.79 0  CT -0.03 >0.1

  

 Among host species/families 5 36.46 7.16  SC 0.07           >0.1 

 Within host species 71 306.27 96.26 ST 0.04           >0.1 

Haemoproteus lineages 

 Among host families 7 443.308 52.47 CT 0.24          <0.01 

 Among host species/families 9 138.25 11.61 SC 0.24          

<0.001 

 Within host species 178 553.04 35.92 ST 0.64          

<0.001 
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DISCUSSION 

Avian communities in southern Melanesia coexist with a heterogeneous and 

diverse avian haemosporidian parasite community. Heterogeneity is expressed as 

variation in both parasite prevalence and lineage distribution among hosts and 

locations, as well as variation in host-specificity among lineages. Parasite 

prevalence and diversity levels are high, being comparable to continental Australia 

and Papua New Guinea (Beadell et al., 2004; Laurance et al., 2013) and the 

frequency of rare lineages points to an even higher level of undiscovered diversity. 

Parasite biogeographic patterns and host-associations indicate the distributions 

and prevalence of avian Plasmodium and Haemoproteus spp. are influenced by 

different mechanisms, primarily geography and local island effects for Plasmodium 

spp., compared to host interactions for Haemoproteus spp.  

 

Both Haemoproteus and Plasmodium spp. had heterogeneous distributions across 

hosts and islands, but infection patterns differed markedly between the genera. 

First, Plasmodium lineages displayed significant isolation-by-distance relationships 

in both molecular divergence and community similarity, in contrast to insignificant 

relationships for Haemoproteus lineages. Isolation-by-distance relationships are 

commonly found in free-living organisms (Soininen et al., 2007; Jenkins et al., 

2010) and have also been observed in internal parasites. However, specific host 

requirements can prevent or offset such patterns in parasites (Poulin et al., 2011). 

The lack of isolation-by distance for Haemoproteus lineages is therefore consistent 

with host constraints. Second, almost one-third of Plasmodium lineage molecular 

variance was distributed among islands, compared to insignificant amounts among 

host families and species. This was a striking contrast to the distribution of 

molecular variance of Haemoproteus lineages, where high and significant 

proportions were distributed among host families and species. A lower but 
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significant amount was distributed among islands, suggesting local island effects 

(e.g. abiotic differences in temperature and rainfall) may also have an influence. 

Third, in three well-sampled host species (Z. flavifrons, Z. lateralis and M. 

cardinalis), variation in Plasmodium spp. prevalence was significantly associated 

with location, but not with host species. This contrasted with both location and 

host species effects for Haemoproteus spp., and a significant interaction effect. As 

the three species were abundant and regularly found in the same habitats, it is 

unlikely that the significant interaction term was due to varying host habitat 

segregation within islands. Together, these results suggest that geography and 

local conditions (and how these factors may influence movement and abundance 

of hosts and vectors), and not compatibility with, or availability of, particular host 

taxa, underlies patterns of lineage divergence and prevalence in Plasmodium spp. 

in southern Melanesia. This contrasts with patterns for Haemoproteus spp. where 

it is more likely that variation in genetic or ecological attributes of hosts and 

availability of particular host species determine patterns of lineage divergence and 

prevalence levels.  

 

Host specificity 

In southern Melanesia, closely related Haemoproteus spp. were relatively 

constrained at the host family level – of the two main Haemoproteus clades, one 

primarily infected the Zosteropidae and the other did not. Members of the 

Zosterops spp. Haemoproteus clade are within 1 to 3% nucleotide divergence of 

ZOSLAT04H, a lineage reported in Australian Z. lateralis that has been 

microscopically confirmed as the Zosteropidae-restricted Haemoproteus zosteropis 

(Clark and Clegg, 2014). In contrast, lineages from the second Haemoproteus clade 

averaged over 5% nucleotide divergence from lineages in the Zosterops spp. 

Haemoproteus clade, a figure above that expected for reproductively isolated 
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‘species’ (Hellgren et al., 2007a). Our results are therefore consistent with those 

studies that suggest partial constraint of Haemoproteus lineages to taxonomically 

similar hosts (Waldenström et al., 2002; Beadell et al., 2004; Ishtiaq et al., 2007; 

Martínez-de la Puente et al., 2011). Nevertheless, the most extreme host generalist 

lineage in this study was Haemoproteus TAN002H, recovered from eight species 

spanning five families. This unusually generalist Haemoproteus lineage (with 

respect to other Haemoproteus lineages in our sample) inflated the mean host 

breadth index (STD*). In addition, several Haemoproteus lineages (NC2H, VN1Ha 

and VN3H) were found exclusively within the Zosteropidae, but in several 

Zosterops species, elevating their STD* scores. Therefore this metric taken alone 

indicated similar host-breadth indices for Plasmodium and Haemoproteus spp., but 

failed to capture the family-level host-specificity patterns evident in Haemoproteus 

spp. from the analysis of molecular variance approach.  

 

Our results also suggest that Plasmodium lineages in southern Melanesia are 

capable of infecting distantly related hosts, a pattern that has been recorded in 

other biogeographic regions (Beadell et al., 2006; Ishtiaq et al., 2006; Beadell et al., 

2009; Marzal et al., 2011). A parasite might achieve a broad distribution via a 

generalist strategy, infecting a range of host species (Pérez-Tris and Bensch, 2005; 

Hellgren et al., 2009; Poulin et al., 2011), or alternatively via a specialist strategy, 

specializing on a single widely distributed host (Poulin 1998). Drovetski et al. 

(2014) found examples of both strategies in haemosporidian lineages in 

continental Northern Hemisphere locations that share many host species. In 

southern Melanesia, parasites that infected more species did achieve relatively 

wider distributions, however, four of these lineages achieved these distributions 

by infecting Zosterops species only (VN3P, VN1Ha, NC2H and VN3H). Therefore, 

where multiple congeneric host species co-occur or replace each other across a 



SUPPLEMENTARY PUBLICATION II: AVIAN MALARIA IN S. MELANESIA 

 223 

region, specialization at the host genus level may be sufficient for the parasite to 

attain a wide geographic distribution. 

 

Despite the lack of host effects on Plasmodium lineage patterns in this study, it is 

important to note that host specialization in Plasmodium lineages does occur in 

other bioregions, such as North and South America (Ricklefs et al., 2005; Svensson-

Coelho et al., 2013, respectively). Comparisons across regions can yield important 

information on how parasites might diverge under different conditions. For 

instance, Medeiros et al. (2013) identified an important role of host-compatibility 

for transmission of Plasmodium spp. in an urban community of North American 

passerines, suggesting that host effects are important for Plasmodium lineage 

distributions in the region. On a global scale, Plasmodium lineage diversity appears 

to be elevated in Neotropical regions compared to other bioregions (Clark et al., 

2014), a pattern possibly influenced by higher host specificity of Plasmodium 

lineages in the Americas. Therefore, although Plasmodium lineages appear to be 

influenced more strongly by environmental variation in southern Melanesia, host 

effects may be important in other regions. 

 

Implications for divergence of host populations 

The heterogeneity in parasite patterns described above likely exposes the 

southern Melanesian avifauna to a mosaic of parasite-related selection pressures. 

There is opportunity for both genera to apply these pressures in a spatial context 

(e.g. Laine 2009), resulting in divergence of populations exposed to different 

parasite communities. Additionally, due to the host species and host family 

associations observed for Haemoproteus spp., this genus has the potential to affect 

host population divergence via the development of population-specific host-

parasite relationships, which may lead to local co-adaptation (Ricklefs 2010a). This 
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finding has interesting implications because local co-adaptation is hypothesized to 

be an important factor in the generation of biodiversity both locally and regionally 

(Ricklefs and Bermingham, 2007; Ricklefs 2010a). Local host-parasite co-

adaptation may constrain the generation of regional biodiversity by limiting 

secondary sympatry and therefore the opportunity for adaptive radiations 

(Ricklefs and Bermingham, 2007). According to this idea, if co-adaptation results in 

low pathogen virulence locally, and if the same pathogen is highly virulent to an 

allopatric sister host population, opportunities for secondary sympatry of host 

populations will be impeded. Ricklefs and Bermingham (2007) suggests this 

mechanism may explain why adaptive radiations occur in avifauna of some 

archipelagoes (e.g. Hawaiian honeycreepers (Drepanidieae) (Fleischer and 

McIntosh, 2001) and Darwin’s finches (Geospizinae) of the Galápagos (Grant and 

Grant, 2008)) and not in others (e.g. in the Lesser Antilles and Vanuatu (formerly 

New Hebrides)). Host by island interactions in parasite prevalence have been 

reported previously for broadly distributed host species in the Lesser Antilles, 

indicating the potential for parasite-mediated host divergence via this mechanism 

(Fallon et al., 2003; Ricklefs and Bermingham, 2007). The nature of localized host-

parasite associations in southern Melanesia indicates that appropriate conditions 

also exist for such a mechanism to operate via Haemoproteus spp. infection. 

However, the extent to which such interactions contribute to the lack of adaptive 

radiation in southern Melanesian bird species remains a question, and factors such 

as timing of colonization (Grant and Grant, 2008), population persistence times 

and population connectivity (Allmon 1992; Ricklefs and Bermingham, 2007), and 

ecological opportunity (Mayr and Diamond, 2001) require consideration. 

 

Following on from the idea that local host-pathogen incompatibilities may be 

important in determining secondary sympatry of divergent forms, it is useful to 
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understand the extent to which variation in local parasite communities is 

coincident with population genetic structure of host species. In the Lesser Antilles, 

Svensson-Coelho and Ricklefs (2011) did not find the expected positive 

relationships between parasite assemblage divergence and host phylogeographic 

divergence in three widespread host species. Likewise, we did not find statistically 

significant coincident patterns of population genetic similarity and parasite 

community similarity for Zosterops flavifrons or Z. lateralis, although some trends 

were evident. A more complete description of the parasite communities, and 

genetic connectivity of numerous host and vector species would be required to 

establish if a relationship exists, and if so, to determine if parasite community is 

shaped by movement patterns of hosts, or if gene flow patterns of hosts are shaped 

by parasite community incompatibilities. In one population of silvereyes 

(Zosterops lateralis chlorocephalus) on Heron Island on the southern Great Barrier 

Reef of Australia, a combination of empirical infection data and simulations 

showed that the arrival of parasites via mainland vagrant silvereyes was not 

consistent with parasite community patterns in the island bird population, and 

instead vector movement was a likely influence (Clark and Clegg, 2014). 

 

Caveats and conclusions 

The number of novel lineages detected in this study hint at the diversity of parasite 

lineages yet to be discovered. In comparison to the Zosterops spp. and vector 

studies by Ishtiaq et al. (2008; 2010), the results from our avian community 

sampling has doubled the observed number of parasite lineages and increased the 

predicted diversity in the region by as much as three-fold and revealed host 

species and family effects on infection patterns. Even in temperate regions, 

characterization of the full diversity of avian haemosporidian parasites has proved 

challenging (Jenkins and Owens, 2011) and in more tropical environments, 
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haemosporidian studies will require very large sample sizes and broad host 

sampling. Furthermore, the current molecular markers applied to haemosporidian 

lineages describe variation at a coarse scale, and the development of more variable 

genetic markers (e.g. Hellgren et al., 2013) will undoubtedly improve resolution of 

spatial and host patterns in the region.  

 

The samples for this study were collected over an eight-year period, with most 

populations sampled at a single time. We therefore had limited capacity to examine 

the effects of temporal changes in overall prevalence or for particular lineages. 

Temporal fluctuations in prevalence and lineage composition have been 

documented across a years (Ricklefs et al., 2005) and seasons (Cosgrove et al., 

2008). In some situations, temporal fluctuations occur over longer timescales e.g. 

over a decade rather than seasons or years in two Caribbean island host 

communities (Fallon et al., 2004). Host age and sex may also influence prevalence 

patterns (Wood et al., 2007). We were unable to thoroughly assess the nature of 

temporal changes with the available sampling structure and did not have 

information on age and sex of each individual, however systematic biases in 

sampling, whether temporal or related to individual covariates, are unlikely to 

explain the suite of broad scale differences observed between Haemoproteus and 

Plasmodium lineages (ranging from differences in isolation-by-distance patterns, 

partitioning of molecular variance, and prevalence and community composition). 

 

Patterns of haemosporidian infection are likely to be determined by complex 

interactions among vectors, avian hosts and environmental variables. For instance, 

some Plasmodium lineages appear to be highly specialized to particular vector 

species (Gager et al., 2008; Ishtiaq et al., 2008).  Differences in prevalence in 

vertebrate host species may reflect differences in abundances of particular vectors 
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if different parasite lineages are carried by those different vectors (Martínez-de la 

Puente et al., 2011). Furthermore, the importance of vectors, with respect to 

variability in host-feeding preferences and their competency to transmit infection, 

are crucial but understudied links in understanding infection dynamics (Valkiūnas 

2005). Two studies of mosquito vectors did not find evidence of avian host-feeding 

preferences in American systems (Gager et al., 2008; Medeiros et al., 2013) but 

information on the avian feeding patterns of Haemoproteus-carrying vectors is 

scarce (but see Santiago-Alarcon et al., 2012). While a more complete 

understanding of this complex host-parasite system requires denser vertebrate 

host sampling and consideration of invertebrate host dynamics, our results show 

that avian haemosporidian parasites have the capacity to be important ecological 

and evolutionary drivers of host distribution and divergence patterns for avian 

species in southern Melanesia, however Haemoproteus spp. has greater capacity to 

do so through the formation of particular host-parasite associations.  
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SPII SUPPLEMENTARY DATA (SPII TABLES S1 – S6, SPII FIG. S1) 

 

SPII Table S1: Details of two nested PCR protocols targeting the parasite cyt-b region. Final PCR 

products were from overlapping regions, but the second nested protocol was more sensitive when 

amplifying weaker infections. Primer sets (forward/reverse) are shown for first and second round 

PCR. Product length (in base pairs), annealing temperature (°C) and number of cycles for each 

reaction are indicated. 

Primers  Length  °C # cycles Primer reference 

Nested PCR (A)a    Beadell et al. 2004 

1st : 3760F/4292rw2 533 51 30 

2nd: F1/R2 315 51 30 

Nested PCR (B) a    Waldenström et al. 2004 

1st: HAEMNF/HAEMNR2 530 50 20 

2nd: HAEMF/HAEMR2 479 50 20 

a PCR reactions were performed using a C1000 Thermal Cycler (Bio-Rad, Hercules, California, USA) 

in 20 μl reaction volumes using final concentrations of 1.5 mM MgCl2, 10 μl Qiagen TopTaq Master 

Mix, 0.2 mM of each primer and 5 μl of DNA extraction (in first round) or 1 μl of first-round PCR 

product as template. 
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SPII Table S2: Numbers of lineages by recovered in each host species at each location. P = Plasmodium spp. infection,  H = Haemoproteus spp. infection, M = mixed infection, 

U = uninfected. NC= New Caledonia, Grand Terre (NP) and (SP) refer to North and South Province locations respectively. Each identified lineage and the number recovered 

are shown in the final column. Note that not all infections were sequenced. 

Country Island Species P H M U Lineages identified 

NC Grand Terre (NP) Erythrura psittacea 0 0 0 2  

NC Grand Terre (NP) Lichmera incana 1 0 0 1 GTP1 

NC Grand Terre (NP) Myzomela caledonica 1 1 0 0 GTP1, GTH1 

NC Grand Terre (NP) Pachycephala caledonica 1 0 0 2 GT2P 

NC Grand Terre (NP) Pachycephala rufiventris 0 0 0 5  

NC Grand Terre (NP) Todiramphus sanctus 0 0 0 2  

NC Grand Terre (NP) Zosterops lateralis 2 8 6 0 NC6P x2, NC2H x4, VN1Ha x3 

NC Grand Terre (NP) Zosterops xanthochrous 6 16 7 4 NC2P, NC3P, NC5P x2, VN3P, NC2H x7; VN1Ha x8 

NC Grand Terre (SP) Myzomela caledonica 0 1 1 0 GTH1 

NC Grand Terre (SP) Pachycephala caledonica 0 0 0 1  

NC Grand Terre (SP) Pachycephala rufiventris 0 0 0 2  

NC Grand Terre (SP) Zosterops lateralis 2 7 1 0 NC1P x2, NC1H x3, VN1Ha x3 

NC Grand Terre (SP) Zosterops xanthochrous 1 6 2 1 NC8P, VN1Ha x5 

NC Lifou Chalcophaps indica 0 0 0 2  

NC Lifou Collocalia esculenta 0 0 0 1  

NC Lifou Erythrura trichroa 0 0 0 2  

NC Lifou Gerygone flavolateralis 0 0 0 8  

NC Lifou Lalage leucopyga 0 0 0 1  

NC Lifou Lichmera incana 1 0 0 14 Plasmodium LIN2p 
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NC Lifou Myiagra caledonica 0 0 0 1  

NC Lifou Myzomela cardinalis 0 0 0 20  

NC Lifou Pachycephala pectoralis 0 0 0 3  

NC Lifou Philemon diemenensis 0 0 0 1  

NC Lifou Ptilinopus greyii 0 0 0 1  

NC Lifou Rhipidura spilodera 0 1 0 4 TAN002H 

NC Lifou Zosterops inornatus 0 0 0 10  

NC Lifou Zosterops lateralis 0 5 0 15 NC2H x3, VN1Ha 

NC Lifou Zosterops minutus 0 2 0 23 NC2H, VN1Ha 

NC Mare Zosterops lateralis 1 1 0 18 MR2P, VN1Ha 

NC Mare Zosterops xanthochrous 2 2 0 16 MR1P, NC8P, NC2H, VN1Ha 

Vanuatu Ambae Chalcophaps indica 0 0 0 1  

Vanuatu Ambae Macropygia mackinlayi 0 4 0 1 AMB037H x4 

Vanuatu Ambae Myzomela cardinalis 0 7 0 1 AMB016H x4, AMB017H x2, ERR026 

Vanuatu Ambae Petroica multicolor 0 0 0 1  

Vanuatu Ambae Rhipidura fuliginosa 0 0 0 1  

Vanuatu Ambae Zosterops flavifrons 0 20 0 10 VN1Ha x8, VN2H x2, VN3H x7 

Vanuatu Ambae Zosterops lateralis 0 1 0 2 VN1Ha 

Vanuatu Ambrym Artamus leucorynchus 0 0 0 2  

Vanuatu Ambrym Chalcophaps indica 0 0 0 9  

Vanuatu Ambrym Lichmera incana 0 1 0 3 TAN002H 

Vanuatu Ambrym Myzomela cardinalis 0 3 2 0 ABY015H, MWO031H, ABY018H 

Vanuatu Ambrym Pachycephala pectoralis 0 0 0 3  
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Vanuatu Ambrym Rhipidura fuliginosa 0 0 0 4  

Vanuatu Ambrym Rhipidura spilodera 0 0 0 7  

Vanuatu Ambrym Todiramphus chloris 0 0 0 8  

Vanuatu Ambrym Zosterops flavifrons 0 0 0 38  

Vanuatu Ambrym Zosterops lateralis 2 2 0 22 VN3P x2, SAN007H 

Vanuatu Aneityum Myiagra caledonica 0 0 0 1  

Vanuatu Aneityum Myzomela cardinalis 0 2 1 0 ABY015H, ANE001H 

Vanuatu Aneityum Rhipidura fuliginosa 0 0 0 1  

Vanuatu Aneityum Zosterops flavifrons 11 2 1 7 NC8P, VN3P x8, NC5P, SAN007H, VN1Ha 

Vanuatu Efate Chalcophaps indica 0 1 0 0 MWO031H 

Vanuatu Efate Collocalia esculenta 1 1 0 1 EFT032P, MWO031H 

Vanuatu Efate Erythrura trichroa 0 0 0 1  

Vanuatu Efate Lichmera incana 0 0 0 2  

Vanuatu Efate Myiagra caledonica 0 0 1 0  

Vanuatu Efate Ptilinopus greyii 0 0 0 1  

Vanuatu Efate Rhipidura fuliginosa 0 2 0 4 EFT036H, MWO031H 

Vanuatu Efate Rhipidura spilodera 0 4 0 1 EFT019H, MWO031H x3 

Vanuatu Efate Todiramphus chloris 0 1 0 2 Haemoproteus AP28 

Vanuatu Efate Turdus poliocephalus 0 0 1 1  

Vanuatu Efate Zosterops flavifrons 10 1 1 44 VN1P, VN2P x4, VN3P x5 

Vanuatu Efate Zosterops lateralis 2 1 0 28 NC8P, VN3H 

Vanuatu Epi Zosterops flavifrons 1 1 0 4 VN3P, VN1Ha 

Vanuatu Epi Zosterops lateralis 2 1 0 5 VN3P 
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Vanuatu Erromango Lalage leucopyga 0 0 0 1  

Vanuatu Erromango Lichmera incana 0 0 0 1  

Vanuatu Erromango Myiagra caledonica 0 0 0 1  

Vanuatu Erromango Myzomela cardinalis 0 2 0 0 ERR026H, Haemoproteus AP27 

Vanuatu Erromango Pachycephala pectoralis 0 0 0 5  

Vanuatu Erromango Petroica multicolor 0 0 0 1  

Vanuatu Erromango Rhipidura fuliginosa 0 0 0 1  

Vanuatu Erromango Zosterops flavifrons 0 3 0 14 VN1Ha 

Vanuatu Erromango Zosterops lateralis 0 2 0 10 VN1Ha 

Vanuatu Espiritu Santo Chalcophaps indica 0 0 0 10  

Vanuatu Espiritu Santo Gerygone flavolateralis 0 0 0 2  

Vanuatu Espiritu Santo Lalage leucopyga 0 0 0 1  

Vanuatu Espiritu Santo Lonchura malacca 0 1 0 13 SAN007H 

Vanuatu Espiritu Santo Myiagra caledonica 0 0 0 1  

Vanuatu Espiritu Santo Neolalage banksiana 0 0 0 1  

Vanuatu Espiritu Santo Pachycephala pectoralis 1 0 0 4 NC5P 

Vanuatu Espiritu Santo Ptilinopus greyii 0 0 0 1  

Vanuatu Espiritu Santo Rhipidura fuliginosa 0 0 0 3  

Vanuatu Espiritu Santo Todiramphus chloris 0 0 0 1  

Vanuatu Espiritu Santo Zosterops flavifrons 2 23 0 12 VN1Ha x7, VN2H, VN5H x3, TAN002H 

Vanuatu Espiritu Santo Zosterops lateralis 13 34 3 10 VN2P, VN3P x4, VN4P x8, VN1Ha x19, VN3H x2, TAN002H x3 

Vanuatu Gaua Zosterops flavifrons 0 7 1 15 VN1Ha 

Vanuatu Gaua Zosterops lateralis 1 6 0 9 VN1Ha x4 
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Vanuatu Maewo Chalcophaps indica 0 2 0 5 TAN002H x2 

Vanuatu Maewo Myzomela cardinalis 0 4 1 5 MWO008H x2, MWO031H x2 

Vanuatu Maewo Todiramphus chloris 0 1 0 2 TAN002H 

Vanuatu Maewo Zosterops flavifrons 0 15 1 2 VN1Ha x6, VN3H 

Vanuatu Malekula Chalcophaps indica 0 0 0 6  

Vanuatu Malekula Collocalia esculenta 0 0 0 1  

Vanuatu Malekula Lichmera incana 0 1 0 16 TAN002H 

Vanuatu Malekula Lonchura malacca 0 0 0 4  

Vanuatu Malekula Myiagra caledonica 0 0 0 3  

Vanuatu Malekula Myzomela cardinalis 1 0 0 3 MAL034P 

Vanuatu Malekula Pachycephala pectoralis 0 0 1 15  

Vanuatu Malekula Rhipidura spilodera 0 0 0 5  

Vanuatu Malekula Todiramphus chloris 0 0 0 2  

Vanuatu Malekula Turdus poliocephalus 0 0 0 1  

Vanuatu Malekula Zosterops flavifrons 4 6 2 6 NC2P, VN3P x2, NC2H, VN1Ha x4 

Vanuatu Malekula Zosterops lateralis 8 1 0 8 VN3P x2, VN4P x3, VN4H 

Vanuatu Pentecost Chalcophaps indica 0 0 0 1  

Vanuatu Pentecost Chrysococcyx lucidus 0 0 0 1  

Vanuatu Pentecost Collocalia vanikorensis 0 0 0 1 

Vanuatu Pentecost Myzomela cardinalis 0 3 0 32 ERR026H, Haemoproteus AP31, PEN030H 

Vanuatu Pentecost Ptilinopus greyii 0 0 0 2  

Vanuatu Pentecost Zosterops flavifrons 0 0 0 9  

Vanuatu Pentecost Zosterops lateralis 0 2 0 26  
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Vanuatu Tanna Acridotheres tristis 0 0 0 1  

Vanuatu Tanna Chalcophaps indica 0 0 0 3  

Vanuatu Tanna Myzomela cardinalis 0 2 0 0 Haemoproteus AP27 x2 

Vanuatu Tanna Petroica multicolor 0 0 0 2  

Vanuatu Tanna Todiramphus chloris 0 0 0 2  

Vanuatu Tanna Zosterops flavifrons 4 16 3 15 VN3P x4, TAN002H x3, VN1Ha x11, VN3H, VN5H 

Vanuatu Tanna Zosterops lateralis 0 5 0 7 VN1Ha x3 

Vanuatu Vanua Lava Chalcophaps indica 0 0 0 4  

Vanuatu Vanua Lava Collocalia esculenta 0 0 0 2  

Vanuatu Vanua Lava Lalage leucopyga 0 0 0 2  

Vanuatu Vanua Lava Macropygia mackinlayi 0 1 0 2 TAN002H 

Vanuatu Vanua Lava Myiagra caledonica 0 0 0 1  

Vanuatu Vanua Lava Myzomela cardinalis 1 0 0 2 NC5P 

Vanuatu Vanua Lava Pachycephala pectoralis 0 1 0 1 VAN020H 

Vanuatu Vanua Lava Phylidonyris notabilis 0 3 0 2 VAN020H x2, VAN005H 

Vanuatu Vanua Lava Ptilinopus greyii 0 1 0 4 TAN002H 

Vanuatu Vanua Lava Ptilinopus tannensis 0 0 0 2  

Vanuatu Vanua Lava Rhipidura spilodera 0 0 0 2  

Vanuatu Vanua Lava Todiramphus chloris 0 0 0 2  

Vanuatu Vanua Lava Zosterops flavifrons 9 4 0 34 VN3P x8, VN1Ha x3 

Vanuatu Vanua Lava Zosterops lateralis 0 0 0 
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SPII Table S4: 2 analysis of deviance of GLMs of avian malaria prevalence across all islands and host species. d.f. = degrees of freedom.  

 Deviance d.f. Residual P 

   Deviance  

a) All parasite lineagesa  

Null model   611.54 

Island 291.41        16 320.13 < 0.001 

Species 170.50         34 149.63 < 0.001 

b) Plasmodium lineages  

Null model   196.86               

Island 103.69        16     93.18  < 0.001  

Species 52.46                 34 40.72    < 0.05 

c) Haemoproteus lineages  

Null model   479.82              

Island 236.64        16 243.19 < 0.001 

Species 108.42 34 134.76 < 0.001 

a includes host individuals with mixed infections. 
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SPII Table S5: AMOVA tests of genetic structure among islands in southern Melanesia using lineages that were recovered ≥4 times; d .f. = degrees of freedom, SS = sums of 

squares.  ST summarises the proportion of nucleotide diversity among islands relative to the total. P-values (P) were calculated from 1000 randomisations.  

 d.f. SS % Variation ST P 

All parasite lineages 

 Among islands 15 676.53 26.40 0.26 <0.001 

 Within islands 210 1622.44 73.60 

Plasmodium lineages 

 Among islands 10 76.16 31.56 0.32 <0.01 

 Within islands 53 114.10 68.44 

Haemoprotues lineages 

 Among islands 15 197.75 20.27 0.20 <0.001 

 Within islands 146 562.91 79.73  
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SPII Table S6: AMOVA tests of genetic structure using lineages that were recovered ≥4 times; a) by host species and b) host species grouped by hos t family 

(species/families). d.f. = degrees of freedom, SS = sums of squares. -statistics summarise the distribution of nucleotide diversity within and among host species and 

families, relative to the total. P-values (P) were calculated from 1000 randomisations. Hierarchical analysis of Plas lineages only was not possible due to lack of power.  

 d.f. SS  % variation           -statistic P 

a) Host species 

All parasite lineages 

 Among host species 13 276.58 9.12 ST 0.09        <0.001 

 Within host species 213 2043.62 90.88 

Plasmodium lineages 

 Among host species 4 19.90 5.81  ST 0.06        >0.1 

 Within host species 60 189.02 94.19 

Haemoproteus lineages 

 Among host species 12 344.05 48.37  ST 0.48        <0.001 

 Within host species 149 416.61 51.63 

b) Host species grouped by family  

All parasite lineages 

 Among host families 6 140.30 12.06  CT 0.12        >0.1 

 Among host species/families 7 136.20 4.56  SC 0.05        <0.01 

 Within host species 213 2043.62 83.39 ST 0.17        <0.001 

Haemoproteus lineages 

 Among host families 5 227.55 52.76 CT 0.53        <0.05 

 Among host species/families 7 116.50 12.51 SC 0.26        <0.001 

 Within host species 149 416.61 34.72 ST 0.645     <0.001 



  

 

2
3

9
 

SU
P

P
L

E
M

E
N

T
A

R
Y

 P
U

B
LIC

A
T

IO
N

 II: A
V

IA
N

 M
A

L
A

R
IA

 IN
 S. M

E
L

A
N

E
SIA

 

 

SPII Fig. S1: Sample-based rarefaction and extrapolation curves of parasite lineage diversity around a sample reference point with 95% unconditional confidence intervals. 

a) All lineage types combined. Filled circle indicates the sample reference point. b) Haemoproteus and Plasmodium lineages analysed separately. Sample reference point, 

curve and 95% confidence interval indicated by: filled circle, solid line and light grey shading (Haemoproteus spp.) and filled triangle, dashed line and dark grey shading 

(Plasmodium spp.).   
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APPENDIX I.1 

SCHEMATIC OF SEARCH PROCESS FOR LOCATING PUBLISHED 

STUDIES OF AVIAN HAEMOSPORIDIANS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Search for articles published before 

December 2012 using Web of Science, 

ProQuest, Science Direct, PubMed and 

Google Scholar databases with 

combinations of keywords ‘avian’, 

‘bird*’, ‘malaria’, ‘Haemoproteus’, 

‘Plasmodium’, ‘Leucocytozoon’, 

‘disease’, ‘vector*’, ‘phylogenetic*’, 

‘haematozoa*’, ‘parasite*’, ‘PCR’ and 

‘blood’. Import all citations into 

EndNote 

Discard articles that did not 

screen wild birds for 

infection (i.e. experimental 

infections, review papers and 

grey literature) 

n = 171 

Search reference lists of all 

unique articles to identify 

any articles not found in 

primary searches 

n = 333 

Primary database 

n = 328 

Final selection 

 n = 162 

Remove duplicates, title and 

abstract screening to remove 

articles that did not use 

molecular methods 
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APPENDIX II.1 

ADDITIONAL HOST RECORDINGS OF HAEMOSPORIDIAN LINEAGES 

RECORDED IN MAINLAND AND HERON ISLAND SILVEREYES 

 

 

 

     

 Alternate 

lineage 

name 

Host avian families 

(confirmed viable 

infection) 

Host 

specificity 

Reference 

Plas spp. 

ORW1P AP70, 

ZOSLAT06, 

LaC1 

Halyconidae, 

Zosteropidae, 

Scolopacidae, Sylviidae 

Generalist Beadell et al. 2004; Zamora-

Vilchis et al. 2012, this study 

BELL01P LIN1 Meliphagidae, 

Zosteropidae, 

Callaeatidae 

Generalist Baillie and Brunton 2011; this 

study 

FANTAIL01P AP63 Rhipiduridae, Zosteropidae, 

Sturnidae, Anatidae, 

Fringillidae, Petroicidae 

Unconfirmed Beadell et al. 2004; Zamora-

Vilchis et al. 2012 

ZOSXAN01P NC5P Zosteropidae, 

Pachycephalidae, 

Meliphagidae 

Unconfirmed Ishtiaq et al. 2010; this study 

Haem spp. 

ZOSLAT04H VN5H Zosteropidae Specialist  

ZOSLAT07H - Zosteropidae Specialist  

 

Additional hosts occurrences for classification of generalists 

species  lineage (s) 

Acridotheres tristis (N=3)  FANTAIL01-P, ORW1-P 

Dacelo novaeguineae (N=2)  ORW1-P 

Entomyzon cyanotis (N=1)  ORW1-P 

Limosa lapponica (N=1)  ORW1-P 

Meliphaga lewinii (N=5)  BELL01-P 

Neochmia temporalis (N=1)  ORW1-P 
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APPENDIX II.2 

CORRELATION OF PLASMODIUM PREVALENCE AND OFFSHORE 

WIND OCCURRENCES IN HERON ISLAND SILVEREYES 

 

*Boxes indicate the number of unique Plasmodium lineages recorded for each data point 
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APPENDIX II.3 

BOOTSTRAP REGRESSION OUTPUTS FOR HAEMOSPORIDIAN 

PREVALENCE IN HERON ISLAND SILVEREYES 

 

 D-W 

statistic 

estimate 

(SE) 

Model 

statistic 

P Bootstrap 

statistic (95% CI) 

Bootstrap P 

(mean) 

error 

distribution 

a) Parasite community 

temperature 2.863 0.074 

(0.536) 

0.138 0.896 0.127 (1.669) 0.899 quasi 

days w/ rain 2.943 0.017 

(0.016) 

1.087 0.327 0.956 (0.836) 0.339 quasi 

days w/ offshore 

wind 

2.746 0.028 

(0.039) 

0.726 0.501 0.783 (1.377) 0.434 quasi 

 

b) Plasmodium prevalence 

temperature 3.312 0.382 

(0.312) 

1.224 0.221 1.113 (0.991) 0.266 binomial 

days w/ rain 2.989 0.014 

(0.012) 

1.421 0.155 0.999 (1.334) 0.318 binomial 

days w/ offshore 

wind 

1.96 0.061 

(0.024) 

2.527 0.012 2.31 (0.29) 0.021 binomial 

 

c) Haemoproteus prevalence 

temperature 2.361 0.758 

(1.288) 

0.589 0.582 0.599 (0.814) 0.549 quasi 

days w/ rain 2.264 0.021 

(0.028) 

0.744 0.49 0.661 (0.829) 0.509 quasi 

days w/ offshore 

wind 

2.294 0.021 

(0.070) 

0.293 0.781 0.176 (2.434) 0.86 quasi 

D-W: Durbin-Watson test for autocorrelation 
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APPENDIX III.1  

LEUKOCYTE COUNTS AND MOLECULAR PROTOCOLS FOR 

PARASITE AMPLIFICATION IN NEW CALEDONIAN ZOSTEROPS  

 

Average counts of leucocytes for Zosterops spp. in New Caledonia 

  n Eosinophil Basophil Monocyte Heterophil Lymphocyte 

Zosterops lateralis             

Grand Terre 12 0.17 5.33 3.67 9.33 81.5 

Lifou 5 0.67 1.67 4.33 5.33 88 

Mare 5 1.35 5.88 3.18 8.47 81.12 

Ouvea 39 1.88 3.18 4.95 7.85 82.14 

Z. xanthochrous             

Grand Terre 64 1.18 4.01 4.11 7.33 83.37 

Mare 18 1.19 3.78 4.03 7.99 83.01 

Z. minutus             

Lifou 23 1.66 3.02 3.98 4.56 86.78 
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Parasite PCR Primers and Reaction Conditions   (TD* = Touchdown, drop 1 degree per cycle) 

  Primers Volumes Cycling Conditions Primer Source 

Malaria Forward Reverse 

TopTaq 

Mastermix 

Primers 

(each) 

DNA (Extraction 

or PCR Product) Cycle Times Annealing Temp and # Cycles   

Screening MalMito_F1  

MalMito_

R1  6.5uL 0.5uL 

4.5uL 

(Extraction) 

Denature (30 sec), Anneal 

(30 sec), Extend (45 sec) 

66 to 56 TD* (10 

cycles) 

56 (30 

cycles) 

A. Goncalves da 

Silva (Monash 

Univ.) 

Nested PCR 

(Outside) HAEMNF 

HAEMNR

2 10uL 0.5uL 3uL (Extraction) 

Denature (30 sec), Anneal 

(35 sec), Extend (45 sec) 60 to 55 TD (6 cycles) 

53 (20 

cycles) 

Waldenström et al. 

2004 

Nested PCR 

(Inside) HAEMF HAEMR2 10uL 0.5uL 

0.8uL (Nested 

Outside Product) 

Denature (30 sec), Anneal 

(35 sec), Extend (45 sec) 60 to 55 TD (6 cycles) 

51 (30 

cycles) 

Waldenström et al. 

2004 

Haem.-specific  HMONLY-F 

HMONLY-

R 10uL 0.5uL 3uL (Extraction) 

Denature (30 sec), Anneal 

(35 sec), Extend (45 sec) 60 to 55 TD (6 cycles) 

51 (30 

cycles) This study 

Microfilaria LSU 

Amplification Nem. 1 Nem. 2 10uL 0.5uL 3uL (Extraction) 

Denature (30 sec), Anneal 

(40 sec), Extend (45 sec) 60 to 56 TD (5 cycles) 

55 (30 

cycles) 

Nadler & 

Hudspeth, 1998 

MalMito_F1: AGCCAAAAGAATAGAAACAGATGCCAGGCCAA;   MalMito_R1: AGCGATRCGTGAGCTGGGTTAAGAACGTCTTGAG 

HMONLY-F: GCAYGCYACTGGTGCTACAT;   HMONLY-R: TGCATTATCAGGATGAGCTARTGG 

Nadler, S.A. & Hudspeth, D.S.S. (1998) Ribosomal DNA and phylogeny of the Ascaridoidea (Nemata: Secernentea): implications for morphological  evolution and classification. Molecular 

Phylogenetics and Evolution, 10, 221-236. 

Sehgal, R.N., Jones, H.I. & Smith, T.B. (2005) Molecular evidence for host specificity of parasitic nematode microfilariae in some African rainforest birds. Molecular Ecology, 14, 3977-3988. 
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APPENDIX III.2 

SAMPLING AND DATA ANALYSIS FOR ZOSTEROPS POPULATION 

GENETICS IN NEW CALEDONIA  

Ten microsatellite loci were screened for New Caledonian Zosterops spp. (Table 1). Most 

populations conformed to HWE, save for Grande Terre South and Ouvéa for Z. lateralis and 

the Grande Terre North for Z. xanthochrous, all of which displayed a deficit of 

heterozygotes (combined p across all loci = 0.004, 0.006 and 0.005 respectively). On closer 

inspection for Z. lateralis, the deficiency in both populations was attributable to one locus, 

ZL38 (p<0.001 for both populations). This makes population-specific problems unlikely. In 

Z. xanthochrous, the loci ZL46, ZL12 and ZL38 showed heterozygote deficits, but these 

were traced to single populations and did not suggest locus-specific problems. Linkage 

disequilibrium was detected for several pairs of loci in Z. xanthochrous, but all were traced 

to single populations with the exception of ZL46 and ZL38 (Grande Terre North and Maré). 

As closer inspections revealed no locus-wide or population-wide invalidation of 

assumptions, all loci were retained.  

Z. xanthochrous  showed a greater level of genetic diversity than Z. lateralis, with 

the Ouvéa population of Z. lateralis displaying the lowest proportion of heterozygotes 

(Table 2). The Lifou-endemic Z. inornatus possessed the lowest allelic richness and 

expected heterozygosity, but interestingly, the other Lifou endemic (Z. minutus) showed 

the highest levels of diversity (Table 2). There was a trend for Grande Terre populations to 

show greater diversity than the outer islands for both Z. lateralis and Z. xanthochrous, but 

post-hoc tests only revealed a significant difference in allelic richness between Grande 

Terre North and Maré for Z. xanthochrous (AR=6.334 vs 3.620; p=0.018). Z. xanthochrous 

also showed a significant difference in expected heterozygosity between the two Grande 

Terre populations (p = 0.004). No other population comparisons were significant (p >0.05).  

 

Table 1: Sample sizes for Zosterops spp. included in microsatellite genotyping. To improve 

population structure resolution, the largest island (Grand Terre) was sub-divided to correspond to 

the island’s northern and southern provincial regions. Z. lat, Zosterops lateralis; Z. xan, Zosterops 

xanthochrous; Z. min, Zosterops minutus; Z. inorn, Zosterops inornatus. 

Island Z. lat Z. xan Z. min Z. inorn Total 

Grand Terre North 20 62 na na 82 

Grand Terre South 21 27 na na 48 

Maré 33 47 na na 80 

Ouvéa 44 na na na 44 

Lifou 40 na 54 24 118 

Total 158 136 54 24 372 
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Table 2: Population level genetic variation for New Caledonian Zosterops spp. (AR, allelic richness; 

HO, observed heterozygosity, HE, expected heterozygosity). Measures are calculated from 10 

polymorphic microsatellite loci for each species. 

 

AR HO HE 

Z. lateralis 

   Grande Terre North 3.689 0.470 0.486 

Grande Terre South 3.836 0.400 0.492 

Lifou 3.380 0.395 0.387 

Maré 3.125 0.397 0.428 

Ouvéa 3.016 0.277 0.304 

Z. xanthochrous 

   Grande Terre North 6.333 0.529 0.566 

Grande Terre South 5.766 0.570 0.615 

Maré 3.620 0.494 0.506 

Z. inornatus 

   Lifou 3.276 0.392 0.351 

Z. minutus 

   Lifou 2.852 0.574 0.602 
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APPENDIX III.3  

GLMM TABLES AND MULTINOMIAL REGRESSIONS FOR PARASITES 

INFECTING NEW CALEDONIAN ZOSTEROPS SPP  

Individual GLMMs for malaria prevalence across islands (species as a random factor) 

    Plasmodium Haemoproteus 

    Estimate z-value p-value Estimate z-value p-value 

Intercept   -1.379 -2.857 <0.001 -1.082 -4.181 <0.001 

Lifou vs Grand Terre   -2.686 -3.028 <0.001 -1.349 -2.996 <0.001 

Mare vs Grand Terre   -1.305 -2.184 0.029 -1.222 -3.051 <0.001 

Ouvea vs Grand Terre   -2.933 -2.191 <0.001 -0.319 -0.771 0.441 

Mare vs Lifou   0.381 0.291 0.771 -2.571 -5.368 <0.001 

Ouvea vs Lifou   0.248 0.174 0.862 -1.669 -3.402 <0.001 

Ouvea vs Mare   -0.628 -0.385 0.701 0.902 2.016 0.052 

 

Multinomial Regressions Testing the Likelihood of Parasite Co-infections 

H. zosteropis vs H. 

killangoi       

    exponentiated coefficient 95%CI 

malaria coinfection   0.535 0.097, 2.943 

malaria / microfilaria 

coinfection   6.029 1.195, 30.408 

        

P. elongatum vs P. relictum       

    exponentiated coefficient 95%CI 

malaria coinfection   1.772 0.409, 7.667 

malaria / microfilaria 

coinfection   0.669 0.157, 2.851 
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APPENDIX V.1 

MAP OF SAMPLING LOCATIONS IN THE MYNA’S PRIMARY AND 

SECONDARY INTRODUCTION RANGES 

 

 

 

 

 

 

 

Australian sample collection locations for introduced mynas (black diamonds) and native 

Australian birds (red dots). Samples in the primary introduction range taken from (Ishtiaq et al., 

2006). Shaded area represents the common myna’s present distribution in Australia.  

 

Collection dates, sample sizes and avian malaria lineages recovered from introduced common 

mynas in Australia. NSW, New South Wales; VIC, Victoria; QLD, Queensland; Plas, Plasmodium; 

Haem, Haemoproteus 

location coord. dates # 

infected 

lineages recovered reference 

Sydney, NSW; 

Melbourne, VIC 

33.87 S, 150.91 

E; 37.41 S, 

144.96 E 

1982-

1984 

17/26 Plas: GLACUC02, 

GRW04, IND1; Haem: 

AUS2, COLL2 

Ishtiaq et al. 

2006 

Cudgen, NSW 28.38 S, 153.39 E 2013 18/66 Plas: ORW1, 

SCEDEN01, BELL01, 

MYNA01, MYNA02  

This study 

Tweed Heads, 

NSW 

28.28 S, 153.40 E 2013 6/11 Plas: ORW1, GRW15, 

GRW04 

This study 

Murwillumbah, 

NSW 

28.48 S, 153.39 E 2012-

2013 

19/151 Plas: ORW1, 

SCEDEN01, GRW04, 

BELL01 

This study 

Brisbane, QLD 27.38 S, 153.03 E 2012 2/6 Plas: FANTAIL01, 

MYNA01 

This study 

Primary range

Secondary range
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APPENDIX V.2 

SAMPLE SIZES AND MALARIA PREVALENCE OF NATIVE 

AUSTRALIAN BIRDS SAMPLED IN THE MYNA’S SECONDARY 

INTRODUCTION RANGE 

Sample sizes (n) and avian malaria prevalence for Australian native birds. *Species that were 

caught in habitats that overlapped with myna territories. Plas, Plasmodium; Haem, Haemoproteus 

species n Plas inf. (lineages) Haem inf. (lineages) 

Acanthiza pusilla 5 0 0 

Acanthorhynchus tenuirostris 1 0 0 

Achanthiza chrysorrhoa 2 0 0 

Cacomantis flabelliformis 1 0 0 

Cacomantis variolosus 1 0 0 

Chalcophaps indica 3 0 0 

Chroicocephalus novaehollandiae 3 0 0 

Colluricincla harmonica 1 0 0 

Colluricincla megarhyncha 2 0 0 

Corvus orru* 1 1 (SCEDEN01) 0 

Dacelo novaeguineae 4 1 (ORW1) 0 

Dicrurus bracteatus 1 0 0 

Entomyzon cyanotis* 3 0 1 (MYZSAN01) 

Eopsaltria australis 22 2 (GRW15) 2 (EOPAUS02) 

Grallina cyanoleuca* 5 0 4 (MPLRK01,MPLRK02) 

Lichenostomus chrysops 32 0 15 (LICHRYS01) 

Lichmera indistincta* 4 0 0 

Malurus cyaneus 6 1 (GRW15) 0 

Malurus lamberti 18 1 (GRW15) 0 

Malurus melanocephalus 10 2 (GRW15) 0 

Manorina melanocephala* 16 0 16 (NMIN01) 

Meliphaga lewinii 43 20 (MELLEW02, BELL01) 9 (MELLEW03, MELLEW01) 

Melithreptus albogularis 14 0 10 (MELALB01, MELALB02, 

MELALB03, LICFRE01) 

Monarcha melanopsis 1 0 1 (MONMEL01) 

Monarcha trivirgatus 5 0 1 (NEOTEM01) 

Myzomela sanguinolenta* 1 0 1 (MYZSAN01) 

Neochmia temporalis 25 1 (ORW1) 0 

Pachycephala pectoralis 25 1 (GRW15) 0 

Pachycephala rufiventris* 1 0 0 
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Pardalotus punctatus* 2 0 0 

Pardalotus striatus 1 0 0 

Pitta versicolor 1 0 0 

Pomastomus temporalis* 4 0 0 

Psophodes olivaceus 5 0 0 

Rhipidura albiscapa 6 0 0 

Rhipidura leucophrys 1 0 0 

Rhipidura rufifrons 14 0 0 

Sericornus frontalis 22 1 (ORW1) 0 

Sericornus magnirostra 17 0 0 

Struthidea cinerea 3 0 0 

Todiramphus sanctus 5 1 (SCEDEN01) 1 (TODSAN01) 

Trichoglossus haemotodus 2 0 0 

Zosterops lateralis* 60 8 (ORW1, BELL01) 32 (ZOSLAT04, ZOSLAT07) 

total 399 41 92 
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APPENDIX V.3 

GENBANK ACCESSION NUMBERS FOR MALARIA LINEAGES 

RECORDED IN THE MYNA’S NATIVE AND INTRODUCED RANGES  

MalAvi code GenBank accession newly described(***) 

ACAED01 EF380140 

 ACATEN01 AY714166 

 ACCSOL01 JX418221 

 ACTLIN01 JX418180 

 ACTLIN02  JX418181 

 ACTLIN03  JX418185 

 ACTRI01 DQ194281 

 ALBRE01 EF380164 

 ALMOR01 EF380141 

 ALMOR02 EF380158 

 ARMAG01 EF380138 

 AUS2    DQ194283.1 

 BELL01   JN415756 

 BT7 GU252010 

 BT8  KM056624 

 BTGOD01 XXXXX *** 

CHAIND01  AY714209 

 COLL2 AY714154 

 COLMEG01 AY714152 

 COLMEG02 AY714151 

 COPLUZ01  JX418220 

 COPMAL01 EF380203 

 COPMAL02  EF380144 

 COPSAU01  JX418174 

 CWT4 KJ396628 

 CXPIP11 KJ396626 

 CYAPIC1  KC875565.1 

 DELURB05  EU154347 

 DICBAL01  JX418182 

 DICBAL02  JX418183 

 DICBAL03  JX418184 

 DICBAL04  JX418193 

 DICBAL05  JX418194 

 DICBAL06  JX418195 

 DICTRI01  KM213971 

 EMRUT01 EF380192 

 EMSPO03 EU676189 

 EMSPO06 EF380135 

 ENRUF01  KM213974 

 ENRUF02  KM213976.1 
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EOPAUS01 AY714174 

 EOPAUS02 AY714175 

 FANTAIL01  AY714196 

 FIPAR02 EF380160 

 GERPAL01 JX021536 

 GERPAL02 JX021552 

 GLACUC02 EF380130 

 GRW04 DQ839016 

 GRW06 AY714208 

 GRW09 DQ508387 

 GRW15 DQ368380.1 

 GW1 KJ396636 

 GW5 KJ396637 

 HALLIN02  JX418223 

 HETALB01 AY714147 

 HETALB02 AY714171 

 HETALB03 AY714172 

 HETALB04 JX021544 

 HETALB05 JX021558 

 HETALB06 JX021559 

 HETALB07 JX021560 

 HETALB08 JX021561 

 HLW1 KJ396625 

 HLW2 KJ396627 

 HYPHI30  JX418217 

 IND1 DQ194266.1 

 IND12   DQ194277.1 

 IND13   DQ194279.1 

 IND14   DQ194281.1 

 IND15   DQ194282.1 

 IND16   DQ194284.1 

 IND4   DQ194269.1 

 IND5   DQ194270.1 

 IND6   DQ194271.1 

 IND7   DQ194272.1 

 IOOLI01  KM213966.1 

 LACPUL01  KM213964.1 

 LACRI01  JX418222 

 LCLW1 KJ396624 

 LICFRE01 AY714178 

 LICFRE02 AY714179 

 LICFRE03 JX021554 

 LICHRYS01  KP721986 

 LZFUS01  JX418224 

 MEGHEN01  KM213972 

 MELALB01  KP721987 
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MELALB02  KP721988 

 MELGRA01 JX021569 

 MELLEW01 AY714177 

 MELLEW02 JX021572 

 MELLEW03  KP721990 

 MELNOT02 JX021565 

 MERORI01 EF380196 

 MONMEL01  XXXXX *** 

MONTRI01 AY714199 

 MPLRK01  XXXXX *** 

MPLRK02  XXXXX *** 

MYNA01  XXXXX *** 

MYNA02   XXXXX *** 

MYZOBS01 AY714161 

 MYZOBS02 AY714162 

 MYZSAN01 JX021555 

 MYZSAN02 KP721991 

 NC5P FJ664169.1 

 NEOTEM01 JX021537 

 NINOX01  JX418189 

 NINOX02  JX418190 

 NINOX03  JX418191 

 NINOX05  JX418218 

 NIPHI01  JX418177 

 NIPHI02  JX418178 

 NMIN01  KP721992 

 OREGUT01 JX021568 

 ORTSPA01 AY714180 

 ORW1 AY714203 

 OTUMEG01  JX418192 

 P24 (MOALB02) DQ859565 

 P28 (ALARV04) KJ145063 

 P32 (RHIRUF01) DQ659573.1 

 P40 (AEGTIP01) DQ659581.1 

 P47 (POMFER01) KJ145051 

 P48 (NILSUN01) KJ145068 

 PACHOM01  JX418186 

 PACHOM02  JX418187 

 PACPEC01 AY714195 

 PADOM02 DQ659544 

 PELCAP01  KM213965 

 PENPAN05  JX418226 

 PHINO01 KJ396635 

 PITTA01 AY714202 

 PLA7 KJ396623.1 

 PTIMAG01 AY714190 
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PTIVIC01 JX021538 

 PTIVIC02 JX021542 

 PYCBRU01  KM213969.1 

 PYCCYA01  KM213968.1 

 PYCGOI01  JX418173 

 PYCMEL02  EF380185 

 RHIALB01  JX418179 

 RHIALB02  JX418219 

 SARCAL01 JX418176 

 SCEDEN01  AY714205 

 SERCIT01 AY714141 

 SERCIT02 AY714149 

 SGS1 JX993045 

 STNT01  XXXXX *** 

SYBOR02 DQ659582.1 

 TEPON02 EF380129 

 TODSAN01 XXXXX *** 

TRECAP01  AY714146 

 TRECAP03  AY714168 

 TRECAP04  AY714169 

 TRECAP05  AY714170 

 TRECAP06  AY714173 

 TRECAP07  JX021545 

 TRECAP08  JX021551 

 TRECAP09  JX021562 

 TRECAP10  JX021563 

 TRICRI01  KM213975.1 

 XANFLA03 AY714181 

 ZEMAC1 DQ659589.1 

 ZOOLUN01 AY714150 

 ZOSLAT04  JX021550 

 ZOSLAT05 JX021564 

 ZOSLAT07  XXXXX *** 

ZOMON01  JX418175 
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APPENDIX VI.1 

SAMPLE SIZES AND MALARIA PREVALENCE FOR MIGRATORY WADERS IN THE GLOBAL DATASET 

  Wintering   Wintering / Migrating*   Breeding   

Flyway AFR/EUR AUS/ASIA NAM/SAM   AFR/EUR NAM/SAM   NAM/SAM AFR/EUR   

Site 

Niger 

Delta, 

Nigeria 

Diawling, 

Mauritania 

Banc 

d'Arguin, 

Mauritania 

Broome, 

Australia 

Innamincka, 

Australia 

Moreton 

Bay, 

Australia 

Victoria/S

outh 

Australia 

King 

Island, 

Australia 

San 

Antonio 

Bay, 

Argentina 

Rio Grande, 

Argentina   

Lisbon, 

Portugal 

Wadden Sea, 

Netherlands 

Delaware 

Bay, USA   

Barrow 

Alaska, 

USA 

Medusa 

Bay, Russa   

Absolute latitude (degrees) 15 16 20 18 27 27 38 40 40 53   38 53 39   71 73 total 

Marine + Freshwater                                     

Resident                                     

Burhinus senegalensis^   0/5                               0/5 

Charadrius pecuarius^ 2/20 3/5                               5/25 

Erythrogonys cinctus         0/5                         0/5 

Haematopus ostralegus                         0/9         0/9 

Himantopus himantopus   0/1     0/5 0/5           1/97           1/108 

Recurvirostra 

novaehollandiae^             3/114                     3/114 

Vanellus miles^         0/1                         0/1 

Vanellus spinosus 1/2 0/6                               1/8 

Migratory                                     

Actitis hypoleucos                                 0/2 0/2 
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Calidris acuminata           0/6 0/43                     0/49 

Calidris melanotos                               3/117 0/1 3/118 

Calidris minuta 14/82 4/84 0/17                 0/9         0/136 18/328 

Calidris ruficollis       0/6   3/38 5/158                     8/202 

Calidris temminckii 1/2                               0/1 1/3 

Calidris tenuirostris       2/10   0/24                       2/34 

Charadrius dubius 1/2 1/7                               2/9 

Gallinago gallinago                       1/9           1/9 

Glareola pratincola 2/2                                 2/2 

Philomachus pugnax 6/16 2/54                     0/57         12/127 

Pluvialis apricaria                         0/7         0/7 

Pluvialis fulva                                 0/11 0/11 

Recurvirostra avosetta                       0/1           0/1 

Tringa glareola 9/11 0/12                               9/23 

Tringa nebularia   0/2       0/15           0/1 0/1         0/19 

Tringa ochropus   0/1                               0/1 

Tringa stagnatilis   0/2                               0/2 

Tringa totanus   0/4 0/19                 0/73 0/3         3/101 

Sub-total 40/137 10/182 0/36 2/16 0/11 3/88 8/315 0/0 0/0 0/0   2/190 0/77 0/0   3/117 0/151 65/1317 

Marine                                     

Resident                                     

Charadrius bicinctus^               0/9                   0/9 



  

 

2
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Haematopus longirostris^             0/21                     0/21 

Migratory                                     

Arenaria interpres     0/16 3/14     7/247 4/102         0/28       0/7 14/414 

Calidris alba     0/42 0/1     7/89           0/2         7/134 

Calidris alpina   0/5 0/34                   0/74       0/25 0/138 

Calidris canutus   0/3 0/27       0/17   0/96 0/84     3/367 1/502     0/3 4/1099 

Calidris ferruginea 0/3 1/5 2/30 0/8   0/3 0/23                   0/13 3/85 

Calidris pusilla                               0/84   0/84 

Charadrius alexandrinus   0/5 0/1                             0/6 

Charadrius hiaticula 0/2 0/9 0/5                             0/16 

Charadrius leschenaultii       1/6                           1/6 

Eudromias morinellus                                 0/4 0/4 

Limosa lapponica     0/9 1/3   2/76 0/46           0/56         3/190 

Limosa limosa       0/6               0/147           0/153 

Lymnocryptes minimus                         0/1         0/1 

Phalaropus lobatus                                 0/12 0/12 

Pluvialis squatarola   0/1                     0/3         0/4 

Tringa brevipes           2/32                       2/32 

Xenus cinereus^           0/2                       0/2 

Sub-total 0/5 1/28 2/164 5/38 0/0 4/113 14/443 4/111 0/96 0/84   0/147 3/531 1/502   0/84 0/64 34/2410 

Grand total 40/142 11/210 2/200 7/54 0/11 7/201 22/748 4/111 0/96 0/84   2/337 3/608 1/502   3/201 0/215 99/3727 

*Both wintering and migrating birds were caught in Lisbon and Wadden Sea. See Pardal et al. 2014 and Mendes et al. 2005 for s pecific details ^Indicates species that did not have published gene sequences 
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APPENDIX VI.2 

GENBANK ACCESSION NUMBERS FOR WADER GENE SEQUENCES  

Species cyt-b COI 

Actitis hypoleucos - JN801257 

Arenaria interpres AF417928.1 AY074885.2 

Calidris acuminata KC969152 KF009518 

Calidris alba KC969153 GU571775 

Calidris alpina KC969154 GU571297 

Calidris canutus EF373123 AY666343 

Calidris ferruginea KC969157 GU571301 

Calidris melanotos KC969162 JQ251244 

Calidris minuta KC969163 GU571304 

Calidris pusilla KC969166 AY666222 

Calidris ruficollis KC969167 KF009527 

Calidris temminckii KC969169 JN601703 

Calidris tenuirostris AF417924 KF009530 

Charadrius alexandrinus - JF499111 

Charadrius bicinctus U62685.1 - 

Charadrius dubius - GU571329 

Charadrius hiaticula - GU571330 

Charadrius leschenaultii - GQ481569 

Erythrogonys cinctus EF373129 - 

Eudromias morinellus EF373130 GQ481573 

Gallinago gallinago EF373132 FJ582603 

Glareola pratincola GQ481969 U37300.1 

Haematopus ostralegus EF514928 GQ481971 

Himantopus himantopus - JF498780 

Limosa lapponica - AY666291 

Limosa limosa AF285813 GQ482066 

Lymnocryptes minimus EF373142 GU571477 

Phalaropus lobatus AY894239 JQ251222 

Philomachus pugnax EF373150 DQ433086 

Pluvialis apricaria - GQ482504 

Pluvialis fulva - JX297482 

Pluvialis squatarola EF373151 GU572052 

Recurvirostra avosetta AF417926 - 

Tringa brevipes AY894225 EU525548 

Tringa glareola AF417923 DQ434193 

Tringa nebularia AY894233 GU571660 

Tringa ochropus AY894234 GQ482791 

Tringa stagnatilis AY894236 GQ482793 

Tringa totanus AY894237 GU572141 

Vanellus spinosus - JF498820 
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APPENDIX VI.3 

BAYESIAN PHYLOGENY OF WADERS 

 

 

 

*The following species were missing relevant genetic sequence data and were manually grafted 

onto the tree: Burhinus senegalensis, Charadrius bicinctus, Charadrius pecuarius, Haematopus 

longirostris, Recurvirostra novaehollandiae, Vanellus miles, Xenus cinereus 
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APPENDIX VI.4 

FULL PHYLOGENIES FOR HAEMOPROTEUS AND PLASMODIUM 

LINEAGES FOUND IN WADERS 

Bayesian molecular phylogenies for Haemoproteus (Fig. VI.4A1) and Plasmodium (Fig. VI.4A2) 

cytochrome-b lineages. All avian malaria lineages recorded to date in Australia, China and 

Southeast Asia were included in the phylogenies. Numbers at nodes indicate Bayesian posterior 

probabilities. Black font signifies lineages that have been recovered from waterbirds in the orders 

Pelicaniformes and Charadriiformes.  
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APPENDIX VI.5 

GLMM MODEL STATISTICS FOR MALARIA PREVALENCE IN 

MIGRATORY WADERS 

Posterior coefficient means (γ) and deviance information criterion (DIC) for explanatory terms 

included in initial (full) and final pGLMMs for the ‘habitat selection’ and ‘avoiding the tropics’ 

hypotheses. Terms that were dropped during model selection are shown in italics. 95% confidence 

intervals and pMCMC values are presented for terms included in final models (shown in bold face), 

followed by values obtained after removing species with fewer than 15 observations (parentheses). 

Habitat selection posterior mean (γ)    

 full model  final model lower 95% CI upper 95% CI pMCMC 

DIC 639.39  633.43    

Phylogeny 8.79  8.55 

(4.37) 

1.24 

(0.01) 

21.06 

(20.73) 

 

Intercept -6.46  -6.54 

(-5.89) 

-15.81 

(-17.86) 

2.25 

(6.48) 

0.14 

(0.32) 

Marine vs freshwater -2.03  -2.04 

(-1.81) 

-4.03 

(-3.81) 

-0.03 

(-0.06) 

0.04 

(0.05) 

Migrating vs breeding 1.67  1.70 

(1.16) 

-2.47 

(-3.07) 

6.32 

(5.23) 

0.45 

(0.58) 

Wintering vs breeding 4.11  4.19 

(3.35) 

0.53 

(0.06) 

8.14 

(7.05) 

0.01 

(0.04) 

Habitat*migration stage -0.32  - - - - 

Body mass -0.02  - - - - 

Avoiding the tropics posterior mean (γ)    

 full model  final model lower 95% CI upper 95% CI pMCMC 

DIC 537.66  532.56    

Phylogeny 11.09  11.05 

(7.37) 

1.47 

(0.82) 

27.35 

(19.67) 

 

Intercept 17.41  17.48 

(19.98) 

1.58 

(0.43) 

35.20 

(43.65) 

0.03 

(0.04) 

Latitude -6.44  -6.48 

(-7.95) 

-11.22 

(-15.59) 

-1.77 

(-1.18) 

<0.01 

(0.01) 

Marine vs freshwater -17.96  -18.05 

(-23.89) 

-37.01 

(-50.53) 

-0.11 

(1.91) 

0.04 

(0.06) 

Habitat*latitude 5.49  5.53 

(7.38) 

-0.19 

(-0.93) 

11.94 

(15.64) 

0.053 

(0.06) 

 


