
Colourful conservation: 
genetic incompatibility and 

conservation genetics in the wild 
Gouldian finch (Erythrura gouldiae) 

Peri Bolton, BSc. (Hons) 
Department of Biological Sciences 

Faculty of Science and Engineering 

Macquarie University 

 

This thesis is presented for the degree of Doctor of Philosophy 

May 2017 





	 i 

Declaration 

 
I do declare that this thesis constitutes my original work, and has not been submitted 

or accepted for the award of a higher degree at another institution. No persons have 

contributed to this work that have not been given credit, and all the work of previous scholars 

influencing this work are cited in the appropriate manner. 

The protocols to collect blood samples from Gouldian finches used in this thesis were 

approved by ethics committees at Macquarie University (AEC2007/037, AEC 2007/038, 

AEC2010/053), Australian Wildlife Conservancy (CAEC/6/2005,AEC 2007/43, AEC 

2010/35), and the University of Wollongong (AE06/25). 

 

______________________________ 

Peri Bolton 

17th February 2017



	ii 

 

 

 

 

 

 

 

 

“It’s easy to think that as a result of the extinction of the dodo, we are now sadder and wiser, 

but there’s a lot of evidence to suggest that we are merely sadder and better informed.”  
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General Abstract 

The distinct behavioural and physiological strategies associated with colour morphs 

can influence population dynamics, where antagonistic interactions and hybrid 

incompatibilities may be detrimental. Therefore, the covariation between colour and other 

traits will be relevant to species conservation, but the negative implications have never been 

explored. Molecular genetic tools allow the measurement of selection on functional 

genotypes, and place it in the wider context of effective population size (Ne) and gene flow. 

The Gouldian finch (Erythrura gouldiae) is an Australian threatened species, and sympatric 

head colour morphs associated with distinct strategies. Experiments on domesticated 

Gouldian finches have shown that interbreeding between morphs leads to significant offspring 

mortality, which may be detrimental to population recovery. This species has been embroiled 

in recent controversy regarding its conservation status as there are no robust estimates of 

population size or movement capacity across its vast and remote range. In this thesis, I use 

population genetic techniques using microsatellites, mitochondrial DNA and SNPs to quantify 

Ne and gene flow across the contemporary range, and a novel allele-specific test for head-

colour to determine the extent of incompatibility in the wild. Guided by predictions derived 

from the experiments on domesticated birds, I do not find any evidence of incompatibility, or 

strategies to avoid it. Furthermore, population genetic evidence suggests the contemporary 

range supports a single genetically cohesive population, and suggests individuals are able to 

move vast distances (>700km). The contemporary Ne is likely large, but there is still 

uncertainty in these estimates due to the dearth of fundamental knowledge of this species’ 

life-history. Together, this work suggests that incompatibility is unlikely to be a threatening 

process in the wild, and has identified key knowledge gaps that currently hinder effective 

conservation management of the Gouldian finch. 
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Chapter One  

Conservation knight marches for the painted damsel 

 

Photo: Mike Fidler 
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Across the globe, human activity is associated with species extinction (Prescott et al. 

2012). Concomitant with human population growth are the increasing demands on land area 

and function, and direct exploitation and persecution of wild animals, which may constitute 

Earth’s sixth mass extinction (Vié et al. 2009; Ceballos et al. 2015; Newbold et al. 2015). 

These factors can directly or indirectly affect animal behaviour and individual movement 

(Kitchen et al. 2000; Lowry et al. 2013), population connectivity, and ultimately reduce 

population size (Lande 1998; Allendorf et al. 2008; Frankham et al. 2010). One aim of 

conservation biology is to use an understanding of ecology and biology to prevent the 

extinction of individual species from the landscape (Soulé 1985). The International Union for 

Conservation of Nature (IUCN) Red List is currently the global standard for categorizing 

extinction risk (Mace et al. 2008). Red List version 3.1 extinction risk categories (Critically 

Endangered to Vulnerable) are based on quantitative criteria that reflect the probability of a 

species extinction (Mace & Lande 1991; Mace et al. 2008; Collen et al. 2016). The criteria 

are designed to be applicable across species and are based on theoretical and empirical 

relationships of population size, decline and geographical extent with extinction probability 

(Mace & Lande 1991; Mace et al. 2008; Collen et al. 2016). These criteria form the basis for 

assessment of conservation status in Australia’s conservation legislation the Environmental 

Protection and Biodiversity Act 1999.  

Australia is a hub of endemic flora and fauna, but European colonization in 1788 has 

seen massive changes to the Australian biota. In just over 200 years, Australia has lost ~40% 

of its forests (Bradshaw 2012), and the extinction of 54 animal (EPBC Act List of Threatened 

Fauna), and 36 plant species (EPBC Act List of Threatened Flora). Although the fraction of 

extinct Australian endemic birds is much lower than in mammals (Woinarski et al. 2015), the 

many Australian bird species are declining (Brooke et al. 2008; Szabo et al. 2010, 2012). Bird 

and mammal species have been declining in abundance and geographic extent in one of 

Australia’s most untouched, and biogeographically complex landscapes – the monsoon tropics 

(Franklin 1999; Woinarski et al. 2001; Bowman et al. 2010). Declines are largely associated 
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with the effects of introduced grasses, cattle grazing and changed fire regimes (Franklin 1999; 

Woinarski et al. 2001; Franklin et al. 2005; Kutt & Woinarski 2007). This thesis holds the 

story of one monsoon tropical Australian threatened bird species, the Gouldian finch 

(Erythrura gouldiae), and my continuing mission to quantify its population size, connectivity 

and the extent of genetic incompatibility between colour morphs.  

 

The knight: conservation genetics 
The discipline of conservation genetics, broadly, deals with the use of population genetic 

theory and methodologies to address conservation relevant questions. These include the 

identification and delineation of species, populations, and the characterization and 

management of small, fragmented populations (Allendorf & Luikart 2007; Frankham et al. 

2010). Small populations sizes can have deleterious effects on population viability through 

reduction in genetic diversity and inbreeding, which will be explored below.  

The development of molecular genetic and genomic technologies has allowed an increase 

in precision in the measurement of genetic diversity in individuals and populations (Allendorf 

2016). Patterns of genetic diversity, such as number of alleles and heterozygosity/gene-

diversity, are ultimately what inform estimates of population size and population connectivity. 

Indeed, species with small populations have repeatedly been shown to harbour lower levels of 

genetic diversity than other taxa (Garner et al. 2005; Jackson et al. 2013; Pinsky & Palumbi 

2014; Willoughby et al. 2015), and temporal genetic sampling has revealed declines in 

genetic diversity in line with declines in overall (census, Nc) population size (Weber et al. 

2000; Hauser et al. 2002; Bristol et al. 2013). Ultimately, genetic diversity is not determined 

by Nc, but the effective population size (Ne), for which there are numerous estimators for use 

on genetic data (Wang et al. 2016). The effective population size represents the size of an 

idealised population that would show the same amount of genetic drift and inbreeding as the 

population being measured (Crow & Kimura 1970). The assumptions of the idealised 

(Wright-Fisher) population is no immigration, constant size, with random mating and non-
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overlapping generations, are almost never a biological reality, as such Ne is often smaller than 

Nc (Frankham 1995; Palstra & Ruzzante 2008; Palstra & Fraser 2012).  

Small Ne will increase the risk of inbreeding, which can be quantified using genetic 

techniques by measuring the fraction of homozygotes in the population. Related individuals 

share many more alleles than any two random individuals drawn from the population, but 

small population sizes will increase the likelihood of related individuals eventually 

interbreeding, and increase the level of homozygosity in genes that are identical-by-descent 

(Keller & Waller 2002). Increases the homozygosity of deleterious alleles causes inbreeding 

depression, which has been widely shown in captive and wild population to reduce lifetime 

fecundity and survival, thereby influencing extinction risk (Keller & Waller 2002; Spielman 

et al. 2004; O’Grady et al. 2006). As a consequence, captive breeding programs are often 

managed to minimise the effects of inbreeding (Frankham et al. 2010). Further, stochasticity 

in small populations can lead to the fixation and changes in frequency of alleles, which limits 

the long-term survival probability of a species by reducing the genetic variation available to 

natural selection, and can further enhance the effects of inbreeding depression by changing 

the frequency of deleterious recessives (Frankham 2005). The deleterious effects of small Ne 

have been used to set the rule-of-thumb of a minimum Ne of 50 individuals to prevent 

inbreeding depression, and 500 individual to prevent long-term loss of genetic diversity 

(Franklin 1980), but values of 100/1000 may be more realistic (Frankham et al. 2014). 

However, the legitimacy of this generalization across taxa, demography and threat-processes 

has been controversial (Reed et al. 2003; Brook et al. 2006; Jamieson & Allendorf 2012). The 

maintenance of genetic diversity (and to a lesser extent inbreeding) is arguably irrelevant for 

the timescales of pending extinction, and not practically viable as a target in current 

conservation programs (Jamieson & Allendorf 2012; Rosenfeld 2014).  

Population fragmentation is primarily driven by habitat losses, and occurs when 

individuals migrating between habitat patches decreases, ultimately altering the patterns of 

genetic diversity across the landscape. Fragmentation into small, isolated populations can be 
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deleterious by reducing population growth rates (dispersers move into unsuitable habitat and 

subsequently die, or reducing the contribution of incoming migrants), and enhancing the risk 

of demographic stochasticity, inbreeding and genetic drift (Johnson et al. 1992; Reed 2004). 

Management actions may produce corridors of suitable habitats, or manually introduce 

migrants to boost population growth rates and reduce the effects of inbreeding depression 

(e.g. genetic rescue) (Weeks et al. 2011; Frankham 2015). On the other hand, the genetic 

distinctiveness of populations is valued to preserve evolutionary history and accumulated 

adaptive differences (Moritz 1994; Crandall et al. 2000), and to prevent fitness declines owing 

to outbreeding depression (Frankham et al. 2011). For example, molecular work identified 

genetic differences within the subspecies of Australian corroboree frogs (Pseudophryne 

corroboree and P. pengilleyi) (Morgan et al. 2008), and have been incorporated into 

government captive management and recovery plans (OEH NSW 2012).  

Population ecology and population genetics are intimately entwined. Life-history traits 

influence the relationship between Ne and Nc (Palstra & Fraser 2012; Waples et al. 2013). 

Migration influences both population growth rates and genetic diversity although the scale of 

influence is different (Lowe & Allendorf 2010), and population growth rates can be 

influenced by inbreeding depression (Keller & Waller 2002). Genetic methods are useful in 

the conservationist’s toolbox to address certain questions, and discern fundamental species 

biology that would otherwise be intractable to study in the wild (e.g. paternity). However, 

although genetics is part of the toolbox, conservation of species is a holistic approach that 

considers behaviour, reproductive biology, demography, nutrition, and human values and 

economic realities (Soulé 1985).  

 

The damsel: The Gouldian finch 

The Gouldian finch (Estrildidae: Erythrura gouldiae Gould 1844, synonym: Chloebia) 

is an Australian grassfinch allied with Australasian parrot finches (Van der Meij et al. 2005; 

Arnaiz-Villena et al. 2009). This finch has distinctive multi-coloured plumage, where females 
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have the same colours but duller than males (Figure 1.1a, Figure 1.2). Both sexes display a 

colour polymorphism for head-colour: black, red or yellow. It was formerly distributed across 

the monsoon tropical savannas of Australia, where it occupies Eucalyptus dominated 

woodlands (Figure 1.1b). In the early 20th Century it was anecdotally common across the 

range (Smedley 1904; Barnard 1914), reportedly occurring in flocks of thousands with long-

tailed and masked finches (Poephila acuticauda and P. personata) (Heuman 1926). 

Comparison of historical and contemporary observer and museum records (1977-1997) 

indicates that that Gouldian finch numbers declined up to 50%, and their spatial extent by 

40% (Franklin 1999). Catch reports from finch trappers in Western Australia indicate that 

Gouldian finches catches declined by up to 87% from 1972-1981, after which Gouldian finch 

trapping was banned in 1982 and all finches in 1986 (Tidemann 1996; Franklin et al. 1999). 

Broadly, anecdotal reports and these observer records indicate the worst declines commenced 

in Queensland in the 1950s, and spread westward to the Kimberley by the late 1970’s 

(O’Malley 2006). Figure 1.1c shows the change in density of records from Atlas of Living 

Australia from before and after 1986, when all finch trapping was banned (Franklin et al. 

1999). 

The Gouldian finch declines may be an interplay of their relatively specialist niche and 

the intensification of European land-use in the region (Tidemann 1996; Franklin 1999; 

Franklin et al. 2005). The decline was more severe in Queensland, the state with earlier and 

more intensive European land use (Tidemann et al. 1993; Franklin 1999; Franklin et al. 

2005). Its granivorous diet is relatively specialist compared with sympatric grassfinches, and 

is particularly dependent on the seeds of Sorghum spp. in the breeding season commencing in 

the late wet-season (February-July) (Tidemann et al. 1999; Dostine & Franklin 2002). The 
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Figure 1.1: a) Wild Gouldian finches drinking at a waterhole in the Northern Territory. Photo 1 

features (1) red and (3) black head-colour morph adults and (2) un-coloured juveniles. Photo 2 

by Dylan Meyer. Panel b) shows typical Gouldian finch breeding habitat. Photo taken by 3 

Mike Fidler. Panel c) uses records from the Atlas of Living Australia to illustrate the decline 4 

in the Gouldian finch. Although observations of Gouldian finches persist across the range, the 5 

heat map clearly shows a reduction in the density of those observations. Note that this is only 6 

for illustrative purposes, for a full quantitative analysis see (Franklin 1999). 7 

a) 

b) 

c) 
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availability of key grass species is highly dependent on fire frequency, intensity and extent 8 

(Scott et al. 2009), where Gouldian finches appear to favour a mosaic of low intensity fires, 9 

based on movements, nest site selection, and stress responses (Dostine et al. 2001; Legge et 10 

al. 2015; Weier et al. 2016). The Gouldian finch is an obligate cavity nester, and like its diet, 11 

it is specialist in the attributes of the cavities occupied (Tidemann et al. 1992; Brazill-Boast et 12 

al. 2010), and suffer reduced fledging success from direct competition with the long-tailed 13 

finch (Brazill-Boast et al. 2011b).  14 

The Gouldian finch was internationally recognised as a threatened species in 1988, but 15 

was down-listed in 2012 from ‘Endangered’ to ‘Near Threatened’ by the IUCN (Birdlife 16 

International 2013). This was on the basis of bird watcher reports and waterhole surveys in 17 

the prior decade that found no evidence for a further decline, with some local population 18 

estimates of 1000+ birds (Garnett et al. 2011). However, these population estimates are 19 

unreliable because a) more than 80% of these flocks are juveniles, and do not represent the 20 

breeding population (Woinarski & Tidemann 1992; Garnett et al. 2011), and b) individual 21 

birds or entire flocks may be counted multiple times over space and time. Very little is known 22 

about the movement capacity of these birds, and they have long been suggested to be highly 23 

mobile or migratory (Berney 1902; Smedley 1904; Garnett et al. 2011), indeed their wing 24 

shape reflects that of a highly dispersive bird (Woinarski & Tidemann 1992).  25 

However, there is no direct evidence of large-scale movements in the Gouldian finch. 26 

The maximum distance between banding recaptures is 20km at the Australian Wildlife 27 

Conservancy Mornington Sanctuary (Legge et al. 2015), and radio tracking suggests birds 28 

make daily movements of 3-10km (Woinarski & Tidemann 1992; Tidemann 1993). After the 29 

breeding season, birds seem to move away from banding sites with low recapture rates 30 

between years (Woinarski & Tidemann 1992; Tidemann et al. 1999; Brazill-Boast et al. 31 

2013), which suggests highly dispersive behaviours or high mortality rates (or both). This 32 

pattern may be partially explained as a seasonal movement, as bird densities in the Yinberrie 33 

Hills change between uplands and lowlands (10km apart) in the dry and wet seasons, 34 
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respectively (Dostine et al. 2001). However, over the Dostine et al. (2001) study only four 35 

birds were recaptured, no more than 1.5 years between recaptures, so many birds were still 36 

lost from the study. Until banding studies expand the area surveyed and account for inter- 37 

annual variation in water availability (which may affect congregation densities at waterholes), 38 

the question of how far Gouldian finches travel may never be solved.  39 

Population genetic methods can detect the scale on which gene-flow occurs, and be 40 

used to infer the effective population size of the contemporary population. An early 41 

electrophoretic study of Myoglobin introns found no evidence of population structure 42 

(Heslewood et al. 1998), but a single locus is rarely sufficient to elucidate gene flow between 43 

regions (Slatkin & Barton 1989). Although Heslewood et al. (1998) had large samples from 44 

three localities in the western part of the range, birds from Queensland were very poorly 45 

represented. Unpublished thesis work from six microsatellites and mitochondrial control 46 

region on birds from a single site in each of Western Australia and Northern territory again 47 

indicated birds were a single randomly-mating population (Esparza-Salas 2007). However, 48 

there were only two contemporary population samples (Esparza-Salas 2007), and unsampled 49 

populations can have the effect of inflating migration estimates (Slatkin 2005). Further, if 50 

genetic differentiation is recent, or subtle, the marker power employed by Esparza-Salas 51 

(2007) was insufficient to detect it (Lloyd et al. 2013). There was also no evidence of 52 

differentiation from mitochondrial control region sequences in 43 natural history specimens, 53 

sampled more extensively across the range (Esparza-Salas 2007). Again the representation of 54 

birds from Queensland in this study was insufficient to draw robust conclusion about genetic 55 

structure in the historical population (Esparza-Salas 2007). Furthermore, these samples were 56 

not utilised to explicitly compare genetic diversity and effective population size (Ne) across 57 

the period of population decline in the Gouldian finch (Esparza-Salas 2007). This was a 58 

missed opportunity to unearth another independent estimate of contemporary population size 59 

(via Ne), and the degree of decline and recovery in the Gouldian finch. While the Ne to Nc 60 

ratio varies between species (Palstra & Fraser 2012; Waples et al. 2013), the Gouldian finch is 61 
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expected to have a much reduced effective population size owing to sex ratio bias (Brazill- 62 

Boast et al. 2013), high juvenile mortality rates (Woinarski & Tidemann 1992), and genetic 63 

incompatibility that occurs when colour morphs interbreed (Pryke & Griffith 2009a).. 64 

Colour polymorphism as a threatening process 65 
Colour polymorphism is commonly defined as highly heritable, discrete differences in 66 

colour that are maintained in the same population (Ford 1945; Huxley 1955). Colour 67 

polymorphism can be linked to variations in microclimate or habitat, or to predator-prey 68 

dynamics through apostatic selection (Bond 2007). Colouration can also be important for 69 

social and sexual signaling within a species, and colour polymorphisms are often associated 70 

with different social and sexual strategies (Roulin 2004; Wellenreuther et al. 2014). Indeed, 71 

this complex association of colour with all aspects of life means that many colour 72 

polymorphic species have a suite of other traits that are tightly associated with colour, and 73 

share underlying genetic mechanisms (Sinervo & Svensson 2002; McKinnon & Pierotti 74 

2010). One of the distinctive features of the Gouldian finch is its head-colour polymorphism, 75 

and work on domesticated birds to discern some of the mechanisms maintaining colour 76 

polymorphism have revealed that the colour polymorphism itself may be a threatening 77 

process. 78 

In the Gouldian finch, red head colouration is dominant to black and is determined by 79 

a single Mendelian locus on the sex chromosomes (Southern 1945), where females are the 80 

heterogametic sex. See Figure 1.2 for a diagram of inheritance patterns and genotype 81 

notations used throughout this thesis. In the wild, the red and black head colour morphs occur 82 

at stable frequencies across the range (Franklin & Dostine 2000; Gilby et al. 2009). However, 83 

because of uneven allele frequencies and sex-linked inheritance each sex shows a slightly 84 

different head colour frequency, for example 19.8% of females at Yinberrie Hills were red- 85 

headed, while 31.7% of males caught were red (Franklin & Dostine 2000). The yellow- 86 

headed morph is determined by homozygosity at an autosomal locus that is related to 87 
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carotenoid deposition (Murray 1963), but it occurs at very low frequencies (~1%) in the wild 88 

(Franklin & Dostine 2000; Gilby et al. 2009), and will not be discussed further in this thesis.  89 

A potential threatening process to the Gouldian finch in the wild is the genetic 90 

incompatibility between head-colour morphs which was found in experiments on 91 

domesticated birds (Pryke & Griffith 2009a). This experiment force-bred all combinations of 92 

male and female head-colour genotypes (as determined by pedigree), and cross-fostered entire 93 

broods between treatments (Pryke & Griffith 2009a). Offspring from mixed-morph parents  94 

(e.g. red female and black male) suffered reduced survival but not fertility, where mortality of 95 

female offspring (~44%) was greater than that of sons (~30%) (Pryke & Griffith 2009a). This 96 

same pattern was also found when red females bred with heterozygote red males (Pryke & 97 

Griffith 2009a). This may be an example of a Dobzhanksy-Muller incompatibility, where two 98 

separated populations fix different allelic variants at one or more functional loci, and novel 99 

combinations of these loci in hybrids reduces offspring fitness (Dobzhansky 1936; Orr 1995). 100 

Haldane’s rule predicts the heterogametic sex in hybrid offspring will suffer greater mortality 101 

or sterility (Haldane 1922), and may occur when Dobzhansky-Muller incompatibilities are 102 

sex-linked and at least partially recessive , meaning the heterogametic sex has no other 103 

chromosome to ‘cover up’ these deleterious loci (Orr 1997). Currently, the exact molecular 104 

mechanisms underpinning incompatibility in the Gouldian finch are unknown, but the 105 

consequences of incompatibility in the wild will be similar to those of outbreeding depression.  106 

Like inbreeding depression, outbreeding depression results in offspring dysfunction, 107 

but are the progeny of individuals with very different genomes. As discussed in the previous 108 

section, the cumulative effects of offspring mortality resulting from inbreeding (or 109 

outbreeding) depression can reduce population growth rates (Edmands 1999, 2007; Keller & 110 

Waller 2002). Maximising population growth rates is one of the central goals of conservation 111 

and restoration of endangered species. Gouldian finches are socially monogamous breeders, 112 

and in the wild between 15-20% of pairs are mixed morph (Pryke & Griffith 2007), and 113 

additional pairs will be between red females and heterozygote red males (depending on the 114 
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frequency of heterozygote males in the population). Therefore, a minimum of 15% of pairs in 115 

the population may experience reduced fitness, in a species that may already have very high 116 

juvenile mortality rates (Woinarski & Tidemann 1992). 117 

 A series of follow-up papers found that incompatible pairs were able to ameliorate 118 

some individual fitness losses by optimizing their life-history trade-offs through differential 119 

investment through reduction in clutch size, and offspring provisioning rates (Pryke & 120 

Griffith 2009b, 2010); adjustment of offspring sex ratio towards male offspring (Pryke & 121 

Griffith 2009b); gaining extra-pair paternity from a compatible male (Pryke et al. 2010); and 122 

an assortative mate preference (Pryke & Griffith 2007; Pryke 2010). These kinds of 123 

behaviours are common consequences of reinforcement that can occur between hybridising 124 

species (Veen et al. 2001; Servedio & Noor 2003; Griffith 2010). However, these 125 

ameliorations do not fully remove the effects of incompatibility (Pryke & Griffith 2009b, 126 

2010; Pryke et al. 2010), and will still lower net population growth rates. Indeed, the 127 

reinforcement in sympatric speciation models have predicted extinction in some scenarios 128 

(Liou & Price 1994; Doorn et al. 1998).Therefore, it is imperative that the extent of 129 

incompatibility be assessed in the wild, and is addressed in this thesis. 130 

These experiments on domesticated birds revealed other behavioural and physiological 131 

traits associated with head-colour, and the consequences of their interactions may also be 132 

detrimental to population growth. Red birds of both sexes are aggressive and socially 133 

dominant to black birds (Pryke & Griffith 2006; Pryke 2007), and head-colours exhibit 134 

distinct personalities (Williams et al. 2012; Mettke-Hofmann 2012). In the wild, nest site 135 

quality confers higher reproductive success, and red males have higher success in acquiring 136 

and defending these territories (Brazill-Boast et al. 2011a, 2013). In experimentally 137 

competitive environments, with high proportions of red birds, red-headed birds exhibit higher 138 

levels of stress hormones and testosterone (Pryke et al. 2007), and reduce offspring 139 

provisioning (Pryke & Griffith 2009c). The frequency of red-birds in the wild may be 140 

maintained by this negative-frequency dependent selection on their aggressive behaviours 141 
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(Pryke et al. 2007). Anything that alters the frequency of red and black birds (such as drift, or 142 

selection for another trait correlated with colour) in the wild may alter these competitive 143 

dynamics. This will influence net population growth rates via frequency dependent 144 

behavioural effects and by altering the frequency of incompatible head-colour pairings. 145 

Indeed, theoretical modelling accounting for different behaviours and incompatibility between 146 

morphs has demonstrated parameter space where the combination of these effects can result in 147 

small population sizes, and even extinction of the entire population (Kokko et al. 2014). 148 

These effects are strongest when the number of suitable breeding habitat patches are low, 149 

therefore the maintenance of appropriate habitat may be of additional salience to conservation 150 

efforts (Kokko et al. 2014). 151 
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Aims and Thesis Outline 153 
There are two major categories of aims in this thesis, one pertaining to assessment of 154 

genetic incompatibility between morphs, and the other to using population genetic methods to 155 

assess population size and gene-flow. The different components of each aim are described as 156 

specific questions, and how each chapter answers these questions is described. 157 

 158 

Aim One: Assess colour polymorphism as a threatening process 159 

Question 1.1: Can colour polymorphism be a threatening process? Some literature suggests 160 

that colour polymorphisms will enhance population fitness (Forsman et al. 2008), but as 161 

outlined in the introduction, the evidence from the Gouldian finch suggests that it can have 162 

negative effects on population fitness. Chapter Two (Paper I) aims to broadly assess some of 163 

the features of colour polymorphic species, and presents new ideas as to how colour 164 

polymorphism may not be universally beneficial as once thought. This stimulated debate with 165 

proponents of colour polymorphism, and the position in Paper I is further defended in a reply 166 

(Paper II).  167 

Question 1.2: To what extent is incompatibility occurring in the wild Gouldian finch? If 168 

incompatibility is occurring, the work on domesticated birds allows us to make predictions 169 

about what sorts of patterns we expect to observe in the wild. Previous work in the wild 170 

Gouldian finch found that there was no statistically significant effect of incompatible pairings 171 

on offspring fledging success (Brazill-Boast et al. 2013). The development of a PCR test for 172 

head-colour genotype (Kim 2011) has allowed me to conduct further work to assess selection 173 

at the genotype level in the Gouldian finch.  174 

In Chapter Three (Paper III), I assess whether there is selection on incompatible pairs 175 

by investigating patterns of amelioration through extra-pair paternity with compatible males, 176 

offspring sex-ratio adjustment, and patterns of assortative mating. Incompatibility may also 177 

manifest through genotype specific mortality at the nestling stage, so I investigated deviation 178 

from Mendelian expectation of head-colour genotypes in Gouldian finch offspring. 179 
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In Chapter Four, I further explored additional ways incompatibility would be manifest 180 

in the wild population. Firstly, I explored whether there was evidence of mortality after 181 

fledging, by comparing changes in genotype frequencies across age classes. Secondly, I 182 

examined whether incompatible parents, or their offspring, showed sub-lethal effects of 183 

incompatibility through reduction in body condition.  184 

 185 

Aim Two: Use genetic techniques to assess the ‘genetic health’ of the population 186 

Question 2.1: What are the contemporary patterns of genetic diversity and gene flow in the 187 

Gouldian finch? I use three types of molecular marker to address this aim in Chapter Five. 188 

This chapter uses a dataset of the most comprehensively sampled across the contemporary 189 

range of the Gouldian finch, and includes the use of thousands of SNP markers to address 190 

whether there is subtle genetic differentiation between regions. 191 

Question 2.2: Has the population genetic diversity and gene flow declined over the 20th 192 

Century, in line with observed population declines? This is addressed in Chapter Six, where 193 

over a hundred museum specimens sampled from across the range prior to the decline were 194 

genotyped, and compared with contemporary patterns.  195 

Question 2.3: What is the effective population size of the contemporary Gouldian finch 196 

population(s)? The effective population size is assessed using multiple genetic estimators, on 197 

a comprehensively sampled dataset with a large number of markers in Chapter Six. The 198 

contemporary effective population size is compared with patterns of decline in genetic 199 

diversity over the 20th Century (Question 2.2).  200 

Please note that because each chapter in this thesis is a publication (or intended to be) the 201 

citation of figures recommences every chapter, and appendices are referenced according 202 

journal specific protocols. 203 
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The danger within 

The role of genetic, behavioural, and ecological factors in population 

persistence of colour polymorphic species 

 
 
 

 Colour polymorphic Ctenophorus pictus. Photo: C.R Friesen 
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Chapter Two Vignette 

In the Gouldian finch, the conflicts between morphs and genetic incompatibility are 

potentially an additional threatening process in the wild. There was a swathe of literature 

describing why colour polymorphism was beneficial to population fitness (Forsman et al. 

2008; Wennersten & Forsman 2012), yet the processes responsible for vulnerability in the 

Gouldian finch have been acknowledged as potential contributors extinction outside of the 

colour polymorphism literature (e.g. in speciation, and behavioural ecology (van Doorn et al. 

1998; Kokko & Brooks 2003)). While not an exhaustive review of either literature, this paper 

attempts to bridge the gap between them, and challenges the paradigm that colour 

polymorphisms are universally beneficial to population fitness.  

The initial paper prompted a reply from the dominant voice in the literature for colour 

polymorphism and population fitness (Forsman 2016). We further clarified our position by 

attempting to provide a framework based on the mechanisms involved in the origin and 

maintenance with which to describe polymorphisms and how that relates to reduction in 

population fitness (Paper II in this chapter). This debate has garnered further attention this 

year, another paper suggests that a false dichotomy has been drawn between colour 

polymorphic species and “other” species in the literature, and calls for more integration of the 

colour polymorphism literature with wider evolutionary biology and population genetics 

(Svensson 2017).  

This chapter forms two publications:  

I: Bolton, PE, Rollins, LA, Griffith, SC (2015) The danger within: the role of genetic, 
behavioural, and ecological factors in population persistence of colour polymorphic species. 
Molecular Ecology, 24, 2907-15.  
 
 
II: Bolton, PE, Rollins, LA, Griffith.SC (2016) Colour polymorphism is likely to be 
disadvantageous to some populations and species due to genetic architecture and morph 
interactions. Molecular Ecology, 25, 2713-2718  
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Chapter Three 

 

The colour of paternity 

Extra-pair paternity in the wild Gouldian finch does not appear to be 

driven by genetic incompatibility between morphs 
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Chapter Three Vignette 

After a general exploration of how the processes underlying colour polymorphism 

may be a threatening process, I now dive into characterising the incompatibility between 

morphs in the wild Gouldian finch. Ascertaining the extent of incompatibility is a key aim in 

my thesis, as it offspring mortality and hence may slow population growth rates. This chapter 

forms part of a larger body of work using observational evidence from this species to assess 

the extent of incompatibility. Using key predictions derived from the studies on domesticated 

bird, this paper explores whether Gouldian finch parents strategically ameliorate 

incompatibility. This is the first published utilisation of a novel allele specific test for head-

colour in the Gouldian finch, developed by colleagues (and co-authors) at Sheffield. This 

allows us to directly measure selection on head colour in offspring, and determine which 

head-colours (or head colour alleles) are siring more extra-pair offspring.  

The analyses conducted on wild Gouldian finches in this chapter found no evidence 

for strategic amelioration of incompatibility, nor selection against particular offspring head-

colour genotypes. Given there were such strong effects of incompatibility in the domesticated 

experiments, this begged the question: are the domesticated birds different genetically? 

Indeed, if incompatibility were occurring we would expect there to be some low-level genetic 

differentiation between morphs. A key finding was that domesticated birds show evidence of 

genetic differentiation between morphs, but not in the wild. Therefore, maybe the 

incompatibility was intensified as part of the domestication process. 

 

This chapter is published as:  

III: Bolton, PE, Rollins, LA, Brazill-Boast, J, Kim, K-W, Burke, T, Griffith, SC (2017) The 

colour of paternity: extra-pair paternity in the wild Gouldian finch does not appear to be 

driven by genetic incompatibility between morphs. Journal of Evolutionary Biology, 30,174-

190 
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Appendix S1: Sampling of families at Wyndham 
 

 In 2008-2009 there were 144 observations of Gouldian finch nests, of 124 adults 

observed to breed, 61 pairs were verifiably unique based on band number (59 pairs with 

genotyped blood samples). A summary of the sampling in this paper is provided in Table S1, 

where the final sample used to estimate extra-pair paternity was from 48 families. We also 

sampled an additional 16 eggs across 14 nests, and two clutches of 11 eggs. Because nest 

takeover rates were high (Brazill-Boast et al. 2011b), and sampling of eggs was not even 

between nests, we only included the 14 day old nestlings for our estimates of extra-pair 

paternity . The larger dataset of breeding observations was used to analyse the spatial and 

temporal constraint in extra-pair paternity (Supplement 3). There were more uniquely 

identified breeding pairs (n=59) than pairs with nestling bloods used in the paternity analysis 

(n=51). Therefore, for the analysis of assortative mating we used the larger dataset of 59 pairs.  

 

Table S1: Sample sizes for breeding used in this study, where a) describes the overall 

breeding dataset, and b) describes the sample of nests for which parents and 14 day old 

offspring were sampled. Divorce was defined bas whether one or both in a pair were observed 

to renest with a different partner during the same year. Re-pairing was defined as whether an 

individual had renested with another partner in the following year, and the partner from the 

previous year was not observed again. 

a) 
Total 

observations 
Breeding 

females 
Breeding 

males 
Number 

re-laid 
Number 
divorced 

Number 
re-paired 

2008 82 38 37 9 2 - 
2009 62 25 24 10 1 5 

b) 
Sampled 
Families Eggs 

Number 
re-laid 

Number 
nestlings 

Excluded 
families 

Excluded 
nestlings 

2008 28 11 1 130 2 8 
2009 23 16 6 127 1 5 
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Appendix S2: Laboratory methods and genetic analyses 
Sex-typing:  

All offspring were sex typed using the primers developed for the CHD locus 

(Fridolfsson & Ellegren 1999). The PCR reactions were 8uL comprising 1uL template DNA, 

3.2 uL of Qiagen Multiplex Mix, 3uL Water and 0.8uL of primers to a final concentration of 

0.18uM. Thermal Cycler conditions were 94°C for 15min; 3 cycles of 94°C, 60°C and 72°C 

for 30sec each; 30 cycles of 94°C, 55°C, 72°C for 30sec each; and a final extension of 72°C 

for 10min. PCR products were visualised on a 2.5% agarose gel.  

Multiplexes: 

Microsatellite markers used for this study were as in the captive study (Pryke et al. 

2010), but were arranged into different multiplexes (Table S1). Although all the same markers 

were included, two of these did not amplify reliably in the wild and were removed from the 

final analysis (ten markers). These multiplexes also included the PCR assay for head-colour at 

locus Ego172. This marker differentiates red or black allele based on the dye label, and a 3bp 

size difference in the allele specific primers. This makes it readily visualised in an 

electropherogram alongside other microsatellite markers. There was one individual that 

conflicted at this locus with the observed phenotype, and was a black female that was 

genotyped as a red (Kim 2011). Field observations wild females have observed ‘black’ 

females but with varying amounts of red flecking through the black mask. We suspect that 

these birds are genotypically red, and this is the focus of ongoing research. This “mis-typed” 

female was not observed to breed. 

Samples were run at Macrogen Inc. on an ABI 3730 machine using a GS-500 LIZ size 

standard. Genotypes were scored using GeneMapper 3.7 (Applied Biosystems, Foster City, 

CA, U.S.A.). 

All 257 14 day old offspring, and 246 adults were included in the paternity analysis in 

CERVUS. Output from CERVUS describing the information content of each locus used is 

presented in Table S2. 
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For the analysis of genetic differentiation according to head colour morph in 

domesticated and wild birds, we analysed used the same marker sets and analysed deviation 

from Hardy-Weinberg equilibrium in ARLEQUIN v.3.5.2.2 (Excoffier & Lischer, 2010). No 

locus was consistently out of Hardy-Weinberg equilibrium in our populations after Bonferroni 

correction for multiple testing (Table S4).  

Linkage disequilibrium between markers was assessed using GENEPOP v4.2 

(Raymond & Rousset, 1995). After correction for multiple testing no two loci were in linkage 

disequilibrium (Table S5). 

 

Table S2: Primers and multiplexes used in this study. Final concentrations (uM) are per 

forward and reverse primer, except the Ego172 locus, which details each of three primers 

separately. 

Marker Dye Multiplex uM Reference 
Pco2 6FAM 1 0.142 (Saito et al. 2001) 
Pca7 VIC 1 0.532 (Dawson et al. 2000) 
Cuu4 NED 1 0.212 (Gibbs et al. 1998) 
Ind41 6FAM 1 0.638 (Forstmeier et al. 2007) 
Titgata2 PET 2 0.334 (Wang et al. 2005) 
Ind28 6FAM 2 0.234 (Sefc et al. 2001) 
Ego172_Rblack 6FAM 2 0.1 (Kim 2011) 
Ego172_Rred VIC 2 0.1 - 
Ego172_Fa n/a 2 0.1 - 
Tgu11 VIC 3 0.1 (Forstmeier et al. 2007) 
Ind37 VIC 3 0.8 (Sefc et al. 2001) 
BF18 6FAM 3 0.2 (Yodogawa et al. 2003) 
Ase24 6FAM 3 0.334 (Richardson et al. 2000) 
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Table S3: Characteristics for each locus used in this study, as calculated for all adults and 

nestlings in those years. Where NA is the number of alleles, and the final row shows alleles 

per locus; N is the number of individuals typed at that locus and the final row is total number 

of typed individuals; HO and HE are the observed and expected heterozygosity, final row is the 

mean; PIC is the polymorphic information content; NE-1P/2P is the non-exclusion probability 

for the first and second parent, where the final row is the combined non-exclusion probability; 

Null is the estimate of null alleles 

a) 2008 
Locus     k HO HE PIC NE-1P NE-2P Null 
Ase24     9 0.59 0.70 0.65 0.71 0.54 0.08 
BF18      15 0.73 0.77 0.74 0.61 0.43 0.02 
Ind37     21 0.88 0.91 0.90 0.31 0.19 0.01 
Tgu11     8 0.60 0.58 0.52 0.82 0.68 -0.02 
Cuu4      19 0.79 0.84 0.83 0.48 0.31 0.04 
Ind28     8 0.73 0.73 0.69 0.68 0.49 -0.01 
Ind41     40 0.90 0.95 0.94 0.20 0.11 0.03 
Pca7      24 0.90 0.92 0.91 0.28 0.16 0.01 
Pco2      5 0.59 0.58 0.51 0.83 0.69 -0.01 
Titgata02 20 0.86 0.86 0.84 0.45 0.29 0.00 
Mean 16.90 0.76 0.78 0.75 0.0008 0.00002 - 
b) 2009 
Locus     k HO HE PIC NE-1P NE-2P F 
Ase24     7 0.53 0.65 0.60 0.76 0.59 0.11 
BF18      11 0.71 0.75 0.72 0.63 0.45 0.03 
Ind37     16 0.77 0.90 0.89 0.34 0.21 0.07 
Tgu11     6 0.58 0.56 0.51 0.83 0.68 -0.02 
Cuu4      14 0.71 0.83 0.80 0.51 0.34 0.08 
Ind28     9 0.75 0.75 0.72 0.64 0.46 -0.01 
Ind41     32 0.95 0.94 0.94 0.21 0.12 -0.01 
Pca7      22 0.95 0.93 0.92 0.26 0.15 -0.01 
Pco2      5 0.65 0.61 0.52 0.81 0.68 -0.03 
Titgata02 15 0.90 0.85 0.84 0.46 0.29 -0.03 
Mean 13.70 0.75 0.78 0.75 0.0009 0.00002 - 
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Table S5: Results from linkage disequilibrium analysis conducted in GenePop, for 244 wild 

(a) and 48 domesticated samples (b). Bolded p-values are those significant at p<0.05, 

Cuu4xPca7 and Ind41xTitgata02 were significantly in linkage disequilibrium after Bonferroni 

correction (p<0.001, marked by asterisk*). 

a) Wild b) Domesticated 
Locus 1 Locus 2 P-Value Locus 1 Locus 2 P-Value 
Ase24 BF18 0.048 Ase24 BF18 0.629 
Ase24 Ind37 0.419 Ase24 Ind37 0.719 
BF18 Ind37 0.349 BF18 Ind37 0.519 
Ase24 Tgu11 0.236 Ase24 Tgu11 0.218 
BF18 Tgu11 0.350 BF18 Tgu11 0.647 
Ind37 Tgu11 0.100 Ind37 Tgu11 0.845 
Ase24 Cuu4 0.120 Ase24 Cuu4 0.087 
BF18 Cuu4 0.549 BF18 Cuu4 0.364 
Ind37 Cuu4 0.366 Ind37 Cuu4 0.873 
Tgu11 Cuu4 0.815 Tgu11 Cuu4 0.651 
Ase24 Ind28 0.380 Ase24 Ind28 0.365 
BF18 Ind28 0.569 BF18 Ind28 0.820 
Ind37 Ind28 0.095 Ind37 Ind28 0.664 
Tgu11 Ind28 0.220 Tgu11 Ind28 0.425 
Cuu4 Ind28 0.179 Cuu4 Ind28 0.005 
Ase24 Ind41 0.411 Ase24 Ind41 0.502 
BF18 Ind41 0.268 BF18 Ind41 0.309 
Ind37 Ind41 1.000 Ind37 Ind41 0.013 
Tgu11 Ind41 0.037 Tgu11 Ind41 0.706 
Cuu4 Ind41 0.450 Cuu4 Ind41 1.000 
Ind28 Ind41 0.286 Ind28 Ind41 0.356 
Ase24 Pca7 0.369 Ase24 Pca7 0.364 
BF18 Pca7 0.745 BF18 Pca7 0.055 
Ind37 Pca7 0.227 Ind37 Pca7 0.409 
Tgu11 Pca7 0.375 Tgu11 Pca7 0.823 
Cuu4 Pca7 0.243 Cuu4 Pca7 0.000* 
Ind28 Pca7 0.515 Ind28 Pca7 0.871 
Ind41 Pca7 0.038 Ind41 Pca7 0.183 
Ase24 Pco2 0.782 Ase24 Pco2 0.514 
BF18 Pco2 0.196 BF18 Pco2 0.652 
Ind37 Pco2 0.104 Ind37 Pco2 0.289 
Tgu11 Pco2 0.040 Tgu11 Pco2 0.732 
Cuu4 Pco2 0.269 Cuu4 Pco2 0.459 
Ind28 Pco2 0.190 Ind28 Pco2 0.726 
Ind41 Pco2 0.730 Ind41 Pco2 0.004 
Pca7 Pco2 0.441 Pca7 Pco2 0.112 

Ase24 Titgata02 0.345 Ase24 Titgata02 0.936 
BF18 Titgata02 0.626 BF18 Titgata02 0.291 
Ind37 Titgata02 0.923 Ind37 Titgata02 0.277 
Tgu11 Titgata02 0.539 Tgu11 Titgata02 0.098 
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a) Wild b) Domesticated 
Locus 1 Locus 2 P-Value Locus 1 Locus 2 P-Value 

Cuu4 Titgata02 0.852 Cuu4 Titgata02 0.881 
Ind28 Titgata02 0.153 Ind28 Titgata02 0.276 
Ind41 Titgata02 0.210 Ind41 Titgata02 0.000* 
Pca7 Titgata02 0.996 Pca7 Titgata02 0.054 
Pco2 Titgata02 0.991 Pco2 Titgata02 0.619 

 

Appendix S3: Determinants of Extra-Pair Paternity & Intra-specific brood parasitism 
 

Methods 

Spatial and temporal opportunity 

Spatial and temporal opportunities for extra-pair copulations can be an important 

determinant of extra-pair paternity in other bird species (Griffith et al. 2002). To examine 

whether females were spatially or temporally constrained in their choice of extra-pair partners 

we calculated whether the density and synchrony of active nests affected the rate of extra pair 

paternity. As such we also examined whether females were constrained by the density and 

synchrony of males with compatible head-colour. For every nest in the sample, we calculated 

synchrony as the number of concurrent sexually active nests based on an estimated male and 

female finch fertile period. This was derived from the total sample of nesting observations, 

which is larger than those we had genetic samples for (families with genetics; n=51; families 

with parents but no nestling genetics, n = 29; total nesting attempts, n = 144), but the final 

pool used for testing extra-pair only includes families where there is genetic data for chicks. 

In this analysis we focused on each individual breeding observation, and the “fertile period” 

was considered the window in which sperm from a copulating male could have been included 

in the focal clutch (and produce our observations of paternity). In females, this period begins 

eleven days prior to laying the first egg, and is based on viable storage of about ten days in the 

Zebra finch (Birkhead et al. 1989). Female fertile period ended six days after the first egg and 

allows for fertilization of the sixth egg the morning before it was laid, and by mid-incubation 

follicles and oviducts regress (L.L Hurley Pers Comm.). The sixth day was chosen based on 
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the average clutch size in the dataset (5.98), but we chose not to use the focal female’s 

observed clutch size to inform this window because individual clutches may be inflated 

because of frequent nest take-overs between Gouldian and long-tailed finches (Brazill-Boast 

et al. 2011b), and intra-specific brood parasitism. Outside strictly photo-periodic birds, little is 

known about the production and viability of sperm across a single reproductive episode, but 

we assumed that their reproductive capacity would decline when eggs hatched and they had to 

invest in raising chicks. Therefore, we set the male reproductive period (to derive the pool of 

synchronous nests) as -15 days prior to first egg, and 20 days after first egg.  The caveat for 

all these calculations is that Australian Estrildid finches are multi-clutch breeders so breeding 

periods are not as strictly definable as most Northern Hemisphere photoperiodic breeding 

birds. Therefore, although we define computationally hard-bounds for the male and female 

reproductive periods in this analysis, in reality they are probably flexible soft bounds. 

Therefore, the calculated number of reproductively synced birds should be considered a 

minimum value, and also does not consider reproductively active “floater” males (e.g. Smith 

1978).  

From the nests that were found to be ‘active’ at the same time as the focal nest, we 

calculated a number of spatial variables to measure the spatial opportunity for extra-pair 

copulations. We calculated the minimum distance a female would have to travel for an extra-

pair copulation (the nearest nest), and the average distance between the focal nest and all 

other ‘synchronous’ nests. We calculated these same parameters but only including the nests 

with a male with a compatible head-colour. 

We also explored whether extra-pair paternity was related to time in breeding season. 

This is because Gouldian finch productivity changes throughout a season (Tidemann et al. 

1999), thus access to mates and appropriate resources to rear chicks will change with time. 

We compared the incidence of extra-pair paternity in a clutch with nest initiation (day of first 

egg) time within breeding season, with observations over 123 days.  To reduce dimensionality 
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in this small dataset, we also divided the breeding period into 41-day bins of “early”, 

“middle” and “late” breeding season. 

Statistics 

There were too few re-nesting attempts within the dataset to reliably run a mixed 

model to test the effects of synchronicity and density, so in order to retain independent 

observations necessary for a generalized linear model (GLM), we kept only the first clutch 

where chicks were bled to retain only independent observations. The effects of synchronicity, 

density and time of season were tested using logistic regression against the presence/absence 

of extra-pair paternity as a binary response. The proportion of extra-pair offspring at a given 

nest (binomial count response) were first run with a binomial model and checked for over-

dispersion and goodness of fit using a deviance goodness-of-fit test. If over-dispersed (𝜓>1 

and a poor model fit) we corrected for this in a quasi-likelihood glm framework by specifying 

“quasibinomial” as the model family. This correction for over-dispersion using the quasi-

likelihood framework gives a more realistic and estimate of the model coefficient standard 

errors. Predictor significance was for binary models were assessed formally using likelihood 

ratio test, and for quasibinomial models using the F-test in the drop1 function. 

By pairing type in captivity: 

In captivity Pryke et al. (2010) found a striking effect where a large portion of 

offspring could be sired by an extra-pair compatible male, from just a single copulation. 

Although they stated there was no difference in the propensity of female morphs to copulate 

with an extra-pair male in different contexts, they never explicitly tested the binary outcome 

of whether a female had any extra-pair young with regard to pairing context and experimental 

treatment (Pryke et al. 2010). Because presence of extra-pair paternity was a metric we used 

in this paper, we explored whether there was an effect at this level in captivity by mining the 

data presented in Figure 1 of Pryke et al. (2010). Because in the wild we cannot measure how 

many actual copulations there are with extra-pair males, we just included overall number of 

clutches with any EPO of ALL families in each treatment. Furthermore, in our paper, we only 
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considered the rates of EPO in mixed pairs in the adaptive treatment (n=10), and the pure 

pairs in the neutral treatment (n=10) to be relevant comparison, because we assumed that 

females would not be limited in the number of copulations in the way captive birds were, so 

females in mixed pairs could gain more adaptive copulations/fertilizations. We compared the 

number of families with extra-pair paternity in the mixed and pure pairs by Fisher’s Exact 

Test.   

Intra-specific Brood Parasitism 

We replicated the analyses conducted in the main paper section “Determinants of 

extra-pair paternity” with the rates of Intra-specific Brood Parasitism (IBP), and predict that 

mixed morph pairs ought to have higher rates of IBP. This prediction arose because in 

captivity individuals in incompatible pairs experience higher stress levels and provision their 

offspring less frequently (Pryke & Griffith 2009, 2010; Griffith et al. 2011), therefore they 

might be less able to defend against intra-specific brood parasites in the wild. Moreover, in 

the wild, red males were found to occupy higher quality nest sites and experience more 

interference from conspecifics and sympatric long-tailed finches, but were more capable of 

defending their nesting resource (Brazill-Boast et al. 2011b, 2013). Therefore, we predict 

there to be more IBP in nests with black morph fathers. So we additionally tested with a 

Fisher’s exact test whether there was an overall morph effect as well as by pairing context. 

Results & Discussion:  

Temporal and spatial opportunity 

There was no effect of either measure of nest synchronicity or density on the presence 

of extra-pair paternity (Table S6a), nor on the number of extra-pair offspring (Table S6a). All 

binomial models describing the proportion of extra-pair offspring were overdispersed and 

were all modelled with quasibinomial models. There was no effect of synchronicity or 

distance to males of compatible head colour on either measure of extra-pair paternity (Table 

S6b). 
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There was no association between the day that a nest was laid and whether it would 

have an extra-pair offspring (Table S6c), but a weakly negative significant effect on the 

proportion of extra-pair offspring (Table S6c). This means the odds of extra-pair offspring 

decreases by 0.96 per day, but corresponds to a very small change in the actual number of 

extra-pair offspring. Moreover, this result is driven entirely by a single observation of 80% 

extra-pair offspring early in the season (Family 44: Figure S1), and this effect disappeared 

completely when removing this observation (β1=-0.020, p=0.165,F=3.3689, p(F)=0.07). 

 

Table S6: results from generalized linear models exploring the relationship between measures 

of nesting synchrony and density on the rates of extra-pair paternity. When response variables 

show the proportion of extra-pair offspring (EPO) these are results from quasibinomial, with 

the corresponding parameter significance using F-tests.  Each section of the table (a,b or c) 

describes the individual models pertaining to particular questions.  

a) Synchronicity and density of all breeding males     
Response Parameter β0 β1 χ2 P 

≥ 1 instance of EPP Number synchronous -1.190 -0.010 0.030 0.863 

 
log(nearest nest) -1.209 0.090 0.039 0.884 

 
Average distance -1.528 0.030 0.053 0.818 

Response Parameter β0 β1 F P 
Proportion EPO Number synchronous -1.989 -0.024 0.230 0.634 

 
log(nearest nest) -2.166 0.153 0.154 0.697 

 
Average distance -2.187 -0.094 0.591 0.446 

b) Synchronicity and density of compatible morph males     
Response Parameter β0 β1 χ2 P 

≥ 1 instance of EPP Number synchronous -0.257 -0.123 2.125 0.145 

 
log(nearest nest) -1.053 0.284 1.340 0.247 

 
Average distance -1.449 0.010 0.007 0.935 

Response Parameter β0 β1 F P 
Proportion EPO Number synchronous -1.989 -0.115 2.840 0.098 

 
log(nearest nest) -2.101 0.232 1.288 0.262 

 
Average distance -2.189 -0.103 0.840 0.364 

c) Timing of Breeding     
Response Parameter β0 β1 F or χ2 P 

≥ 1 instance of EPP Initiation -0.968 -0.020 2.315 0.128 
Proportion EPO Initiation -1.951 -0.030 7.323 0.009 
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Figure S1:  Plot showing the observed proportion of extra-pair offspring per nest according to 

the day initiated in the season. 

 

The finding that females did not appear to be constrained with respect to either the 

temporal or spatial opportunity for extra-pair copulations strengthens our conclusion that this 

incompatibility is absent in the wild. If the same sperm competition mechanisms and selective 

force were present in the wild, then females should have been able to find and copulate with 

at least one male of the appropriate head-colour during their fertile period. From our 

observations of the location and timing of reproduction by both red and black morphs in the 

local population, females should have ample opportunity to seek extra-pair copulations with 

males of both head-colours. On the basis of the breeding locations of the identified extra-pair 

sires, we found that males or females were quite mobile during their fertile period. 

Furthermore, radio tracking of Gouldian finches has demonstrated that they can move 

anywhere between three and 17km in a single day (Woinarski & Tidemann 1992; K. Maute 

Pers. Comm). As a consequence there was always an abundance of males (of different head-

colours) nesting at the scale over which some females gained extra-pair paternity. The 

distances between nests may also not be a constraint because the Gouldian finch is not a 
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territorial species and there are large congregations of finches at the common waterholes to 

drink at dawn, which may provide convenient opportunities for extra-pair copulations. 

Pairing type in captivity 

 When considering mixed pairs in only adaptive treatments, and pure pairs in neutral 

the neutral treatment, mixed pairs had a higher proportion of families with EPP, but this effect 

was not significant (8/10 vs 4/10, Fisher’s exact test p=0.17, w=0.84, power=0.76).  

This result is surprising, but might be because females were limited in the number of 

extra-pair copulations or simply that this metric is not useful and the majority of fitness gains 

in incompatible pairs come from the outcome of sperm competition. 

Intra-specific brood parasitism 

As summarised in the main text, we found intra-specific brood parasitism in Gouldian 

finches at a rate of 15.8% of broods, and 4.5% of offspring. These mismatched both the social 

parents at an average of half the genotyped loci. Further, the likelihood approach in the latest 

version of CERVUS takes into account allele frequencies when assigning probable parentage, 

and has a low rate of mistyping related offspring as unrelated (Lemons et al. 2014). 

Additionally, these offspring were never assigned the social mother or father, even at low 

LOD scores. 

Individuals may choose to lay in conspecific nests through an alternate reproductive 

strategy, or IBP may simply reflect individuals attempting to make the best-of-a-bad-job in 

resource limiting situations (Lyon & Eadie 2008). In particular, higher rates of IBP has been 

correlated with species with high reproductive rates and those that nest in cavities, which are 

more limited than other nest types (Eadie et al. 1988). IBP is taxonomically widespread 

(Yom-Tov 2001), and percent of broods affected by IBP is commonly less than ten percent 

(but can be up to 50%) (Arnold & Owens 2002). Ours is the third molecular estimate of IBP 

in Estrildid finches, which estimates rates in the Gouldian finch are lower than those observed 

in wild zebra-finches (17-36% of broods, 10.9% of offspring (Birkhead et al. 1990; Griffith et 

al. 2010)). Conversely, the sympatric and occasional cavity nesting long-tailed finch had 
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much lower levels of IBP than the Gouldian finch (2 of 391 offspring (Rooij et al. 2016). This 

conforms to previous correlations between IBP and reproductive rate and cavity nesting 

(Lyon & Eadie 2008). Gouldian finches are obligate cavity nesters, and may have a more r-

selected life-history than long-tailed finches (Tidemann et al. 1999; van Rooij & Griffith 

2011). Indeed, even within the available cavities, Gouldian finches are have highly specialised 

requirements for nesting cavities, which may preclude low quality individuals from obtaining 

suitable nesting sites in this highly competitive environment (Brazill-Boast et al. 2010, 2011a; 

b). Previous work has shown that red morph males are more competitive at obtaining and 

defending high-quality nest sites (Brazill-Boast et al. 2013), so black morph birds might be 

more likely to parasitise and be parasitized.  

There was limited support for our predictions that mixed morph pairs or black morph 

males will experience higher rates of IBP. There was a greater proportion of nests with IBP in 

mixed pairs than in pure, but this effect was not significant (4/12 vs 5/36, Fisher’s exact test 

p=0.2, w=0.47, power=0.28). There was a higher proportion of nests with IBP in mixed pairs 

with a black morph male, but this effect was not statistically significant (Figure S2: two-tailed 

Fisher’s exact test, p=0.15, w=0.78, power=0.31). There was no effect of male morph 

irrespective of pairing type on the presence of IBP (7/31 vs 2/10, two tailed Fisher’s exact 

test, p=1, w=0.04, pwr=0.05).  

There was no effect of pairing type on the percent of clutch that was from IBP (Figure 

S3, Mann-Whitney Test, W=9, p=0.9), nor in the overall number of offspring (4/17 vs 17/26, 

Fisher’s exact test, p=1). Similarly, there was no effect of male morph irrespective of his 

partner on the percent IBPO in a clutch (Figure S3: Mann-Whitney Test, W=7.5, p=1), nor 

within black morph males in different pairing contexts (Mann-Whitney test, W=4.5, p=1). 

The final prediction was that black morph individuals were more likely to be parents 

of IBP offspring. Our results suggest the frequency of genotypes in the offspring do not 

deviate from the parental generation genotype frequencies (Figure S4: binomial test for 

frequency of red males: obs=0.18, exp=0.24, p=1). 
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Figure S2: Percent of families with at least one instance of intra-specific brood parasitism 

according to pairing type, where bar colours represent male morph. Error bars are 95% 

binomial confidence intervals, and sample sizes are above the x-axis. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure S3: Boxplot showing the median and mean percent of clutch that is the result of intra-

specific brood parasitism in mixed and pure pairing types 
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Figure S4: Frequency of genotypes resulting from intra-specific brood parasitism (IBP), 

where panes represent the morph of the social father of the parasitised nest. Bar colours 

represent offspring genotypes. 

 

Appendix S4: Offspring morph 
All offspring in these data were genotyped for head-colour morph using the Ego 172 

PCR assay. If incompatibility is occurring in the wild, fathers of extra-pair young should 

match the morph of the mother. Separated into to maternal morph categories, we calculated 

the probability of observing a given observed offspring genotype. We tested against two 

scenarios: a) that paternity of extra-pair offspring is random (because there is no female 

preference or sperm competition mechanism), b) that paternity is preferenced toward males of 

the same head colour as the mother. Due to the small sample size we focused on testing these 

against the frequency of heterozygote red males (RB) from red mothers, and the frequency of 
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black females from black morph mothers. An example of calculations for each of the 

scenarios for heterozygote offspring from red mothers are as follows: 

 

Random mating:  

 

Pr O = RB = Pr RB ∗ Pr O = RB M = RB + Pr RR ∗ Pr O = RB M = RR + Pr BB ∗

Pr O = RB M = BB   

 

Red male preference:  

 

Pr O = RB =
Pr RB
R ∗ Pr O = RB  M = RB +  

Pr RB
R ∗ Pr O = RB M = RR  

 

Where O=offspring, R=Red Phenotype, RB=heterozygote red male, RR=homozygote red 

male.  

 There was no ability to discriminate between the two scenarios in the case of red 

mothers, but the proportion of heterozygote offspring was larger than that expected if eggs 

were only fertilized by red males (Red male preference: binomial exact test obs=0.6, 

exp=0.25, p=0.096, w=0.74, power=0.38), where the observed patterns are much closer to the 

expectations under random mating (Random mating:, obs= 0.6, exp=0.44, p=0.66, w=0.33, 

power=0.11). The expected genotype frequency for black females was not very different 

between the two scenarios, and both scenarios were unable to be rejected (random mating: 

obs=0.4, exp=0.44, p=1, w=0.073, power=0.059; black male preference: exp=0.5, p=0.61, 

w=0.2, power=0.12).  This is because the black allele is so common it is difficult to 

distinguish these scenarios, particularly when the sample size is low. 
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Appendix S5:  Supplementary results for Population Genetics and Incompatibility. 

The clustering analysis in STRUCTURE comparing wild and domesticated birds had 

an LnP(D) plot with the highest likelihood at K=4, and the Evanno method (Evanno et al., 

2005) detected a secondary peak at K=4 (Figure 4b, main text). Given this we also plotted the 

Q-plot for K=4 in Figure S5. Figure S5 shows that the additional clusters are all within the 

domesticated birds 

Figure S5: Q-Plot from STRUCTURE analysis for domesticated and wild comparison at 

K=4. 
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Chapter Four 

 

Morph over matter?  

Examining body size and age-specific selection on colour morph genotypes 

in the wild Gouldian finch 

 

Photo: Sarah Pryke 



	92 

Chapter Four Vignette 

Previously, James Brazill-Boast found no discernable effect of incompatibility on 

fledging success in the wild (Brazill-Boast et al. 2013), and the previous chapter found no 

evidence for strategies to ameliorate incompatibilities. However, the existing datasets had not 

yet been fully explored for avenues through which incompatibility could manifest. Therefore, 

using these existing datasets I explored whether mortality due to incompatibility was deferred 

later in life, through reduction in the frequency of genotypes affected by incompatibility; and 

whether there were sub-lethal effects of incompatibility via changes in body condition. Body 

condition can influence risk of mortality, and paired with physiological measures can be used 

to associate vulnerability with certain processes or seasons (e.g. habitat clearing or moulting) 

or more generally (Stevenson & Woods 2006; Maute et al. 2015).This chapter is the last 

attempt to use the existing data in the wild to correlate genotypes with predicted effects of 

incompatibility. 
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Abstract 
Species with colour polymorphisms often exhibit suites of traits that are correlated 

with each colour, and are maintained by selection on colour directly or on properties of the 

correlated traits. Previous work on the domesticated colour polymorphic Gouldian finch 

revealed a genetic incompatibility between morphs, where the offspring of mixed-morph 

parents had reduced survival. The interplay of the incompatibility between morphs could be a 

threatening process to this endangered bird. However, previous work in the wild exploring 

fledging success, patterns of polyandry and offspring sex ratio was unable to detect any signal 

of incompatibility with the same strength observed in the domesticated birds.  We utilise an 

allele-specific test for head-colour genotype in the Gouldian finch to explore whether 

mortality effects of incompatibility are delayed to later in life, as there was no incompatibility 

effect on fledging success in the wild. Additionally, body condition indices were associated 

with morph genotypes to explore whether incompatibility has sub-lethal effects. There was no 

change across age classes in the male genotype frequencies affected by incompatibility. As 

predicted by the incompatibility experiments in the domesticated birds, there was a male-

biased sex ratio in adult birds, but it remains unclear whether this is the result of a genetic 

incompatibility. Similarly, there was no detectable difference in body condition in either 

hatchling or adult birds according to their head-colour genotype. Our results suggest that in 

the wild, there are no delayed mortality and sub-lethal effects of incompatibility between 

Gouldian finch morphs in the wild.  
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Introduction 1 
Species with sympatric colour morphs often exhibit suites of traits correlated with 2 

colour, and are often determined by few genes of large effect (Ford 1945; Huxley 1955; 3 

McKinnon and Pierotti 2010; Wellenreuther et al. 2014). In a wide array of vertebrates, 4 

colour has been associated with alternate life history strategies such as K- and r-selected 5 

female side-blotched lizards (Uta stansburiana) (Sinervo et al. 2000), sexual strategies such 6 

as lekking and sneaker males in the Ruff (Philomachus pugnax) (Lank et al. 1995). Colour 7 

morph has also been associated with differences in body size (Almasi and Roulin 2015), stress 8 

response (Galeotti et al. 2010), and immunocompetence (Pryke et al. 2007). The 9 

polymorphism may be maintained in the population through ecological drivers such as 10 

apostatic selection on colour itself (Bond 2007), selection on the correlated sexual, social or 11 

life-history traits (McKinnon and Pierotti 2010), or some combination of the two (e.g. the 12 

black sparrowhawk Accipiter melanoleucus (Sumasgutner et al. 2016)). The interaction of 13 

morphs and nature of the correlated traits may decrease population fitness in some 14 

polymorphic species (Bolton et al. 2015; Bolton, Rollins, et al. 2016; Forsman 2016).  15 

Selection against certain colour genotypes has been demonstrated in a number of 16 

colour polymorphic species. For example, homozygotes of the inversion polymorphism 17 

determining Ruff phenotypes is lethal (Küpper et al. 2015), or there may be conflict between 18 

the sexes for the optimal colour genotype (Ducret et al. 2016). Moreover, assortative colour 19 

pairs in the black sparrowhawk have lower offspring survival than disassortative pairs 20 

(Sumasgutner et al. 2016; Tate et al. 2016), reduced survival of inversion homozygotes may 21 

explain nearly perfect disassortative mating in the white-throated sparrow morphs (Houtman 22 

and Falls 1994; Horton et al. 2013). On their own, these effects are no different from the 23 

effects of selection on population dynamics (Saccheri and Hanski 2006; Kinnison and 24 

Hairston 2007), but in combination with environmental mismatch and behavioural 25 

interactions between morphs colour polymorphic species may fall into an ecological or 26 

evolutionary trap (Schlaepfer et al. 2002; Bolton, Rollins, et al. 2016). Indeed, theoretical 27 

modelling that includes habitat requirements and behavioural interactions between Gouldian 28 
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finch colour morphs revealed parameter space where birds exist in low numbers or drive 29 

themselves to extinction (Kokko et al. 2014). 30 

The Gouldian finch (Erythrura gouldiae) has a sex-linked Mendelian polymorphism 31 

for red or black head-colour (Southern 1945), which co-occur at stable frequencies across its 32 

range in the monsoon tropics of Australia (Gilby et al. 2009). A series of experiments on 33 

domesticated Gouldian finches revealed that head-colour was associated with a number of 34 

behavioural and physiological traits (Pryke and Griffith 2006; Pryke et al. 2007; Pryke and 35 

Griffith 2009c). Experiments also showed captive birds mate assortatively with respect to 36 

head colour (Pryke and Griffith 2007; Pryke 2010). Compared with assortative parings (same 37 

morph), disassortative pairs (mixed morph) have higher offspring mortality, and is strongest 38 

in females, in line with Haldane’s rule (Pryke and Griffith 2009b). Theoretical modelling 39 

suggests the genetic incompatibility and behavioural differences between morphs in 40 

domesticated Gouldian finches could be a threatening process in the wild (Kokko et al. 2014), 41 

which already has a history of population declines (Franklin 1999; Franklin et al. 1999). For 42 

that reason, it is important to fully evaluate the extent to which such effects may occur in wild 43 

Gouldian finches. In the wild, Brazill-Boast et al. (2013) found no effect of mixed morph 44 

families on offspring fledging rate. Nor was there any evidence for morph assortative mating, 45 

the selection of compatible partners through polyandry, biased offspring sex-ratios, or a 46 

reduction in heterozygote offspring in a wild population (Bolton et al. 2017). Genetic 47 

techniques have allowed selection on the underlying colour genotypes to be measured in real 48 

time (e.g. Gratten et al. 2008; Des Roches et al. 2017). Here, an allele specific test for head- 49 

colour is applied to adults and offspring in wild Gouldian finches (Kim 2011), to explore 50 

whether there is evidence for local selection on head-colour across the range, and whether 51 

incompatibility defers incompatibility selection to later in life, or it manifests as sub-lethal 52 

effects.  53 

Previous work has shown morph frequencies to be equivalent across the range 54 

(Franklin and Dostine 2000; Gilby et al. 2009), but does not account for any local selection on 55 
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genotype frequencies in male Gouldian finches, which may occur due to difference intensities 56 

of incompatibility for example. For the first time, head-colour genotypes are directly 57 

quantified across the range. In the laboratory, mixed morph pairs, as well as red females 58 

paired with heterozygote red males exhibited reduced offspring survival (Pryke and Griffith 59 

2009b), but incompatible pairs in the wild showed no evidence of reduced fledging success 60 

(Brazill-Boast, Griffith, et al. 2013). Heterozygote male offspring can only be derived from 61 

“incompatible” pairings, and may suffer increased mortality later in life if the effects seen in 62 

the laboratory are present in the wild (Pryke and Griffith 2009b). Shifts in the age of viability 63 

selection due to incompatibility selection is tested by: (i) testing for a reduction in the 64 

genotype derived from mixed morph pairings (heterozygote males) and (ii) a reduction in the 65 

incompatibility effected sex (females) across hatchling, immature fledged and adult age 66 

classes.  67 

Body condition reflects an individual’s energy reserves and potentially its overall 68 

quality, and has been associated with fitness consequences in some species (Cotton et al. 69 

2006; Roulin 2016). Therefore, any sub-lethal effects of incompatibility in the Gouldian finch 70 

may manifest through differences in overall body condition. Indeed, experiments on 71 

domesticated Gouldian finches showed that mixed morph parents invested less in 72 

provisioning their offspring (Pryke and Griffith 2009a; Pryke and Griffith 2010). Differences 73 

in body condition owing to incompatibility is explored by testing: (i) whether body condition 74 

is reduced in heterozygote red males in adult and offspring Gouldian finches, (ii) whether the 75 

offspring of disassortative pairs have lower body condition. Constraints on mate availability 76 

may force individuals in poor condition may to make sub-optimal decisions with respect 77 

choosing a mate with an assortative head-colour, or conversely, incompatibility between 78 

morphs may directly influence stress levels and hence body condition (Griffith et al. 2011). 79 

Therefore, we tested whether there was evidence of condition assortative mating, and whether 80 

incompatible pairing types consistently had lower body condition than compatible pairs.  81 

 82 
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Methods 83 

Sample collection 84 
Between 2004 and 2013 Gouldian finches were mist-netted banded and bled at 85 

waterholes in five localities in Western Australia and Northern Territory (Figure S1; Table 1). 86 

Adult birds from Australian Wildlife Conservancy’s Mornington Sanctuary and all birds from 87 

the Northern Territory formed part of a larger study on the stress physiology of wild Estrildid 88 

finches and details on sampling can be found elsewhere (Maute et al. 2013; Legge et al. 89 

2015).  90 

Individual and family data was collected from Gouldian finches breeding in 2008 and 91 

2009 at Wyndham in the eastern Kimberley, Western Australia (S15°340’, 128°090’). This is 92 

a natural breeding site, which was supplemented with special cavity shaped nest-boxes that 93 

allow access to the nest chamber (Brazill-Boast et al. 2010; Brazill-Boast, Pryke, et al. 2013). 94 

The details of the monitoring protocol are described elsewhere (Brazill-Boast et al. 2010; 95 

Brazill-Boast et al. 2011; Brazill-Boast, Pryke, et al. 2013), but important details are 96 

reiterated here. Hatchlings in nestboxes were monitored every 2-4 days and were banded and 97 

bled between 14 days and fledging (after day 18). Maternity and paternity of hatchlings were 98 

assessed by adult presence at nest and later verified using a molecular parentage analysis 99 

(Bolton et al. 2017). Birds were also mist-netted and bled at nearby waterholes every 1-2 100 

weeks to capture other adults and fledged juveniles in the population, with additional adult 101 

birds caught at waterholes in Wyndham between 2010 and 2013. 102 

All individuals were given unique band combinations supplied by the Australian Bird 103 

and Bat Banding Scheme. Adults were assigned sex and head-colour morph according to their 104 

plumage, and this can be done equivocally. Blood samples were drawn from all individuals by 105 

puncture of the brachial vein with a 26-gauge needle. All individuals were given unique band  106 
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combinations supplied by the Australian Bird and Bat Banding Scheme. Adults were assigned 111 

sex and head-colour morph according to their plumage, and this can be done equivocally. 112 

Bloods were drawn from all individuals by puncture of the brachial vein with a 26-gauge 113 

needle. A total volume of less than 60uL was taken and stored in either 95% ethanol or 114 

Queens lysis buffer. The mass (0.1g) and tarsus length (0.01mm) was measured for all 14 day 115 

old offspring and adults at Wyndham in 2008 and 2009, and for all adults at all sites in the 116 

Northern Territory. 117 

The protocols used to collect blood samples and monitor nests were approved by the 118 

animal ethics committee at Macquarie University (AEC2007/037, AEC 2007/038, 119 

AEC2010/053), Australian Wildlife Conservancy (CAEC/6/2005,AEC 2007/43, AEC 120 

2010/35), and the University of Wollongong (AE06/25).  121 

 122 

Genotyping 123 
DNA was extracted from blood samples using a Qiagen PureGene Kit and 124 

subsequently used in microsatellite analyses described elsewhere (Bolton, West, et al. 2016; 125 

Bolton et al. 2017). Included in one of the microsatellite multiplexes was an allele-specific 126 

test for two consecutive SNPs that segregate nearly perfectly with red and black head-colour 127 

(Kim 2011). This marker allows the underlying genotype of an individual to be determined, as 128 

there are no colouration differences in heterozygote or homozygote red males. The allele 129 

conferring red (R) colouration is dominant to black (r) and is carried on the Z-chromosome 130 

(Southern 1945), where a heterozygote red-head male has the notation ZRZr and a black-head 131 

female has ZrW.  132 

Primers 2550F and 2718R were used to genotype the CHD locus to determine the sex 133 

of hatchlings and fledged juveniles (Fridolfsson and Ellegren 1999). 134 

 135 
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Frequency 136 
Head-colour in the Gouldian finch is a sex-linked trait (Southern 1945), therefore 137 

allele and genotype frequencies in each sex needs to be considered separately (Falconer and 138 

Mackay 1996). Whether male, female and combined head-colour allele frequencies differed 139 

among locations was tested using pairwise fisher’s exact tests with Bonferroni correction. 140 

Finally, because previous work found that these five localities were a single genetic 141 

population (Bolton, West, et al. 2016), whether allele frequencies differed in each sex pooled 142 

across sampling localities was tested with a Fisher’s exact test. Head-colour genotype 143 

frequencies for adult males across the range were tested against Hardy-Weinberg expectations 144 

calculated from male allele frequencies using a chi-squared test. Under a scenario of morph 145 

incompatibility, there would be a depletion of heterozygote red males across the range.  146 

If there is selection against offspring from incompatible pairings later in life, then the 147 

frequency of heterozygote males may decline with age. Moreover, given that female offspring 148 

were more affected by incompatibility in the domesticated experiments, the fraction of 149 

females in the population should decline with age if the incompatibility occurs in the wild. 150 

This was tested by comparing the frequency of head colour genotypes and sex-ratio in 151 

hatchling (chick), juvenile and adult age classes for individuals caught at Wyndham in 2008 152 

and 2009. Sample sizes for each genotype and age class are presented in Table S2. The age 153 

class approach was applied because mark-recapture methods are unable to reliably distinguish 154 

survival and dispersal because banding effort is so low in the region, and recapture rates are 155 

very low between years at a single site in this apparently very mobile species (Bolton, West, 156 

et al. 2016). 157 

The hatchling dataset contained family structure from sibling and half-sibling nest- 158 

mates, which could potentially over-estimate genotype frequencies as certain families were 159 

sampled more often. Therefore, an ad hoc resampling method was used to remove family 160 

non-independence by resampling one individual (from a pool of siblings and half-siblings) 161 

from each family (unique parent pair). All 51 families were resampled 1000 times, and all 162 

tests were conducted on each resample of chicks against the juvenile and adult datasets, and 163 
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the frequency of significant results amongst the 1000 resamples was used to assess whether 164 

there was a difference in frequency between hatchlings and other age classes. If more than 5% 165 

of the resampled tests were significant at p<0.05 then the null hypothesis for no change in 166 

frequency was rejected. Fisher’s exact tests were used to compare the frequency of genotypes 167 

between age classes, and deviation from sex ratio parity was assessed with a binomial exact 168 

test.  169 

 170 

Body condition 171 
If there are sub-lethal effects of incompatibility, or head-colour genotype specific 172 

fitness then some individuals in the population may have lower body condition. The residual 173 

from an ordinary least squares regression (OLS) between body mass and tarsus length (body 174 

size) was used as a crude measure of body condition (mass ~ tarsus length). Residuals were 175 

calculated based on separate regressions on adults caught at Wyndham and in the Northern 176 

Territory because they were measured by different observers, and another separate regression 177 

was used for the nestlings measured at day 14. An individual with positive integer for 178 

condition indicates a larger mass than predicted from its tarsus length. This method for 179 

measuring body condition has been criticized for not being explicit in which physiological 180 

processes it measures and are rarely validated, and suggest that the use of raw mass 181 

measurements are more informative (Schamber et al. 2009; Labocha and Hayes 2012). 182 

However, the birds used here from the Northern Territory were part of a larger study on body 183 

condition and seasonal stress physiology in Gouldian and other sympatric Estrildid finches, 184 

which found body condition indices correlated well with changes in specific measures of fat 185 

and muscle content (Maute et al. 2013). Further, residual condition index and body mass were 186 

regressed in these data to assess the relationship between them and the model had an adjusted 187 

R2 of 0.979, therefore there was very little difference between the two measures. The body 188 

condition measures were used to answer a number of research questions and the hypotheses 189 

and analyses used are presented in dedicated paragraphs. 190 
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Heterozygote male Gouldian finches come from either mixed morph matings, or red 191 

females paired with heterozygote red males; both of these mating types had evidence for 192 

genetic incompatibility in the experiments on domesticated birds (Pryke and Griffith 2009b). 193 

Therefore, if there are sub-lethal effects of incompatibility in the wild, then heterozygote red 194 

males may show lower body condition than other adults. This was tested on adult birds caught 195 

during the breeding season at Wyndham and in the Northern Territory (Maute et al. 2013), 196 

and the total sample size of adult birds with body condition measures are presented in Table 197 

S3. The sample sizes are smaller than the frequency analysis because not all adults and chicks 198 

were measured. The data for body condition according to head-colour genotype was 199 

heteroscedastic (non-constant variance) (Levene’s test: Df=4, F=2.714, p=0.030), therefore a 200 

one-way Welch’s ANOVA was used to assess differences in quality between genotypes.  201 

The difference in body condition according to head-colour genotype was also explored 202 

in the day 14 nestlings from Wyndham. The chick dataset was limited to only include sibling 203 

and half-siblings as determined by previous paternity testing, as the parentage of intra-specific 204 

brood parasite chicks was not resolved (Bolton et al. 2017). This yielded a final dataset of 170 205 

chicks across 41 families (Table S3). 206 

Here, a linear mixed effects model (LMM) was applied in R package ‘nlme’ (Pinheiro 207 

et al. 2016). Family ID included as a random intercept to account for non-independence in 208 

families (chick condition ~ chick genotype + (1|Family ID)), and models were checked for 209 

homoscedasticity and normality of residuals by visual inspection of graphs on fitted values vs. 210 

residuals and Q-Q Plots. After the model was verified, an ANOVA was run on the final model 211 

to assess the final effect of head-colour genotype on body condition. Marginal R2 for fixed 212 

and random effects were calculated according to Nakagawa and Schielzeth (2013).  213 

Previous work found that there was no evidence of positive assortative mating 214 

according to head-colour in the Gouldian finch at Wyndham (Bolton et al. 2017). However, 215 

high quality individuals may be able to choose mates with the same head-colour, while low- 216 

quality individuals are forced to pair sub-optimally with respect to head-colour (Griffith et al. 217 
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2011), so sub-optimal pairing types (mixed morph pairs) would be expected to have average 218 

body condition. First, the tendency for individuals to form pairs with others of similar body 219 

condition was tested on pairs of birds where body condition was measured in both birds (31 220 

pairs). This was initially tested using an OLS regression (male condition ~ season + female 221 

condition). Season was included as a cofactor in the model to account for a lower mean 222 

condition of birds measured in 2009. The model was checked for the assumptions of 223 

homoscedasticity normality of residuals by visual inspection of residuals and Q-Q plots. A 224 

number of different variance structures were explored with respect to female condition and the 225 

season variable, and tested against the null using Log-likelihood tests. The final model was 226 

weighted to allow for exponential variance across female condition (function: ‘varExp’), and 227 

was significantly improved from the null model without accounting for variance structure 228 

(Likelihood ratio=4.082, p=0.043). Finally, to test whether there was an influence of head- 229 

colour pairing on the condition of parents, a Welch’s ANOVA was used. Two pairing 230 

categories were removed from this comparison due to low sample size (ZRW + ZrZr n=2, ZRW 231 

+ ZRZr n=1). 232 

In the domesticated population, mixed morph pairs invested less in their offspring 233 

compared to pure pairs (Pryke and Griffith 2009a). Therefore, in addition to any sub-lethal 234 

effects of the morph incompatibility itself (Pryke and Griffith 2009b), strategic differential 235 

investment behaviour might be predicted to lower the body condition in the offspring from 236 

mixed morph pairs (Pryke and Griffith 2009a). Additionally, the effect of mean parental 237 

condition was explored with respect to offspring condition in a LMM, which accounted for 238 

the mean difference in condition according to season, and used family ID as a random 239 

intercept in the model. Three models were used to explore the effects of parental condition 240 

and parent pairing type on offspring condition (Table 2, models 1-3), accounting for the effect 241 

of season on parental condition. Models 4-5 explore the effect of parental pairing type on 242 

offspring condition, these models utilised a larger dataset because it did not require condition 243 

measurements for both parents. Sample sizes and model forms are provided in Table 2. The 244 
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proportion of variance in the response explained by the fixed and random effects in the 246 

models were calculated as the marginal R2 (Nakagawa and Schielzeth 2013). The effect of 247 

nest initiation day on chick quality was explored, but was never significant in explaining 248 

variation in chick quality when accounting for the random effect of Family ID. This is 249 

because Family ID and Initiation day are highly correlated, because there were so few 250 

repeated clutches.  251 

 252 

Results 253 

Frequency 254 
There was no difference in allele or genotype frequencies across the five sampling 255 

localities as measured by pairwise Fisher’s exact tests (Table S1). When pooling the samples 256 

across the sampling localities, there was no evidence that male and female allele frequencies 257 

differed (black males 791/932 vs black females 315/357, Fisher’s exact test p=0.13). 258 

Similarly, male genotype frequencies did not differ from Hardy-Weinberg expectations (χ2= 259 

0.47,p=0.49, FIS=0.03). The genotype frequency at each sampling locality is provided in 260 

Table 1. 261 

Changes in genotype frequencies amongst the age classes was tested by resampling 262 

one chick from each of 51 families 1000 times and conducting a Fisher’s exact test, with total 263 

sample sizes for each genotype and age class in Table S2. There was no evidence for a 264 

reduction in heterozygote frequency across all three age classes (proportion of significant 265 

Fisher’s exact tests=0.001). The power to assess differences in heterozygote frequency in 266 

chicks and adults/juvenile age classes was high (>0.8) in most of the tests across resamples 267 

(Figure S3). Similarly, there was no evidence for a change in allele frequency between 268 

juvenile and adult age classes (Fisher's Exact test p=1, power=0.99, h=0.95). There was no 269 

evidence for a change in the frequency of red or black females though age classes (proportion 270 

of significant Fisher’s exact tests=0). However, tests across chick resamples comparing head- 271 

colour frequency in female chicks and adults/juveniles had much lower power, owing to much 272 
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smaller effect sizes (Figure S3). The change in genotype frequencies in each sex across age 273 

classes are summarised in Figure 1. 274 

From 1000 samples of one chick per family (51 families), binomial exact tests found 275 

no evidence that the sex ratio differed from parity (proportion of significant binomial exact 276 

tests=0.058), but the effect size, and consequently, power was generally low (Figure S4). 277 

There was also no evidence of sex ratio deviation in the juvenile age class, with similarly low 278 

effect sizes (binomial exact test, 30/62, p=0.45, h=0.03, power=0.08). However, there was a 279 

departure from parity in the adult age class, where 56% of the population was male (binomial 280 

exact test: 142/251 p=0.04, h=0.13, power=0.55). These results are summarised in Figure S5.  281 

 282 

Condition  283 
A Welch’s ANOVA was run to account for heteroscedasticity to explore whether there 284 

was any relationship between adult body condition and head-colour genotype. There was no 285 

effect of head-colour genotype on adult body condition (Df=(4, 25.507), F=0.84, p=0.51; 286 

Figure 2). There was much variation in body condition according to head-colour genotype in 287 

the chick dataset (Figure 3a), but the linear mixed effect model found no effect of genotype on 288 

body condition (df=(4,125), F=1.45, p=0.22; Figure 3b), where the random effect for Family 289 

ID explained 69.1% of the variation, whilst the genotype of the chick explained only 1.7% of 290 

the total variance.  291 

After accounting for variation in body condition between 2008 and 2009, there was 292 

still a significant relationship between female condition and the body condition of her partner 293 

(ANOVA: season: df=, F=8.40, p=0.007; female condition: df=, F=7.90, p=0.009; Figure 4a). 294 

The coefficient estimates from this GLS model are presented in Table S4. However, Welch’s 295 

ANOVA found no evidence that mixed-morph pairs (ZRW+ZrZr) had a lower average body 296 

condition than the same-morph pairs (ZrW+ ZrZr) (Df=(1, 7.72), F=0.005, p=0.94), but was 297 

unable to be tested for the remaining two pairs (ZrW+ZRZr and ZRW+ZRZr) because of low 298 

sample size (Figure 4b). 299 



	 107 

Figure 1: Genotype frequencies with 95% binomial confidence intervals for male and female 300 

Gouldian finches at Wyndham in each age class. The values for chicks represent the mean of 301 

the frequency and its upper and lower binomial confidence intervals across 1000 resamples of 302 

51 families. 303 

Figure 2: Boxplot of body condition according to head-colour genotype in adult Gouldian 304 

finches in Wyndham and the Northern Territory. 305 
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Figure 3: Panel a) shows raw of data body condition of day 14 chicks according to their head- 306 

colour genotype, above the x-axis is the sample sizes of the number of chicks/number of 307 

families from which those chicks were derived, there were a total of 41 unique families. Panel 308 

b) shows the fitted values of body condition according to head-colour genotype in the linear 309 

mixed model accounting for family structure.  310 

Figure 4: Panel a) shows the body condition of each individual in a mated pair at Wyndham. 311 

The regression line is the result of a GLS regression accounting for mean condition according 312 

to season and non-constant variance (male condition ~ Season + female condition).  Panel b) 313 

shows the distribution of mean body condition of parents according to head-colour pairing. 314 
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The relationship between body condition of offspring and their parents was explored using a 315 

linear mixed effects model (LMM), account for differences in quality between 2008 and 2009 316 

and using family ID as a random intercept. There was a significant effect of mean parental 317 

condition, even after controlling for differences according to season (Table 2, model 2; Figure 318 

5a). When comparing with the null model (1), the addition of season and mean parental 319 

condition did not explain additional variance in chick condition (marginal R2), but partitioned 320 

the variance explained by family ID. The addition of pairing type into these models with 321 

parental condition (3) explained little extra variance (0.5%). Corroborating this, ANOVA of 322 

fixed effects variables on models 3 and 5, found no significant effect of parental pairing type 323 

on offspring condition (Table 1; Figure 5b-c). Variable coefficients for model 3 are presented 324 

in Table S5.  325 

Figure 5: Panel a) shows the relationship between the mean body condition of both parents 326 

on offspring body condition, where the regression line is based on the linear mixed model 327 

accounting for condition differences between 2008 and 2009 using Family ID as a random 328 

intercept (Table 1, model 3). Panel b) shows the distribution of chick body condition 329 

according to the pairing type of their parents, and panel c) shows the fitted values and 95% 330 

confidence intervals for chick body condition for each pairing type according to linear mixed 331 

effect model 5, accounting for Family ID as a random effect 332 
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Discussion 333 
Gouldian finch head-colour frequencies were assessed across five geographically 334 

disparate sampling localities using an allele-specific test (Kim 2011), in order to measure 335 

incompatibility selection. The frequency and body condition of heterozygote red males was 336 

used as a proxy for mortality owing to incompatibility. Across all five sampling localities 337 

there was no evidence for a reduction in heterozygote males with respect to expected Hardy- 338 

Weinberg proportions, nor a difference in their frequency across age-classes at the Wyndham 339 

locality. Similarly, heterozygous adult males and nestling males were of equivalent body 340 

condition to the other head-colour genotypes, and when accounting for random variation 341 

according to individual families, there was no detectable influence of parental head-colour on 342 

offspring condition. This suggests that if there are any sub-lethal effects of incompatibility, 343 

they are not manifested through differences in body condition. Indeed, when accounting for 344 

random variation according to individual families, there was no detectable influence of 345 

parental pairing type on offspring condition. Moreover, the previously found differences in 346 

life-history between morphs, differing ability to acquire and defend high quality nest-sites 347 

(Brazill-Boast, Griffith, et al. 2013), in the wild do not have a detectable effect on morph 348 

specific survival or the body condition indices used here.  349 

In the experiments on domesticated birds, female offspring of incompatible pairs 350 

experienced higher mortality rates than their brothers. In support of a deferred mortality 351 

effect, we found that there was a significantly male biased sex ratio, but only in the adult 352 

sample (1.3 male:1 female). This may be a mechanism that explains significantly male biased 353 

adult sex-ratios that have been reported at some locations (Tidemann et al. 1992; Woinarski 354 

and Tidemann 1992), but male bias is not significant across all locations (Franklin and 355 

Dostine 2000). Although this result with adult sex ratio lends some credence to the hypothesis 356 

of deferred effects of incompatibility in the female offspring, it must be considered with 357 

caution. Many other bird species have male biased adult sex ratios caused by female-biased 358 

mortality and dispersal (Clarke et al. 1997; Donald 2007), and therefore the male-biased sex- 359 

ratio in the Gouldian finch may be due to completely unrelated processes.  360 
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Although our results do not provide any support for the effect of morph genotype or 361 

incompatibility on age-dependent mortality or body condition, they do not completely exclude 362 

such effects. The effect size of differential morph survival, or condition, may be very small. 363 

Modelling work has shown that even with strong selection against heterozygotes (s=0.1), 364 

achieving sufficient power to detect shifts in genotype frequency using Hardy-Weinberg tests 365 

requires thousands of individuals (Lachance 2009). Indeed, the effect sizes of assortative 366 

mating and sex-specific genotype deficits in barn owls (Tyto alba) at the MC1R melanin- 367 

colouration locus were quite small (<15%), and were only detectable due to the large multi- 368 

year dataset used (Ducret et al. 2016). One reason incompatibility was detected in the 369 

domesticated birds is because they used balanced experimental designs (Pryke and Griffith 370 

2009b). In the wild, it is almost impossible to get sufficient power to test these questions 371 

because head-colour alleles are sex-linked and occur at unequal frequency in the wild, which 372 

means that some genotypes and mated pairs will be poorly represented even under random 373 

mating (Southern 1945; Franklin and Dostine 2000; Bolton et al. 2017).  374 

When individuals vary in quality, individuals in socially monogamous species may 375 

have limited options in mating with their first mate preference, or the mate preferences of an 376 

individual may be informed by their own condition (Härdling and Kokko 2005; Cotton et al. 377 

2006; Griffith et al. 2011). Here we explored how two modalities of quality, overall body 378 

condition and head-colour morph, correlated with mating outcomes in the Gouldian finch. In 379 

line with theoretical predictions (Härdling and Kokko 2005), and empirical findings (Holveck 380 

and Riebel 2010; Montiglio et al. 2015), there is a pattern of condition assortative mating in 381 

the wild Gouldian finch, and that parental condition reflects the quality of the offspring. On 382 

the other hand, the covariation of condition in adult partners and their offspring could readily 383 

be explained by a shared environment and may not reflect mating preferences given that 384 

condition was not measured at the time of mate-choice. Assortative mating patterns do not 385 

reflect back on pairing frequency with respect to genotype (Bolton et al. 2017), nor do we 386 

find evidence here that mixed morph parents, or their offspring, are consistently lower 387 
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condition than the parents and offspring from same morph pairs. This is in contrast with 388 

previous work on the domesticated Gouldian finch, which found higher baseline levels of 389 

stress hormone corticosterone (CORT) in females in mixed morph pairs (Griffith et al. 2011). 390 

However, this study considered only baseline CORT, which does not have a consistent 391 

relationship with fitness (Bonier et al. 2009); only stress-induced CORT levels were 392 

correlated with condition indices in the closely related Zebra finch (Taeniopygia guttata), 393 

where a small change in condition was associated with large changes in peak CORT (Crino et 394 

al. 2016). Therefore, measuring the physiological stress response may yield larger effect sizes 395 

for any mal-adaptive pairings in the wild. Furthermore, domesticated Gouldian finch morphs 396 

showed differing physiological responses to social environment and diet (Pryke et al. 2007; 397 

Pryke et al. 2012), which is worth investigating in the wild birds given their alternate 398 

strategies with regard to reproductive resources (Brazill-Boast, Griffith, et al. 2013).  399 

An examination existing data in wild Gouldian finches shows no evidence of body 400 

condition differences or age specific mortality according to genotype or incompatibility 401 

selection. The most powerful way to approach the question of genotype specific mortality 402 

would be to track cohorts of individuals from hatching through adulthood. In the present 403 

analyses, any signal of age specific genotype selection may have been lost through the 404 

inclusion of multiple cohorts of individuals, particularly in the adult age class. Sadly, tracking 405 

the survival of individual Gouldian finches beyond fledging is highly impractical. After the 406 

breeding season local populations either perish, or more likely move out of range of radio- 407 

tracking or recapture efforts, with few (if any) individuals being recaptured or observed in 408 

subsequent years (Woinarski and Tidemann 1992; Legge et al. 2015; Bolton, West, et al. 409 

2016). Given the scale, and remoteness of the environment over which Gouldian finches are 410 

likely to range, it will require an intensive and regionally coordinated effort to achieve enough 411 

mark-recapture data to use in models that account for missing data (e.g. Des Roches et al. 412 

2017). In the meantime, directly studying the physiological responses (such as CORT levels) 413 

of parents and offspring in same and mixed morph pairs may prove more insightful, but will 414 
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again be limited by the low natural availability of informative crosses (ZrW+ZRZr and 415 

ZRW+ZRZr).  416 

Based on the current collection of work on the Gouldian finch (Pryke and Griffith 417 

2009b; Brazill-Boast, Griffith, et al. 2013; Bolton et al. 2017), the most conservative 418 

conclusion is that the red and black morphs are only incompatible in the domesticated 419 

population. The domestication process itself may be responsible for genetic incompatibility 420 

between morphs, through genetic bottlenecks, selective breeding and breeding populations 421 

isolated by morph. Previous work found that there is genome-wide admixture between 422 

morphs in the wild (Kim 2011), but there was evidence of reduced gene-flow between 423 

domesticated morphs (Bolton et al. 2017). Therefore, future work would be more fruitful to 424 

investigate the origin of incompatibility in the domesticated population, and explore other 425 

mechanisms maintaining Gouldian finch morphs in the wild.  426 
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Appendix 

Figure S1: Map of northern Australia, showing the locations at which Gouldian finches were 

mist-netted. Individuals in Wyndham were collected by JBB, all sites in the Northern 

Territory were collected by KM, and Australian Wildlife Conservancy’s Mornington 

Sanctuary were collected by SL and KM. 
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Figure S2: The left hand side corresponds to Fisher's exact tests on changes in heterozygote 

(ZRZr) genotype frequency between chicks and adults where, panel a) shows the distribution 

of p-values, where the proportion of significant results=0. Panel b) shows the statistical power 

for each test, and c) is the effect size of each comparison. The right hand side corresponds to 

Fisher's exact tests on changes in heterozygote (ZRZr) genotype frequency between chicks and 

juveniles where panel d is the distribution of p-values, and the proportion of significant 

results=0. Panel e) is the statistical power for each test, and panel f) is the effect size of each 

comparison. 
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Figure S3: The left hand side corresponds to Fisher's exact tests on changes in head colour 

allele frequency in females between chicks and adults where, panel a) shows the distribution 

of p-values, where the proportion of significant results=0. Panel b) shows the statistical power 

for each test, and c) is the effect size of each comparison. The right hand side corresponds to 

Fisher's exact tests on changes in head-colour frequency between chicks and juveniles, where 

panel d) is the distribution of p-values, and the proportion of significant results=0. Panel e) is 

the statistical power for each test, and panel f) is the effect size of each comparison.
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Figure S4: Panel a) distribution of p-values for binomial exact test for deviation of sex ratio 

from parity in the chick dataset=0.073. Panel b) shows the power of each test, and c) shows 

the effect size. 
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Figure S5: Proportion male offspring with 95% binomial confidence intervals in each age 

class. The frequency of males represents the mean proportion of males and its 95% binomial 

confidence intervals across 1000 resamples.  

 

Table S3: Sample sizes of Gouldian finches with body condition measurements, per head-

colour genotype as determined by molecular marker for head-colour genotype. Also includes 

sample sizes for each genotype in the chick dataset, where body size data was taken on day 14 

chicks from 41 of the original 51 families 

Genotype Wyndham Northern Territory Wyndham chicks 
ZrW 74 53 84 
ZrZr 78 62 57 
ZRW 8 9 9 
ZRZr 25 28 18 
ZRZR 1 4 2 
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Table S4: Variable coefficients from Generalised Least Squares (GLS) regression exploring 

whether there is assortative mating with respect to body condition in pairs at Wyndham (male 

condition ~ season + female condition) 

 

 
 
 
 
Table S5: Output from linear mixed model 3 exploring the effect of mean parental condition 

and pairing type on offspring condition (chick condition ~ season + mean parental condition 

+ pairing type + (1|Family ID)) 

 Estimate Standard error t-value p-value 
(Intercept) 0.620 0.390 1.589 0.115 

Season=2009 -0.970 0.687 -1.411 0.171 
Mean parent condition 0.835 0.301 2.777 0.010 

Pairing: ZrW+ZRZr -1.310 0.663 -1.974 0.059 
Pairing: ZRW+ ZrZr 0.684 1.045 0.654 0.519 
Pairing: ZRW+ZRZr -2.146 1.450 -1.480 0.151 

 Estimate Standard error t-value p-value 
Intercept 0.443 0.215 2.059 0.049 

Season=2009 -0.360 0.462 -0.778 0.443 
Female condition 0.483 0.172 2.807 0.009 
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Chapter Five 

 

Three molecular markers show no evidence of population genetic structure 

in the Gouldian finch (Erythrura gouldiae) 

 

Photo: Mike Fidler 
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Chapter Five Vignette 

The assessment of genetic diversity and gene-flow are a core part of species 

conservation management. Characterising the amount of genetic diversity, and its geographic 

patterns are essential in predicting risk factors of drift and inbreeding. It gives an indication of 

how far individuals are capable of moving across the landscape, and therefore how 

susceptible a particular region is to loss of further genetic diversity. In this chapter I use the 

most extensive sampling and powerful genetic datasets to date to explore genetic diversity and 

patterns of geographic structure in the contemporary populations of the Gouldian finch. The 

key finding is there is evidence for unfettered gene-flow across the western part of the range, 

spanning more than 700km, which is suggestive that individuals may be capable of moving 

long distances.  

 

This chapter is published as: 

Bolton, PE, West, AJ, Cardilini, APA, Clarke, JA, Maute, KL, Legge, S, Brazill-Boast, J, 

Griffith, SC, Rollins, LA (2016) Three molecular markers show no evidence of population 

genetic structure in the Gouldian finch (Erythrura gouldiae). Plos One, e0167723  
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S1 Appendix: Gouldian finches at Wyndham 
 

Previous banding efforts at Yinberrie Hills and Newry showed that there was much 

variation in the number of banded Gouldian individuals in a given year, and generally low 

(but variable) recapture rates (Woinarski and Tidemann 1992). Indeed, in the sample of 

banded birds from Mornington Sanctuary recovery rates were very low, between 5 and 19% 

(Legge et al. 2015). In all banded birds in our sample from Bradshaw, Delamere and 

Yinberrie Hills, in the Northern Territory, there was only a single recapture at Bradshaw. 

Below we present a summary of the banded birds and their recapture rates at the Wyndham 

site in the Eastern Kimberley (Table A). During these years birds were mist-netted at 

waterholes and nests were monitored at natural cavities and artificial nest-boxes (Brazill-

Boast et al. 2010; Brazill-Boast et al. 2013). The longest duration between recaptures was 

three years, where band number 87233 was banded in 2010, and recovered again in 2013. One 

individual, 87237 was captured in 2011, 2012 and 2013. The bird recaptured in 2012 was 

banded in the nest in 2010.  
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S2 Appendix: Microsatellite methods 
 

We amplified 22 microsatellite loci across five different multiplexes (Table S2.1), 

including the first use of primers developed in the Gouldian finch (Kim et al. 2015). 

Multiplexes were amplified using a Qiagen multiplex mix in 5uL reactions.  

The step-down thermal cycler protocol for multiplex 1,3,4 and 5 was as follows: 95°C for 15 

min, 94°C for 45s denaturation, 70°C, 66°C, 62°C, 62°C, 58°C, 54°C annealing temperatures 

for 1 minute, 72°C for 1 min extension. These cycles were repeated 8 times per annealing 

temperature. Final extension was 72°C for 10 min. 

The step-down thermal cycler protocol for multiplex 2 was as follows: 95°C for 15 

min, 94°C for 30s denaturation, 64°C, 60°C, 56°C, 53°C, 50°C annealing temperatures for 

90s, 72°C for 90s. These cycles were repeated 10 times per annealing temperature. Final 

extension was 72°C for 10 min.  

Samples were run at Macrogen Inc. on an ABI 3730 machine using a GS-500 LIZ size 

standard. Genotypes were scored using GeneMapper 3.7 (Applied Biosystems, Foster City, 

CA, U.S.A.).  

Loci Tgu7 and Tgu3 were excluded because they did not amplify consistently within 

individuals and between populations. Loci were checked for null alleles using CERVUS 3.0.6 

(Kalinowski et al. 2007), and deviation from Hardy-Weinberg equilibrium using ARLEQUIN 

3.5.2.2 (Excoffier and Lischer 2010). We did not include samples from Chidna in these 

analyses because of the small sample size (N=6). Any locus that had high rates of null-alleles 

(above 10%) and/or deviated from Hardy-Weinberg in more than two populations were 

excluded from the further analyses (those marked with an asterisk in Table A). Significant 

deviation from Hardy-Weinberg was assessed after Bonferroni correction for multiple 

comparisons at an alpha-level of 0.05 (results not shown).  

For the final dataset of 16 loci we present the summary diversity statistics and null 

alleles as calculated in ARLEQUIN for 49 individuals from each locality (and six from 
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Chidna) in Table B. No locus combination was significantly in linkage disequilibrium after 

Bonferroni correction (Table C). 

 

Table A: Microsatellite primers used for the different multiplexes employed in this paper. 

Marker Dye Multiplex uM Reference 
Pco2 6FAM 1 0.142 (Saito et al. 2001) 
Pca7 VIC 1 0.532 (Dawson et al. 2000) 
Cuu4 NED 1 0.212 (Gibbs et al. 1998) 
Tgu7* NED 1 0.638 (Forstmeier et al. 2007) 
Ind41 6FAM 1 0.638 (Sefc et al. 2001) 
Titgata2 PET 2 0.334 (Wang et al. 2005) 
Ind28 6FAM 2 0.234 (Sefc et al. 2001) 
Tgu11 VIC 3 0.1 (Forstmeier et al. 2007) 
Ind37 VIC 3 0.8 (Sefc et al. 2001) 
BF18 6FAM 3 0.2 (Yodogawa et al. 2003) 
Ase24 6FAM 3 0.334 (Richardson et al. 2000) 
Tgu3* NED 3 0.4 (Forstmeier et al. 2007) 
Ego26 6FAM 4 0.2 (Kim et al. 2015) 
Ego27* VIC 4 0.2 (Kim et al. 2015) 
Ego15 NED 4 0.4 (Kim et al. 2015) 
Ego29* PET 4 0.2 (Kim et al. 2015) 
Ego49 6FAM 5 0.2 (Kim et al. 2015) 
Ego31* VIC 5 0.4 (Kim et al. 2015) 
Ego34 NED 5 0.2 (Kim et al. 2015) 
Ego52 PET 5 0.2 (Kim et al. 2015) 
Ego45* PET 5 0.2 (Kim et al. 2015) 
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Table B: Summary statistics for each microsatellite locus for each population, describing the 

number of alleles (NA), Observed Heterozygosity (HO), Expected Heterozygosity (HE), 

Deviation from Hardy-Weinberg by exact test (P) where bolded values are significant at 

p<0.05, but none are significant after Bonferroni correction (p<0.000625). 

 

Population Locus NA HO HE P 

Mornington 

Ego15 22 0.896 0.938 0.5814 
Ego26 11 0.796 0.858 0.0541 
Ego31 13 0.776 0.817 0.1501 
Ego34 12 0.771 0.801 0.3241 
Ego49 35 0.918 0.953 0.7182 
Ego52 9 0.837 0.786 0.9749 
Ase24 6 0.551 0.653 0.2309 
BF18 12 0.673 0.813 0.2066 
Ind37 16 0.830 0.874 0.3751 
Tgu11 6 0.653 0.645 0.0046 
Cuu4 14 0.787 0.869 0.1993 
Ind28 7 0.667 0.761 0.0523 
Ind41 26 0.915 0.945 0.3365 
Pca7 18 0.918 0.927 0.2336 
Pco2 3 0.571 0.535 0.0273 

Titgata02 12 0.750 0.824 0.0956 

Wyndham 

Ego15 19 0.659 0.850 0.0105 
Ego26 14 0.898 0.888 0.4876 
Ego31 13 0.776 0.833 0.2006 
Ego34 13 0.681 0.828 0.0050 
Ego49 35 0.918 0.950 0.0606 
Ego52 8 0.776 0.769 0.6567 
Ase24 7 0.653 0.691 0.4118 
BF18 11 0.673 0.755 0.0226 
Ind37 16 0.896 0.913 0.5997 
Tgu11 5 0.633 0.602 0.4427 
Cuu4 12 0.771 0.867 0.1219 
Ind28 8 0.688 0.736 0.3697 
Ind41 26 0.878 0.946 0.1844 
Pca7 21 0.959 0.926 0.5387 
Pco2 4 0.510 0.592 0.2551 

Titgata02 14 0.918 0.856 0.3161 

Bradshaw 

Ego15 19 0.878 0.911 0.2241 
Ego26 12 0.939 0.880 0.8809 
Ego31 13 0.837 0.861 0.1645 
Ego34 17 0.755 0.831 0.7037 
Ego49 37 0.959 0.953 0.0938 
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Population Locus NA HO HE P 
Ego52 10 0.755 0.800 0.1454 
Ase24 6 0.469 0.610 0.1165 
BF18 11 0.592 0.761 0.0281 
Ind37 16 0.857 0.914 0.6709 
Tgu11 7 0.551 0.610 0.2427 
Cuu4 12 0.673 0.835 0.0737 
Ind28 8 0.714 0.758 0.8325 
Ind41 27 0.878 0.941 0.6016 
Pca7 18 0.878 0.908 0.1263 
Pco2 3 0.592 0.577 1.0000 

Titgata02 13 0.898 0.858 0.9113 

Delamere 

Ego15 19 0.913 0.901 0.7962 
Ego26 14 0.918 0.861 0.8284 
Ego31 10 0.708 0.771 0.0963 
Ego34 14 0.898 0.840 0.4814 
Ego49 37 0.918 0.954 0.1532 
Ego52 9 0.633 0.750 0.0268 
Ase24 6 0.551 0.632 0.3308 
BF18 12 0.694 0.822 0.0040 
Ind37 16 0.878 0.882 0.5994 
Tgu11 7 0.653 0.622 0.8376 
Cuu4 11 0.898 0.856 0.9064 
Ind28 8 0.714 0.757 0.0572 
Ind41 25 0.837 0.942 0.4988 
Pca7 24 0.959 0.944 0.4063 
Pco2 4 0.551 0.611 0.6738 

Titgata02 13 0.918 0.868 0.5757 

Yinberrie 
Hills 

Ego15 22 0.837 0.878 0.1233 
Ego26 12 0.939 0.877 0.1203 
Ego31 14 0.776 0.848 0.0238 
Ego34 14 0.735 0.792 0.1145 
Ego49 39 0.959 0.941 0.9934 
Ego52 8 0.673 0.783 0.0117 
Ase24 7 0.571 0.644 0.3590 
BF18 12 0.612 0.752 0.1000 
Ind37 16 0.837 0.904 0.2669 
Tgu11 8 0.653 0.643 0.5655 
Cuu4 14 0.776 0.876 0.0590 
Ind28 6 0.714 0.737 0.4206 
Ind41 26 0.959 0.953 0.5406 
Pca7 20 0.918 0.925 0.1121 
Pco2 4 0.551 0.597 0.1525 

Titgata02 12 0.837 0.856 0.4371 

Chidna 
Ego15 7 1.000 0.933 1.0000 
Ego26 5 0.833 0.833 0.9448 
Ego31 3 0.667 0.621 1.0000 
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Population Locus NA HO HE P 
Ego34 3 0.667 0.712 1.0000 
Ego49 9 1.000 0.955 1.0000 
Ego52 4 0.833 0.682 0.7919 
Ase24 4 0.800 0.733 1.0000 
BF18 5 0.667 0.803 0.3035 
Ind37 6 0.800 0.889 0.6172 
Tgu11 4 0.500 0.455 1.0000 
Cuu4 7 1.000 0.911 1.0000 
Ind28 5 0.667 0.742 0.5176 
Ind41 8 0.667 0.939 0.0817 
Pca7 8 0.833 0.924 0.4955 
Pco2 4 0.833 0.712 0.7921 

Titgata02 9 1.000 0.955 1.0000 
 

 

Table C: Results from linkage disequilibrium analysis conducted in GenePop, bolded p-

values are those significant at p<0.05, but no comparisons were significant after Bonferroni 

correction for multiple testing (p<0.0004132). 

Locus1 Locus2 P-Value 
Ego15 Ego26 0.845067 
Ego15 Ego31 0.668469 
Ego26 Ego31 0.106509 
Ego15 Ego34 0.694017 
Ego26 Ego34 0.02957 
Ego31 Ego34 0.9421 
Ego15 Ego49 0.192741 
Ego26 Ego49 0.22047 
Ego31 Ego49 0.073453 
Ego34 Ego49 0.686806 
Ego15 Ego52 0.48442 
Ego26 Ego52 0.696252 
Ego31 Ego52 0.627829 
Ego34 Ego52 0.240781 
Ego49 Ego52 0.334443 
Ego15 Ase24 0.899588 
Ego26 Ase24 0.85959 
Ego31 Ase24 0.002716 
Ego34 Ase24 0.156194 
Ego49 Ase24 0.552941 
Ego52 Ase24 0.831776 
Ego15 BF18 0.360148 
Ego26 BF18 0.181914 
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Locus1 Locus2 P-Value 
Ego31 BF18 0.260903 
Ego34 BF18 0.1785 
Ego49 BF18 0.110341 
Ego52 BF18 0.373995 
Ase24 BF18 0.06989 
Ego15 Ind37 0.13613 
Ego15 Ind37 0.13613 
Ego26 Ind37 0.305382 
Ego31 Ind37 0.744387 
Ego34 Ind37 0.716983 
Ego49 Ind37 0.585006 
Ego52 Ind37 0.700925 
Ase24 Ind37 0.955974 
BF18 Ind37 0.430907 
Ego15 Tgu11 0.489194 
Ego26 Tgu11 0.006512 
Ego31 Tgu11 0.835162 
Ego34 Tgu11 0.065263 
Ego49 Tgu11 0.276819 
Ego52 Tgu11 0.325607 
Ase24 Tgu11 0.204872 
BF18 Tgu11 0.426137 
Ind37 Tgu11 0.340764 
Ego15 Cuu4 0.108394 
Ego26 Cuu4 0.175472 
Ego31 Cuu4 0.349392 
Ego34 Cuu4 0.041076 
Ego49 Cuu4 0.730567 
Ego52 Cuu4 0.035861 
Ase24 Cuu4 0.559942 
BF18 Cuu4 0.423064 
Ind37 Cuu4 0.519046 
Ego15 Cuu4 0.516717 
Ego15 Ind28 0.620335 
Ego26 Ind28 0.932433 
Ego31 Ind28 0.727195 
Ego34 Ind28 0.896817 
Ego49 Ind28 0.083154 
Ego52 Ind28 0.357335 
Ase24 Ind28 0.064868 
BF18 Ind28 0.120058 
Ind37 Ind28 0.548723 
Ego15 Ind28 0.669828 
Ego15 Ind28 0.430285 
Ego15 Ind41 0.536852 
Ego26 Ind41 0.000541 
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Locus1 Locus2 P-Value 
Ego31 Ind41 0.61758 
Ego34 Ind41 0.261592 
Ego49 Ind41 0.796281 
Ego52 Ind41 0.236599 
Ase24 Ind41 0.617847 
BF18 Ind41 0.674755 
Ind37 Ind41 0.095534 
Ego15 Ind41 0.769595 
Ego15 Ind41 0.901013 
Ego15 Ind41 0.330448 
Ego15 Pca7 0.948381 
Ego26 Pca7 0.519102 
Ego31 Pca7 0.215805 
Ego34 Pca7 0.465952 
Ego49 Pca7 0.374468 
Ego52 Pca7 0.098997 
Ase24 Pca7 0.553526 
BF18 Pca7 0.434907 
Ind37 Pca7 0.029283 
Tgu11 Pca7 0.330017 
Cuu4 Pca7 0.041938 
Ind28 Pca7 0.746738 
Ind41 Pca7 0.361844 
Ego15 Pco2 0.2242 
Ego26 Pco2 0.662943 
Ego31 Pco2 0.516495 
Ego34 Pco2 0.524357 
Ego49 Pco2 0.095903 
Ego52 Pco2 0.258396 
Ase24 Pco2 0.41678 
BF18 Pco2 0.972699 
Ind37 Pco2 0.678384 
Tgu11 Pco2 0.490333 
Cuu4 Pco2 0.023427 
Ind28 Pco2 0.668428 
Ind41 Pco2 0.047054 
Pca7 Pco2 0.130533 

Ego15 Titgata02 0.583406 
Ego26 Titgata02 0.74044 
Ego31 Titgata02 0.008375 
Ego34 Titgata02 0.764913 
Ego49 Titgata02 0.154271 
Ego52 Titgata02 0.265703 
Ase24 Titgata02 0.520606 
BF18 Titgata02 0.280592 
Ind37 Titgata02 0.678128 
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Locus1 Locus2 P-Value 
Tgu11 Titgata02 0.945373 
Cuu4 Titgata02 0.458788 
Ind28 Titgata02 0.29573 
Ind41 Titgata02 0.104625 
Pca7 Titgata02 0.300377 
Pco2 Titgata02 0.096827 
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S3 Appendix: Pairwise Diversity Differentiation & Spatial Autocorrelation Results 
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Figure A: Correlogram from spatial autocorrelation analysis, showing no spatial structure at 

the local scale within the Wyndham population. As there were no sex differences only the 

pooled results are presented. The unbroken line (r) represents the autocorrelation coefficient 

from the comparison between genetic and geographic distance matrices, and error bars are the 

bootstrap 95% confidence intervals about the r estimate for that distance class. The dashed 

lines represent the upper and lower 95% confidence intervals for the null hypothesis of no 

spatial structure (around r=0, dotted line) generated by permutation of samples across the 

distance classes
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S4 Appendix: K-means clustering and Discriminant Analysis of Principal Components 
in ‘adegenet’ 
 

We followed the recommendations of the developers using the dapc tutorial online (Jombart 

and Collins 2015) 

 

Discriminant Analysis on microsatellite dataset 

 

In order to infer the number of populations without a priori sampling information, we 

ran the function find.clusters in R-package adegenet (Jombart 2008) on the dataset with 49 

randomly subsampled individuals per population plus six from Chidna. This function turns the 

original genotypic data into uncorrelated principal components, then scores the clustering 

solutions for different numbers of clusters using the Bayesian Information Criterion. Because 

we found the optimum number of clusters to be one (K=1) (Figure A), we only proceeded 

with Discriminant Analysis of Principal Components (DAPC, function dapc) using the 

sampling locality as a prior (Jombart et al. 2010).  

Figure A: Results of K-means clustering method find.clusters for microsatellite data, with 

each clustering solution and its corresponding BIC score 
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To ensure the discriminant analysis with population priors was not overfit by retaining 

too many principal components we ran two model checks using a “full” model including all 

principal components, linear discriminants among the optimal four clusters identified 

previously (Jombart et al. 2010). 

On this full model we ran two procedures that maximises the ability to assign 

individuals to clusters reliably. Function optim.a.score is essentially a permutation test, which 

maximises the “a-score”, by comparing the number of assignments to “real” number of 

clusters to randomised clusters. The a-score is a measure the proportion of assignments back 

to the prior clusters or to random clusters, and is essentially a measure of ‘over-fitting’ of the 

model. We ran 100 simulations per increase of 16 principal components.  

Function xvalDapc also attempts to optimise genuine assignment power over random 

assignments, and does so by cross-validating against training and test subsets of data. We ran 

this using the default settings which uses 90% of the data as a training dataset, and tested on 

the remaining 10%. The a-score optimisation showed that no number of retained principal 

components gives a high assignment success, but there is an elevated success rate between 

when retaining 80 to 160 principal components (maximum=127) (Figure Bii). The cross-

validation procedure showed equal assignment success across all principal components. For 

the final discriminant analysis we selected 80 principal components, because adegenet also 

recommends retaining principal components that are less than the number of individuals 

divided by three (Jombart 2008; Jombart and Collins, 2015). 

The final model using 80 retained principal components revealed considerable overlap 

between individuals from different sampling localities (Figure Ai), and the final model was 

able to reassign 59% of individuals back to the original sampling population, but the a-score 

for this configuration was very low (<5%). The poor a-score results and the optimisation 

procedures carried out suggest it is virtually impossible to find a model that does not over-fit 

the data. Therefore, sampling locality does not have an important effect on the clustering of 

this data. 
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We then proceeded with the dapc analysis using sampling locality as a prior, retaining 

80 principal components and all linear discriminant functions, as in the microsatellite 

analysis. These results show that all western populations are clustered together, with some 

separation evident in the Eastern population at Chidna (Figure S4c).  

 

 

Figure B: Discriminant Analysis of Principal Components (DAPC) model optimisation for 

the best number of principal components of microsatellite data given the sampling localities. 

Part i) shows the results from the a-score optimisation procedure and ii) shows the results 

from the cross-validation analysis. Part iii) is the scatterplot of the final DAPC model with 

sampling locality as a prior, where points are individual genotypes, colour-coded by their 

original sampling locality and surrounded by a 95% confidence ellipse. DA and PCA 

Eigenvalues represent the amount of genetic variation captured by the analysis, and the first 

two discriminant factors are plotted as the x- and y- axis.

i) ii) 

iii) 
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Discriminant analysis on SNP dataset  

 

The adegenet package is also able to run the same analyses on SNP datasets, and essentially 

ran the same procedure as above. Unlike the microsatellite dataset, the contribution to the 

total variance per additional principal component did not reach an asymptote, and remained 

roughly linear (Figure C). Further, in finding the best clustering solution, here was a roughly 

linear increase in BIC with increase in number of clusters (Figure D), with the lowest BIC at a 

single cluster. Given find.clusters suggested that one cluster was the optimal configuration we 

did not proceed with DAPC from the find.clusters result.  

Like the microsatellite data, we explored how the genetic variation was partitioned among our 

sampling localities using it as a grouping prior in dapc. First we validated the best number of 

principal components to use using optim.a.score function, which was unable to identify an 

optimal number of PCs to retain (Figure Ei) We then ran a cross-validation analysis as in the 

microsatellite dataset, but was again unable to find a number of principal components that 

correctly predict the group membership of clusters (Figure Eii). We then proceeded with the 

dapc analysis using sampling locality as a prior, retaining 80 principal components and all 

linear discriminant functions, as in the microsatellite analysis. These results show that all 

western populations are clustered together, with some separation evident in the Eastern 

population at Chidna (Main text Figure 4). 
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Figure C: How the principal components of the SNP dataset represent the variance within the 

dataset. 

Figure D: results of find.clusters analysis on SNP data, with each clustering solution given a 

BIC score.  
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Figure E: Results of i) a-score optimisation on the SNP dataset, and ii) the cross-validation 

analysis on SNP data  
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Chapter Six 

 

Genetic diversity through time and space 

 Diversity and demographic history from natural history specimens and 

serially sampled contemporary populations of the threatened Gouldian 

finch (Erythrura gouldiae) 

 

Photo: Mike Fidler 



	172 

Chapter Six Vignette 

The previous chapter provided substantial evidence that the Gouldian finches 

occupying Western Australia and the Northern Territory are a single genetic population. Some 

measures of genetic diversity were lower than the common, sympatric long-tailed finch 

(Poephila acuticauda), but were not as severely depleted of genetic diversity as some other 

endangered species (Frankham et al. 2010). Knowledge of the population structure and 

diversity prior to putative anthropogenic impacts can give conservation managers a target for 

what is considered normal levels of gene-flow and genetic diversity for a particular species. 

Furthermore, quantifying the degree of population decline can be useful to understand the 

demographic consequences of certain anthropogenic impacts.  

In this chapter, I use genetic data from contemporary and historical samples to assess 

loss of genetic diversity over the twentieth century, and changes in gene-flow patterns. I 

explicitly assess the degree of population decline, and quantify the susceptibility of the 

population to inbreeding and genetic drift by calculating the effective population size in the 

contemporary population using multiple methods. 

 

Formatted for submission to the journal Biological Conservation 

 

References:  

Frankham R, Ballou JD, Briscoe DA (2010) Introduction to Conservation Genetics. 
Cambridge University Press, Cambridge, UK. 



	 173 

Abstract 
Declines in population size can compromise the viability of populations through a reduction 

in the effective population size (Ne). Ne describes an ideal population’s propensity for 

inbreeding and loss of alleles due to genetic drift. Temporal population genetic data can be a 

powerful tool for testing the hypothesis of severe population declines leading to a reduced Ne. 

The Gouldian finch (Erythrura gouldiae) is a flagship for the conservation of species from the 

Australian monsoonal savannas. The Gouldian finch underwent severe population declines in 

the twentieth Century due to land use changes associated with European colonization. Genetic 

data from Gouldian finch samples from natural history collections dating prior to land use 

changes were compared with contemporary populations to estimate the severity of decline and 

any associated changes in gene flow. These data show that Gouldian finch decline was not as 

severe as some sources suggest, and that population genetic connectivity has not changed as a 

result of any landscape changes in the twentieth Century. Multiple estimators of current Ne 

using genetic data from consecutive years suggest the Gouldian finch Ne is likely between a 

few hundred and a few thousand individuals, within the range considered of conservation 

concern. This work has identified the need to genetically characterize populations in 

Queensland, and to understand critical demographic parameters (e.g. lifespan) in the Gouldian 

finch. Understanding these factors is vital to further improve genetic estimates of population 

size, in order to guide appropriate conservation management in this species. 

 

 

 

 

 

Keywords 

Museum skins; historical biodiversity; Estrildidae; biogeography; bottleneck; 
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Introduction 1 
The decline and fragmentation of wildlife populations can measurably impact genetic 2 

diversity and pose a direct threat to population viability through inbreeding, genetic drift and 3 

reduced evolutionary potential (Frankham, 2005; Frankham et al., 2014). The extent to which 4 

a population is vulnerable to these factors will depend on its effective population size (Ne): 5 

the size of an idealized population that experiences genetic drift and inbreeding at the same 6 

rate as the population observed at size N (Crow and Kimura, 1970). The use of temporally 7 

sampled population genetic data can be an invaluable tool for discerning the causes and 8 

severity of demographic declines and fragmentation (Habel et al., 2014; Ramakrishnan and 9 

Hadly, 2009). Such approaches require population sampling over a number of time periods, or 10 

sampling before and after some event of hypothesized significance, such as human 11 

disturbance, and use population genetic techniques to measure changes in genetic diversity 12 

and gene flow.  13 

Temporal genetic approaches often opportunistically utilise natural history collections 14 

and fossils over the scale of hundreds to thousands of years (Holmes et al., 2016; Navascués 15 

et al., 2010; Wandeler et al., 2007), and can disentangle the effects of recent human 16 

interference versus ancient demographic events. Disentangling these effects can have direct 17 

impacts for conservation management. For example, the Iberian brown bear (Ursus arctos) 18 

was managed as a distinct evolutionary unit on the basis of modern genetic data delimiting 19 

isolated, and putatively ancient populations (Valdiosera et al., 2008). However, comparisons 20 

of ancient and modern Iberian brown bear DNA revealed that population isolation was 21 

relatively recent and a composite of bottlenecks and cessations of gene-flow due to human 22 

activities in the past 500 years (Valdiosera et al., 2008). Over shorter time-scales the use of 23 

natural history collections has documented significant reductions in genetic diversity owing to 24 

anthropogenic over-exploitation or disturbance in the nineteenth and twentieth Centuries 25 

(Larsson et al., 2008; Mondol et al., 2013; Nyström et al., 2006; Weber et al., 2000). These 26 

studies can inform conservation management by determining ‘normal’ (i.e. historical) levels 27 

of genetic variation (Pacioni et al., 2015), and how that variation was distributed 28 
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geographically (Hoeck et al., 2009; Paplinska et al., 2011), and can be used to track the 29 

effectiveness of management actions such as reintroductions (Bristol et al., 2013). Such 30 

approaches are so powerful for detecting demographic and connectivity changes that they 31 

have been advocated for long-term genetic monitoring of conservation relevant organisms 32 

(Antao et al., 2011; Schwartz et al., 2007). 33 

Australia provides a useful test case for these types of questions, because European 34 

arrival dramatically changed the landscape and is associated with a suite of extinctions 35 

(Woinarski et al., 2014). The predilection of the colonizing British for museum collecting has 36 

enabled contemporary scientists to test the effects of European colonization on a variety of 37 

species. These studies have revealed extinctions of local populations owing to habitat 38 

degradation (Austin et al., 2013), and loss of genetic diversity since the introduction of novel 39 

predators in pre-historic and colonial times (Pacioni et al., 2015). Conversely, the Tasmanian 40 

devil (Sarcophilus harrisii) and koala (Phascolarctos cinereus) have experienced dramatic 41 

population declines due to persecution and disease, but also have shown evidence of low 42 

genetic diversity prior to European colonization (Bruniche-Olsen et al., 2014; Morris et al., 43 

2013; Tsangaras et al., 2012). No work has explicitly used population genetics on museum 44 

specimens to address recent (within 200 years) demographic histories in Australian tropical 45 

savanna species (Catullo et al., 2014; Joseph et al., 2011). This is despite evidence suggesting 46 

that the highly diverse fauna of the Australian tropical savannas may be very sensitive to 47 

over-grazing, the introduction of non-native grasses and predators, and fire-regime changes 48 

that have occurred over the past 100 years (Franklin, 1999; Franklin et al., 2005; Woinarski et 49 

al., 2011, 2001; Woinarski and Ash, 2002), where granivorous birds in particular have 50 

experienced severe population declines (Franklin, 1999).  51 

The Gouldian finch (Erythrura gouldiae) is a granivorous bird once distributed across 52 

the majority of Australia’s tropical savanna that showed large population declines in the 53 

twentieth Century. Anecdotal reports from the early to mid-twentieth Century suggest the 54 

Gouldian finch was abundant, found in similar numbers to currently abundant long-tailed and 55 
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masked finches (Poephila acuticauda and P. personata) (Evans and Fidler, 2005; Heuman, 56 

1926; Smedley, 1904). Analysis of historical records shows that Gouldian finches have 57 

declined in abundance (up to 40-50% decline in reporting rate), and spatial extent (42% 58 

decline in grid-cells occupied); the location and timing of decline is associated with 59 

intensification of land-use (primarily pastoral) by Europeans (Franklin, 1999; Franklin et al., 60 

2005). The decline has been most severe in Queensland, which has the highest human 61 

population density of the tropical states (Evans and Fidler, 2005; Franklin, 1999; Tidemann et 62 

al., 1993). Obligate reporting from avicultural finch trappers in Western Australia in the 63 

1970’s indicate that the decline may have been more severe, with an 87% decline in Gouldian 64 

finches caught until Gouldian finch trapping was banned in 1982 (and subsequently trapping 65 

for all finches in 1986) (Franklin et al., 1999; Tidemann, 1996). Despite this evidence of 66 

decline, the Gouldian finch recently had its threat-status down-graded from ‘Endangered’ to 67 

‘Near Threatened’ by the IUCN, based on estimates of current population size that suggest the 68 

Gouldian finch population is stable or even increasing (Garnett et al., 2011). These estimates 69 

come from a series of ad hoc observations by bird watchers, and relatively few systematic 70 

surveys of birds visiting water holes at two locations separated by 730km (Garnett et al., 71 

2011). There is currently no reliable data about size of Gouldian finch populations. Previous 72 

examination of contemporary populations of the Gouldian finch indicates that there is no 73 

genetic structure across the range (Bolton et al., 2016; Esparza-Salas, 2007; Heslewood et al., 74 

1998). However, these studies provide no indication as to whether the observed connectivity 75 

is a recent phenomenon (such as population movement due to displacement or habitat 76 

degradation (Caplins et al., 2014; Welch et al., 2012)), and provide information on neither the 77 

magnitude of population decline nor current effective population size.  78 

For the first time, museum skins from across the historical range of the Gouldian finch 79 

were used to explicitly assess genetic diversity and geographic structure prior to the observed 80 

decline in the mid twentieth Century. Population structure in the contemporary population 81 

was previously characterised elsewhere (Bolton et al., 2016), but the status of the populations 82 
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in Queensland remained unresolved due to the difficulty of sampling contemporary 83 

populations in this region. Here the historical genetic structure is investigated in the Gouldian 84 

finch to determine whether population changes over the twentieth Century affected population 85 

connectivity and to resolve whether Queensland populations were historically genetically 86 

unique. Historical samples were directly compared to contemporary samples to characterise 87 

changes in genetic diversity, identify the existence and intensity of any genetic bottleneck in 88 

the twentieth Century, and determine whether the population has recovered. To this end, 89 

effective population size was estimated in the contemporary populations using large, 90 

temporally discrete datasets. The results are discussed in the context of other population 91 

declines and the conservation consequences for the Gouldian finch.  92 

Methods 93 

Sampling 94 
Historical Gouldian finch samples were obtained from toe-pads of skins accessioned 95 

in museums (Museum Victoria, South Australia Museum, and the American Museum of 96 

Natural History (see Table A1 for accession details), prior to the reported population decline 97 

described above (1890-1920). The Gouldian finch’s range covers the monsoon tropics of 98 

northern Australia so samples from the states of Western Australia, the Northern Territory and 99 

Queensland were used to represent the western, central and eastern extent of this range 100 

respectively. Samples with explicit locality information were prioritised, and a total of 36 101 

skins were sourced from Queensland, 34 from the Northern Territory, and 34 from Western 102 

Australia. Sampling localities fell broadly into five regions that correspond roughly to 103 

biogeographic zones: Western Kimberley, Eastern Kimberley, Top End, Western Queensland, 104 

and Cape York (Figure 1). Throughout this text, “sampling region” will refer to these sub- 105 

regions within each state, and are analysed in addition to the state level groupings. 106 

Modern samples were caught between 2004 and 2013 from five locations in Western 107 

Australia and the Northern Territory, and a small sample from Queensland (Figure 1); 108 

detailed sampling protocols are outlined in previous work (Bolton et al., 2016). For all 109 
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analyses directly comparing diversity between historical and contemporary datasets, we used 110 

subsets of previously published microsatellite (n=251) and mtDNA (n=152) datasets (Bolton 111 

et al., 2016). Ne estimates were derived from a larger set of individuals in the contemporary 112 

population sampled over multiple sites and years (Table A2).  113 

 114 

Figure 1: Sampling of Gouldian finches in historical (black dots) and contemporary 115 

populations (white dots and italic text). Historical samples are grouped in some analysis by 116 

state as an analogue for western, central and eastern extent of the distribution, and where 117 

available subdivided further by geographical regions: West Kimberley, East Kimberly, Top 118 

End, Western Queensland and Cape York. Plot only shows historical samples for which 119 

explicit geographic locality information was included, and specimens with the same co- 120 

ordinates have been artificially spaced out to give an indication of sampling density in an area 121 

and is not intended as a precise representation of the sampling co-ordinates 122 

 123 

 Laboratory procedures and genotype scoring 124 
To ensure that historical samples were free from contamination from contemporary 125 

DNA, all extractions were conducted in a separate clean-room, at the Australian Centre for 126 

Ancient DNA, University of Adelaide; no contemporary bird specimens or DNA were ever 127 

used in this room, and workflows included regular decontamination, and disposable PPE. For 128 

more information on these standard protocols used please see Joseph et al. (2016). In this 129 
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facility, DNA was extracted from toe-pads using the DNeasy Tissue Kit (Qiagen, Valencia, 130 

California, USA), with protocol modifications outlined elsewhere (Joseph et al., 2016). 131 

Negative controls were included in the extraction process to detect any contamination. All 132 

negative extraction controls were included in the downstream PCRs. 133 

Aliquots of the historical DNA samples were amplified in a dedicated space in a 134 

laminar flow cabinet at Macquarie University that had never contained or been used for 135 

amplification of any avian DNA. To ensure PCRs were free from contamination, the 136 

workspace was decontaminated with sodium hypochlorite and UV radiation after each use, 137 

and the user wore dedicated PPE that had never been used for handling contemporary bird 138 

samples or DNA.  139 

The protocols used to extract and amplify samples of contemporary Gouldian finches 140 

are described by (Bolton et al., 2016) with some modifications for the historical samples: 141 

microsatellite multiplexes 1-3 were unmodified; multiplex 4 and 5 were amplified in 5ul 142 

reactions with final concentrations of Immolase Taq 1U, ImmoBuffer 1X, 1mM dNTPs, 4mM 143 

MgCl2, 0.2uM per primer, and 0.8ug/uL of bovine serum albumen. Final PCR reactions used 144 

positive controls from museum specimens used to develop the PCR conditions, negative 145 

controls from the extraction process and a template free PCR negative control. To check for 146 

repeatability at least 20% of samples were sequenced twice, in addition to problematic 147 

samples and where novel alleles were identified. In total, we achieved an average of 1.4 148 

successful amplifications per genotype. All multiplexes were run on an ABI3730. Genotypes 149 

were scored in GeneMapper (Applied Biosystems, Foster City, CA, U.S.A.). Loci with more 150 

than 30% missing data were removed from the dataset, as were individuals with more than 151 

50% missing data. After filtering, our data set contained nine loci across 101 individuals, from 152 

the 16 loci used previously on contemporary samples (Bolton et al., 2016). Four of these loci 153 

were removed because they were not in Hardy-Weinberg Equilibrium (Table S3), leaving five 154 

loci for downstream analysis. The contemporary dataset was reduced to match the five loci 155 

successfully typed in the historical samples.  156 
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For historical samples, a ~220bp fragment of the mitochondrial control region was 157 

amplified using previously developed primers GouldmtF and GouldmtR (Esparza-Salas, 158 

2007). Total volume of PCR reactions was 12uL, with final concentrations of Platinum Taq 159 

High Fidelity 1U, 1X Buffer, 0.25mM dNTPs, 2mM MgSO4, 0.4uM of each primer and 160 

1ug/uL of bovine serum albumen. Thermal cycler protocol was 94°C for 2min, then 50 cycles 161 

of 94°C for 15s, 52°C 15s, 68°C for 30s, and a final extension of 68°C for 10 min. Amplicons 162 

were sequenced on an ABI 3730. Sequences were inspected using SeqTrace (Stucky, 2012), 163 

and any polymorphisms that were not found in the sample of contemporary individuals were 164 

sequenced twice to verify the authenticity of putatively novel polymorphisms.  165 

Historical diversity and structure 166 
Using data from historical samples, microsatellite heterozygosity (HO, HE) and allelic 167 

richness (NA) were calculated in ARLEQUIN v3.5 (Excoffier and Lischer, 2010), and private 168 

alleles (NPA) were calculated in GENALEX v6.5 (Peakall and Smouse, 2012). Each diversity 169 

estimate was calculated for each state and sampling region (subsection of sampling state, see 170 

Figure 1) in the historical dataset. These were compared with the same diversity estimate 171 

calculated from the matching subset of five loci in the contemporary population (Bolton et al., 172 

2016). Deviation from Hardy-Weinberg equilibrium in the historical dataset was calculated in 173 

Arlequin using an exact test with a Markov Chain length of 1,000,000 and 100,000 174 

dememorization steps.  Linkage disequilibrium between loci in the historical dataset was 175 

tested in GENEPOP v4.2 (Raymond and Rousset, 1995). 176 

Mitochochondrial DNA (mtDNA) haplotype richness (H), haplotype diversity (h) and 177 

nucleotide diversity (π) was calculated in DnaSP for the entire historical sample, and each 178 

state, region and time bin (Librado and Rozas, 2009). Mitochondrial DNA genetic structure 179 

according to sampling state (analogue for east, central and west) was estimated using a 180 

median-joining network (ε=0; Bandelt et al., 1999) implemented in the program POPART 181 

(http://popart.otago.ac.nz). Differentiation between sampling regions and states was also 182 
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explored using AMOVA in Arlequin by comparing haplotype frequencies (FST) and sequence 183 

divergence using pairwise difference (ϕST).  184 

Using the microsatellite dataset, geographic structure was explored using an analysis 185 

of molecular variance (AMOVA) and the a priori geographic groupings of state and region. 186 

This was conducted in Arlequin with 10,000 permutations (Excoffier and Lischer, 2010). 187 

Pairwise FST for each population grouping was also calculated. We also explored historical 188 

genetic structure in the microsatellite dataset without using a priori populations using the 189 

Bayesian clustering method implemented in STRUCTURE (Pritchard et al., 2000). We used 190 

the admixture model with a burn in of 100,000 over 1,000,000 MCMC iterations with ten 191 

replicates per simulated cluster (K) 1-10. Number of K was determined using both Ln P(Data) 192 

and ΔK using STRUCTURE HARVESTER v0.6.94, as the ΔK does not allow evaluation of 193 

K=1 scenario (Earl and VonHoldt, 2012; Evanno et al., 2005; Pritchard et al., 2000). Q-plots 194 

were generated with CLUMPP v1.1.2 and DISTRUCT v1.1 and were used to verify the 195 

number of clusters from the two K selection methods (Jakobsson and Rosenberg, 2007; 196 

Rosenberg, 2004).  197 

Diversity through time 198 
Evidence for a genetic bottleneck in the Gouldian finch was explored by comparing 199 

estimates of genetic diversity between the historical and contemporary samples using 200 

microsatellite and mtDNA datasets. Given that there was no evidence of genetic structure in 201 

either the contemporary or historical dataset (see results), all samples in the historical dataset 202 

were compared with all samples in the contemporary dataset. 203 

Population bottlenecks can reduce microsatellite genetic diversity and allelic richness 204 

(number of alleles), but because allelic richness estimates are sensitive to differences sample 205 

size (Leberg, 2002), a rarefaction approach was used to calculate the corrected allelic richness 206 

for the smaller historical sample in ADZE 1.0 (Szpiech et al., 2008). Differences in rarefied 207 

microsatellite allelic richness and heterozygosity were compared between historical and 208 

contemporary samples using a Wilcox signed-rank test. Further, if there was a significant 209 
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change in allele frequencies between historical and contemporary samples (owing to a 210 

bottleneck, for example), then there should be genetic differentiation between our two 211 

sampling time periods (Skoglund et al., 2014). This was tested using AMOVA and 212 

STRUCTURE analyses as described in the previous section.  213 

To statistically compare whether there was a change in mtDNA haplotype richness (H) 214 

between historical and contemporary samples, a custom resampling (without replacement) 215 

approach was used to rarefy the contemporary sample to the historical sample size (n=104) 216 

and a p-value was obtained by comparing the observed historical richness against the 217 

resampled distribution (1000 resamples). This was modified from a custom R-script 218 

‘shuffleAndExtract’ function, and haplotype richness was calculated using R-package 219 

‘haplotypes’ (Aktas, 2015; Tovar, 2012). Rarefaction curves were also generated using 220 

ANALYTIC RAREFACTION 2.0 (Holland, 2012). Estimates of haplotype (h) and nucleotide 221 

diversity (π) were compared using a t-test, assuming the sampling variance conforms to a 222 

normal distribution. Parsimony network displaying the haplotypes lost and shared between the 223 

historical and contemporary populations were generated using R script ‘TempNet’ (Prost and 224 

Anderson, 2011). 225 

Demographic history 226 
We tested for evidence for genetic bottlenecks in the contemporary and historical 227 

population using a heterozygosity excess test implemented in the program BOTTLENECK 228 

v1.2 (Piry et al., 1999), using the two-phase model (TPM) with proportion of single step 229 

mutations at 90% with a variance of 30% among multi-step mutations. Analyses were run 230 

with 10,000 iterations and significance of heterozygosity excess was tested using the 231 

Wilcoxon sign-ranked test. Genetic bottlenecks can also leave a signature in the ratio of 232 

number alleles to the allele size range (the M-ratio), where a bottleneck depletes the number 233 

of alleles relative to the total allelic size range of the microsatellite (Garza and Williamson, 234 

2001). We calculated the M-ratio using Arlequin, and considered a depletion in the number of 235 

alleles to occur when M<0.68 (Garza and Williamson, 2001). 236 



	 183 

The mtDNA sequence data was tested for deviation from neutrality as evidence of 237 

demographic changes. Tajima’s D is sensitive to selection and demographic changes and 238 

measures the difference between the observed nucleotide diversity (π) and the population 239 

mutation rate based on the infinite sites model (θS), and if there is no selection or 240 

demographic changes then D=0 (Tajima, 1989). This was measured in Arlequin, and 241 

significant deviation from zero was assessed using 1000 random samples under the null 242 

hypothesis. Fu’s F statistic is similar to Tajima’s D, but is more sensitive to demographic 243 

changes (Fu, 1997; Ramos-Onsins and Rozas, 2006). Fu’s F was calculated in Arlequin, and 244 

significance was assessed using 1000 random samples generated under the null hypothesis, 245 

where p<0.02 is considered a significant deviation from neutrality (Fu, 1997). The mismatch 246 

distribution is the distribution of the number of pairwise differences between pairs of 247 

haplotypes, and when a population has experienced a demographic or spatial expansion the 248 

distribution of these differences will have a single mode (rather than multi-modal under the 249 

neutral expectation) (Excoffier, 2004; Rogers and Harpending, 1992). Significant deviation 250 

from observed and expected distributions was assessed using the appropriate parametric 251 

bootstrap approach for the spatial and demographic models using 1,000 replicates. 252 

A more comprehensive approach to understanding the demographic history of the 253 

Gouldian finch was taken using Approximate Bayesian Computation (hereafter ABC), where 254 

alternate demographic scenarios were modeled using DIYABC 2.1.0 (Cornuet et al., 2014). 255 

This allowed us to test explicit scenarios about the timing and intensity of genetic bottlenecks 256 

by simulating scenarios within set priors of timing and population size, and comparing 257 

summary statistics from the simulated to observed datasets. The historical and contemporary 258 

datasets were modeled together (5 microsatellite loci and 221bp mtDNA), to increase sample 259 

sizes they were pooled into a single ‘historical’ and ‘contemporary’ dataset separated by 100 260 

generations. Here, the generation time of the Gouldian finch is set to one year, because the 261 

average age at first reproduction in the sympatric long tailed finch (Poephila acuticauda), 262 

which has a similar body size and is ecologically similar, was 330 days (van Rooij and 263 
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Griffith, 2011). Captive Gouldian finches become sexually mature within 9 months, and 264 

usually breed in the first breeding season after they were hatched (Evans and Fidler, 2005). 265 

However, the Gouldian finch generation time in the wild is uncertain because recapture rates 266 

are so low, so the same analyses were repeated assuming a two year generation time, but it did 267 

not affect the results.  268 

Because there was no geographic genetic structure in the contemporary or historical 269 

populations, simulations included demographic changes to a single population. These 270 

simulated a “control” situation where the population underwent no demographic change 271 

(Figure 3, SC1), and a recent bottleneck with and without recovery (Figure 2 SC2 and SC3). 272 

Northern Australia was affected by cycles of aridity during glacial maxima of the Pleistocene, 273 

which likely caused population retractions as in other Australian flora and fauna (Bowman et 274 

al., 2010; Byrne et al., 2008), so scenarios were also compared that included an ancient 275 

bottleneck (8,000-500,000 generations ago) with and without a recent bottleneck (SC4 and 276 

SC5) (Figure 2). Informed by the observation of population declines in the twentieth Century 277 

(Franklin, 1999; Franklin et al., 1999), the prior for the timing of the recent bottleneck (t) was 278 

uniformly distributed between 10 and 90 generations/years ago, with a duration (tbn) 279 

uniformly distributed between 1 and 50 generations. The bottleneck size prior (Nbn) was 280 

uniformly distributed between 10 and 1000 individuals to represent a bottleneck more severe 281 

than the 87% decline observed by trappers (Tidemann, 1996). The prior for contemporary 282 

effective population size (cN#) was uniformly distributed between 200 and 8,000 and was 283 

based on estimates of current breeding population (1000-2400 individuals) (Garnett et al., 284 

2011). The lower bound of the prior was set much lower than this because population size 285 

fluctuation, variance in reproductive success and sex ratio bias could make the contemporary 286 

effective size much lower. The upper bound was set at 8,000 to allow for the possibility that 287 

the published estimate of population size was severely underestimated due to low sampling 288 

effort in this remote area. Details of the summary statistics used are described in Appendix 4, 289 

and all demographic priors and mutational models are in Table S11. Each demographic 290 
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scenario was simulated 1 million times (5 million simulations total). Alternative scenarios 291 

were compared by calculating the posterior probability of each scenario by comparing the 292 

number of simulations closest to the observed dataset using i) the direct approach using the 293 

500 simulated datasets closest to the observed and ii) a weighted polychotomous logistic 294 

regression deviations between the observed and closest 1% (10,000) simulated datasets. 295 

Parameters for posterior distributions for each parameter in the chosen scenario was estimated 296 

using local linear regression on 1% of simulations (10,000) closest in parameter space to the 297 

observed dataset, with a logit transformation applied to parameter values. For more 298 

information on priors, Type I and Type II error calculation, and model checking procedures 299 

see Appendix 4.  300 

Figure 2: The five demographic histories tested on Gouldian finch data using Approximate 301 

Bayesian Computation in DIYABC, with notation used for demographic parameters tested. 302 

Where xNx variables represent effective population sizes, and tx variables represent the timing 303 

of the demographic events. Details for the prior distributions for each of these parameters is 304 

provided in text and in Table A11, and the posterior probability for each of the competing 305 

scenarios is provided in Table A12. 306 
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Contemporary Effective Population Size 307 
Contemporary effective population size (Ne) is the Ne of the current (or most recent 308 

few) generations, and can be estimated (N!) from genetic data using a single sample, or 309 

individuals sampled across a number of generations (Luikart et al., 2010; Waples, 2005). This 310 

is different from the Ne estimated from coalescent approaches (such as those from DIYABC) 311 

which represent the Ne over long-time scales (i.e. 4Ne generations (Hare et al., 2011). From a 312 

plethora of available methods, recent simulation studies have identified temporal and single 313 

sample estimators that are the most robust to deviation from simplifying assumptions such as 314 

a single isolated population, population bottlenecks and overlapping generations (Gilbert and 315 

Whitlock, 2015; Wang, 2016). Two of the most reliable single-sample estimators (Linkage 316 

Disequilibrium and Sibship Frequency (Wang, 2009; Waples, 2006)) and the most reliable 317 

temporal method (Maximum Likelihood (Wang and Whitlock, 2003)), were used to estimate 318 

Ne of the Gouldian finch sampled over a number of years at multiple sites using 16 319 

microsatellites (Bolton et al., 2016). The samples used for each estimator depends on the 320 

requirements and precision of each estimator, and are described in detail for each estimator 321 

below. Adult age information is not available for these Gouldian finch samples, it is, 322 

therefore, not possible to utilise bias corrections for N!(e.g. Waples & Yokota 2007), or 323 

methods that explicitly utilise age structure in the calculations (e.g. Wang et al. 2010; Waples 324 

et al. 2011). Ne was not estimated in historical samples because the total sample set was taken 325 

over a period of 30 years which is a gross violation of the assumptions, and in combination 326 

with the low number of successfully amplified loci, sampling a single year (or even the entire 327 

data set) did not yield sufficient precision to be included (i.e. all estimates were infinite).  328 

All Ne estimators used here assume samples derive from a single cohort in a species 329 

with non-overlapping generations. When these assumptions are met, single sample estimators 330 

tend to measure the number of effective breeders in the parental population (Nb), which is 331 

reflective of the inbreeding effective size (NeI). Nb accounts for variation in reproductive 332 

success and unequal sex ratios, but cannot predict genetic change within a generation like Ne 333 



	 187 

(Wang, 2009). If the sample includes multiple generations, then N! may reflect per generation 334 

Ne, or a composite of Nb that produced each generation in the sample, and will depend on the 335 

organismal life-history and what genetic properties the estimators measure (Wang, 2016, 336 

2009, Waples et al., 2014, 2013; Waples and Do, 2010).  337 

The linkage disequilibrium (LD) method is a single sample estimator (Hill, 1981; 338 

Waples, 2006; Waples and Do, 2010), and was implemented using NeEstimator v.2.01 (Do et 339 

al., 2014). Although this method has low accuracy and precision for populations >200, this 340 

method can reliably identify Ne in small populations (Waples and Do, 2010), and will enable 341 

the exclusion of an Ne <200 in the Gouldian finch.  Microsatellite N!were generated for each 342 

sampling locality for each year, and for each year with samples pooled across sampling 343 

localities (Table S2 for sample sizes). In addition, 3839 SNPs previously described in Bolton 344 

et al, (2016) were used to estimate Ne in 2008 and 2009 from adults pooled across sampling 345 

localities (Table A2). The LD method can account for lifetime monogamy or random mating 346 

systems (Waples and Do, 2010; Weir and Hill, 1980); random mating was assumed in the 347 

Gouldian finch because previous work has shown that they are not purely monogamous 348 

(Bolton et al., 2017). To reduce bias from low frequency alleles in the LD analysis, only 349 

results from analyses including alleles with a frequency greater than 0.02 were included 350 

(Waples and Do, 2010).  351 

The sibship assignment frequency method is another single sample estimator (Wang, 352 

2009), and was implemented in Colony v2.0.6.2 (Jones and Wang, 2010). Estimates were 353 

generated for each sampling locality in each year, and for each year pooled across sampling 354 

localities. There were insufficient individuals in each year to provide a reliable estimate using 355 

the SNP data (Table S2). The sibship frequency method allows for correction for non-random 356 

mating or random mating according to degree of deviation from Hardy-Weinberg equilibrium 357 

(Jones and Wang, 2010; Wang, 2009); here the assumption of random mating was used 358 

because none of the contemporary samples deviated from Hardy-Weinberg equilibrium and 359 

there was no evidence of assortative mating according to head-colour morph (Bolton et al., 360 
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2017, 2016). The effects of sibship size prior on 𝑁! from the sibship frequency method were 361 

evaluated by comparing results using the “weak” sibship prior, and a “Known Ne” prior. The 362 

sibship sizes were calculated as the mean number of offspring per male and per female from 363 

previous data on Gouldian finch breeding at Wyndham, where mean paternal sibship size was 364 

3.0 and maternal sibship size was 3.6 (Bolton et al., 2017). The “Known Ne” prior includes an 365 

estimate of sex ratio (1.26 (Bolton et al., 2017)) and an estimate of 1000 for Ne was used 366 

based on previous work (Garnett et al., 2011).  367 

Temporal estimators (using samples separated by generations) estimate the variance 368 

effective population size (NeV), which reflects the amount of genetic drift in a population 369 

(Baalsrud et al., 2014; Wang et al., 2016; Waples, 2010). These produce an estimate of the 370 

harmonic mean of Ne over the sampled generations, but overlapping generations can cause 371 

bias in these estimates (Waples and Yokota, 2007). The temporal method of Ne estimation 372 

was implemented using the Maximum likelihood approach implemented MLNe v1.0 (Wang 373 

and Whitlock, 2003),  because ML methods are much more accurate than moment methods 374 

when the number of generations between samples is small (Wang et al., 2016; Waples and 375 

Yokota, 2007). A sample of 145 birds from the Australian Wildlife Conservancy’s 376 

Mornington Sanctuary was compared against a sample of 260 birds pooled across sampling 377 

localities caught in 2008. Another estimate was provided by comparison of allele frequencies 378 

in same 2006 sample against a pooled sample of birds caught in 2009 (n=134). A third 379 

estimate was produced by measuring change between samples in 2006, 2009 and a sample of 380 

22 individuals in Wyndham caught in 2013. SNP data was not used here because there were 381 

too few individuals sufficiently spaced across generations. The Gouldian finch generation 382 

time in these analyses was considered to be one year. Populations were assumed to be not in 383 

migration-drift equilibrium and the maximum Ne was set to 20,000. 384 

Results 385 
All 104 historical samples yielded at least one microsatellite genotype, but after 386 

removing loci with more than 30% missing data, and individuals with data missing from more 387 
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than 50% of loci there were genotypes for 101 of 104 individuals. Across the five remaining 388 

loci, the frequency of missing data was 2.5%, see Appendix 2 for more details.  389 

Historical diversity and structure 390 
Summary statistics for genetic diversity per locus in the entire historical sample are 391 

presented in Table 1, and per sampling state and region (category within state, see Figure 1) in 392 

Tables S5-6. Microsatellite data showed no evidence for geographic genetic structure 393 

according to state or sampling region in the historical dataset based on the results of the 394 

AMOVA or pairwise FST (Tables S7-S10). Similarly, the clustering analysis in STRUCTURE 395 

showed no evidence of genetic structure. The optimal ΔK was K=2, but the highest log 396 

probability of the data (Ln P(Data)) was at K=1 (Figure A1a,b). Inspection of the q-plots 397 

showed all individuals were equally admixed (Figure A1c), and therefore a K=1 was 398 

determined to be the most appropriate model of population structure in the historical samples.  399 

Summary diversity for mitochondrial control region data in the historical population is 400 

presented in Table 2, with sampling state and region presented in Tables A5-6. The mtDNA 401 

data showed no evidence of genetic differentiation by state according to pairwise nucleotide 402 

differences (Table S8-9), but there was statistically non-significant evidence for genetic 403 

differentiation according to haplotype frequency (AMOVA: Among populations 2.07%, 404 

Within Populations 97.93; FST=0.02 p=0.054), possibly driven by haplotype frequency 405 

differences between Queensland and the Northern Territory (Table A8-9). However, at the 406 

sampling level region (within states) there was no evidence of genetic differentiation for any 407 

measure (Table S8 and S10). Median-joining network describing differences between states 408 

are presented in Figure 3. 409 
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Table 1: Summary of microsatellite diversity statistics for each locus, measuring number of 410 

alleles or allelic richness (NA), the number of alleles rarefied to the minimum sample size in 411 

the historical dataset for that locus (NAr), number of alleles private to each time period (NPA), 412 

observed and expected heterozygosity (HO, HE), and the ratio of number of alleles to size 413 

range (M). For each statistic the mean and standard deviation across the nine loci is presented.  414 

415 

 

Parameter Ego52 BF18 Tgu11 Pca7 Pco2 Mean (± SD) 

H
is

to
ric

al
 

n 98 101 99 100 94  

NA 9 11 10 26 5 12.20 (± 8.04) 

NPA 0 0 2 1 1 0.80 (±0.84) 

HO 0.63 0.72 0.66 0.96 0.60 0.71 (± 0.15) 

HE 0.71 0.74 0.67 0.94 0.61 0.73 (± 0.12) 

M 0.64 0.42 0.48 0.43 0.56 0.50 (± 0.09) 

C
on

te
m

po
ra

ry
 

n 251 251 251 251 251  

NA 11 16 11 28 4 14.00 (± 8.92) 

NAr 9.41 13.35 8.38 24.66 3.92 11.94 (± 7.86) 

NPA 2 5 3 3 0 2.6 (± 1.86) 

HO 0.74 0.65 0.63 0.92 0.56 0.70 (± 0.14) 

HE 0.77 0.78 0.62 0.93 0.59 0.74 (± 0.14) 

M 0.69 0.12 0.46 0.44 0.57 0.46 (± 0.21) 
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Table 2: Summary of diversity indices (± sampling standard deviation) for 221bp 416 

mitochondrial control region data in the historical and contemporary samples. For each time 417 

point the table describes, the number of samples (N), the number of segregating sites (S), the 418 

(uncorrected) number of haplotypes (H), number of private haplotypes (HP), haplotype 419 

diversity (h), nucleotide diversity (π), and Fu’s F and Tajima’s D neutrality tests, where 420 

bolded values are statistically significant (p<0.02).  421 

 N S H HP h π x 102 Tajima's D Fu's F 

Historical 104 10 23 11 0.80 
(± 0.03) 

0.84 
(± 0.07) -0.60 -19.28 

Contemporary 152 13 20 9 0.76 
(± 0.03) 

0.71 
(± 0.05) -0.86 -11.54 

Figure 3: Median-joining network for mitochondrial control region haplotypes in the 422 

historical sample of the Gouldian finch. Colours represent Australian states, which is a proxy 423 

for eastern, central and western sections of the Gouldian finch distribution. Number of strokes 424 

joining the nodes (haplotypes) indicates the number of mutations between haplotypes. 425 
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Diversity through time 426 

The allelic richness and heterozygosity for each locus in the historical and 427 

contemporary populations are presented in Table 1. Wilcoxon signed-rank tests between 428 

historical and contemporary microsatellite data showed no evidence for a reduction in allelic 429 

richness in the microsatellite dataset (V=9, p=0.81) (Figure 4a), nor in observed (V=10, 430 

p=0.59) or expected (V=7, p=0.1) heterozygosity. AMOVA showed no evidence of 431 

differentiation between historical and contemporary populations (Within Individuals 96.05%, 432 

Among Individuals 3.92%, Among populations 0.03%; FIS=0.04 p=0.001; FST=0.0003 433 

p=0.93; FIT=0.04 p=0.001), with evidence of a reduction in heterozygosity in the 434 

contemporary population (Historical FIS=0.005 p=0.44, Contemporary FIS=0.05 p=0.0003). 435 

Similarly, clustering analysis in STRUCTURE found no evidence of differentiation (Figure 436 

A2). 437 

Summary diversity statistics for the mtDNA data are presented in Table 2. Haplotype 438 

richness was reduced by 29.6% in the contemporary population, which is significantly lower 439 

than the historical richness based on the resampling test from 1000 resamples (p<0.000) 440 

(Figure 2b). The specific haplotypes lost are presented graphically in Figure 5. There was a 441 

significant reduction in haplotype diversity (t=10.48, df=221.45, p<1x10-16), and nucleotide 442 

diversity (t=16.31, df=173.08, p<1x10-16) in the contemporary population. In contrast, there 443 

was no evidence for differentiation between historical and contemporary samples according to 444 

haplotype frequencies (Percent variation between historical and contemporary populations: 445 

0.41%, Within Populations: 99.59%, FST=0.0041, p=0.16), or according to pairwise sequence 446 

differences (Percent variation between historical and contemporary populations: 0%, Within 447 

Populations: 100%, ϕST =-0.0021, p=0.52). 448 



	 193 

 449 

Fi
gu

re
 4

: R
ar

ef
ac

tio
n 

cu
rv

es
 c

om
pa

rin
g 

ric
hn

es
s b

et
w

ee
n 

hi
st

or
ic

al
 a

nd
 c

on
te

m
po

ra
ry

 ti
m

e 
pe

rio
ds

, w
he

re
 p

lo
t a

) s
ho

w
s 

m
ic

ro
sa

te
lli

te
 d

at
a 

as
 th

e 
m

ea
n 

nu
m

be
r o

f a
lle

le
s p

er
 lo

cu
s (

± 
st

an
da

rd
 e

rr
or

), 
an

d 
b)

 sh
ow

s n
um

be
r o

f m
ito

ch
on

dr
ia

l h
ap

lo
ty

pe
s (

± 

95
%

 ra
re

fa
ct

io
n 

co
nf

id
en

ce
 in

te
rv

al
s. 



	194 

 450 

Fi
gu

re
 5

: T
em

po
ra

l p
ar

si
m

on
y 

ne
tw

or
k 

sh
ow

in
g 

ha
pl

ot
yp

es
 sh

ar
ed

 b
et

w
ee

n 
th

e 
hi

st
or

ic
al

 a
nd

 c
on

te
m

po
ra

ry
 sa

m
pl

in
g 

pe
rio

ds
 p

ro
du

ce
d 

us
in

g 
R

 

sc
rip

t T
em

pN
et

 (P
ro

st
 a

nd
 A

nd
er

so
n,

 2
01

1)
. E

lli
ps

e 
si

ze
 re

pr
es

en
ts

 th
e 

ab
un

da
nc

e 
of

 a
 p

ar
tic

ul
ar

 h
ap

lo
ty

pe
 (a

s i
n 

Fi
gu

re
 3

), 
an

d 
em

pt
y 

el
lip

se
s 

re
pr

es
en

t h
ap

lo
ty

pe
s t

ha
t a

re
 a

bs
en

t i
n 

a 
pa

rti
cu

la
r t

im
e 

po
in

t. 
D

ot
te

d 
lin

es
 re

pr
es

en
t h

ap
lo

ty
pe

s s
ep

ar
at

ed
 b

y 
a 

si
ng

le
, u

n-
sa

m
pl

ed
 m

ut
at

io
n.

 B
la

ck
 

do
ts

 re
pr

es
en

t e
ac

h 
ad

di
tio

na
l m

ut
at

io
n 

th
at

 tw
o 

ha
pl

ot
yp

es
 a

re
 se

pa
ra

te
d 

by
 (e

.g
. o

ne
 b

la
ck

 d
ot

 in
di

ca
te

s t
w

o 
ha

pl
ot

yp
es

 a
re

 se
pa

ra
te

d 
by

 tw
o 

m
ut

at
io

ns
). 



	 195 

Demographic history 451 
Using the BOTTLENECK program, there was no evidence of a heterozygote excess 452 

caused by a genetic bottleneck in the contemporary population (p=0.69), or in the historical 453 

population (p=0.31). Conversely, measures of the M-ratio (number alleles/allele size range) 454 

suggested that both historical and contemporary populations had undergone a genetic 455 

bottleneck (M<0.68; Table 1).  456 

Estimates of Tajima’s D found no evidence of a deviation from neutrality in the 457 

mtDNA data (Table 2). However, Fu’s F was significantly negative in both historical and 458 

contemporary datasets (Table 2), which is indicative of expansion. Mismatch distribution tests 459 

conducted on the mtDNA data found no evidence for a sudden demographic expansion in the 460 

contemporary sample (sum of squared deviation (SSD)=0.0038, p=0.57), or in the historical 461 

sample (SSD=0.0071, p=0.70). Similarly, mismatch distributions did not support a spatial 462 

expansion in the contemporary (SSD=0.0041, p=0.47), or historical population (SSD=0.008, 463 

p=0.59).  464 

Different demographic scenarios were tested explicitly using Approximate Bayesian 465 

Computation. Both approaches used to calculate posterior probability of demographic 466 

scenarios found highest support for the two scenarios that did not include demographic 467 

change in the twentieth century, but was unable to differentiate between them (SC1 and SC4, 468 

Table A12). Although posterior probabilities were low for SC1 and SC4 (Direct: 0.43-0.47, 469 

Logistic: 0.49-43), their 95% confidence intervals did not overlap with any of the other 470 

scenarios using the logistic method (Table A12). The same result was found when the 471 

mitochondrial data was modeled separately (data not shown). Error rate testing showed that 472 

SC1 and SC4 were consistently selected in both approaches even when posterior data were 473 

simulated under other scenarios (SC2-3 & SC5). Consequently, type I error rates for SC1 and 474 

SC4 were high in both the logistic and direct approaches (SC1: 76.71%, 58.45%; SC4: 475 

20.34%, 36.86%) (Table A13). Type II error rates were similarly high in both the logistic and 476 

direct approaches (SC1: 16.37%, 33.81%; SC4: 68.18%, 56.44%) (Table A13). Both chosen 477 

scenarios provided similar estimates for the Ne of the contemporary population (cN2) as 478 
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somewhere between 3560 and 7790, with central tendencies between 5700 and 6130 (Table 479 

3). In SC4, estimates of the timing (te) and size (pN2) of the ancient population were much 480 

less precise (Table 3), where the past population size in particular was bimodal and occupied 481 

the length of the prior distribution (Figure A4c).  482 

 483 

Table 3: Estimates from the posterior distribution for demographic parameters from the most 484 

supported scenarios in the Approximate Bayesian Computation analysis. The most supported 485 

scenarios were SC1, which modeled no demographic change, and SC4, which modeled an 486 

ancient demographic change, with no contemporary demographic change. Notation cN2 487 

represents the contemporary effective population size; te is the estimate of the timing of the 488 

ancient demographic event (in number of generations which is equal to years in the Gouldian 489 

finch), while pN2 represents the ancient effective population size (before te). See Figure 3 for 490 

more information on modeled scenarios and parameter notation.  491 

 492 

 493 

Contemporary Effective Population Size 494 

Across years and sites N! from the LD mehod varied between negative values and 495 

infinity, with the lowest 95% confidence boundary at 63.8 (Figure A5 and Table A14).  The 496 

LD method has poor accuracy for Ne>200, and the negative and infinite estimates suggest that 497 

sampling error is larger than any signal of LD and drift (Waples and Do, 2010). In such cases, 498 

the lower 95% CI should be used to infer a minimum possible population size (Waples and 499 

Do, 2010). Estimates from samples pooled across localities in 2008 and 2009 using 500 

Parameter Mean Median Mode 95% HDPI 

(SC1) cN2 5960 5700 6040 [3560-7740] 

(SC4) cN2 5900 5920 6130 [3870-7790] 

(SC4) te 208000 184000 22900 [17600-479000] 

(SC4) pN2 510 514 630 [368-975] 
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microsatellites and the LD method were between 762.7 and Infinite (Table 4a). The much 501 

larger SNP dataset achieved better precision with estimates between 2243 and 3258.9 (Table 502 

4a). Because this is a mixed age sample of a species with overlapping generations, the LD 503 

estimate reflects the Ne per generation if the species is short-lived, otherwise it is a composite 504 

of Nb that produced each generation sampled (Waples et al., 2014; Waples and Do, 2010). 505 

 N! from the sibship frequency method using the “Known Ne” prior was significantly 506 

larger than using the weak sibship prior (t=5.03, df=19.022, p=7.4x10-5), and across years and 507 

localities estimates ranged between 13 and 930 (with confidence intervals between six and the 508 

program’s maximum Ne value, Figure A6 and Table A15). The estimates from 2008 and 2009 509 

pooled across sampling localities were between 134 and 963 (95% CI 104-1413) (Table 4b). 510 

The degree of accuracy and precision of this estimator when used on a mixed-age sample 511 

remains to be quantified, but it represents a composite of the Nb for each of the cohorts 512 

represented in the sample (Wang, 2016, 2009).  513 

Results from the maximum likelihood temporal estimator show N!" as between 399 514 

and 19989 (Table 4c). Temporal methods on mixed age samples perform better when the 515 

samples are spaced multiple generations apart (Waples and Yokota, 2007), which may explain 516 

why the two two-sample estimates (2006-2008 and 2006-2009) have upper confidence limits 517 

that were the maximum Ne set by the user (20,000). 518 
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Discussion 524 
To test a putative decline of between 40-87% in Gouldian finch populations over the 525 

twentieth Century (Franklin, 1999; Franklin et al., 2005; Tidemann, 1996), we compared 526 

levels of genetic diversity, population connectivity and effective population size from samples 527 

derived from before and after the reported decline (historical: 1890-1920; contemporary 2004- 528 

2013). Previous work was unable to reliably identify the level of connectivity between birds 529 

in the west and Queensland because of the paucity of contemporary samples available (Bolton 530 

et al., 2016), but comprehensive historical samples from Queensland in this study 531 

demonstrates that these individuals were part of one large population including those from the 532 

western part of the species’ range. This result is unusual because the Gulf of Carpentaria and 533 

the Selwyn ranges in western Queensland constitutes a significant biogeographic break for a 534 

number of species and allo-species distributed across the monsoon tropics (Bowman et al., 535 

2010; Ford, 1987; Pepper et al., 2016; Toon et al., 2010), and may be indicative of large 536 

dispersive capacity of Gouldian finches (Bolton et al., 2016; Woinarski and Tidemann, 1992). 537 

Furthermore, given that the historical sample showed no evidence of geographic genetic 538 

structure, human impacts have had no detectable effect on patterns of gene-flow (Bolton et al., 539 

2016). Finally, microsatellite and mtDNA data suggest that genetic diversity in the historical 540 

population was comparable with the contemporary population.  541 

The most striking result from these analyses is that ABC found no evidence for a 542 

strong reduction in the population size in the Gouldian finch in the twentieth Century 543 

(reported to be up to 87%), corroborated by no decline in microsatellite diversity. Yet, there 544 

was evidence of a reduction in mtDNA diversity across time. One explanation is that the 545 

population did not decline as severely as was parameterized in the ABC model (87%, Nbn 10- 546 

1000), and the less severe declines documented using museum records (40-50% declines) may 547 

be more realistic (Franklin, 1999; Franklin et al., 2005). Indeed, the 87% estimate may be 548 

more spatially biased than museum records if finch trappers had high site fidelity (Graham et 549 

al., 2004; Tidemann, 1996). Other studies on birds that have purportedly experienced strong 550 

historical population declines were also unable to detect population genetic signatures for 551 
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decline (Dussex et al., 2015; Welch et al., 2012). In these species it is possible that declines 552 

were not as severe as thought, or that overlapping generations and long-lifespans can harbor 553 

genetic diversity and mask such signatures (Welch et al., 2012).  554 

Simulation studies have shown that detecting moderate bottlenecks with recovery 555 

(~50% reduction over hundreds of generations) using summary statistics (such as gene 556 

diversity) has very low power unless sampling before and directly after the bottleneck using 557 

thousands of markers (Mourier et al., 2012; Ramakrishnan et al., 2005). Meta-analytic and 558 

simulation studies have shown that bottlenecks of >200 individuals, irrespective of the 559 

percent decline, are virtually undetectable through changes in genetic diversity (Hoban et al., 560 

2014; Jackson et al., 2013). The DIYABC program simulates an instantaneous demographic 561 

event (Cornuet et al., 2014, 2008), but further simulation studies have demonstrated that the 562 

type of decline (gradual or instantaneous) and the rate of recovery over the scale of a few 563 

generations can dramatically influence the magnitude of change in summary statistics and 564 

hence the power of detection (Hoban et al., 2014, 2013). That a decline in diversity was 565 

observed only in the mitochondrial data may be because of the smaller Ne of mitochondrial 566 

DNA; this may result in the loss of alleles at a greater rate than in nuclear DNA. Comparison 567 

of the long-term Ne derived from DIYABC with contemporary estimators may be the best 568 

approach to discern recovery in the Gouldian finch population (Hare et al., 2011). 569 

Contemporary N! suggests that the current Ne may be lower than the long-term Ne but the 570 

confidence intervals for some methods do overlap with the estimate from DIYABC. Although 571 

these data cannot provide quantitative estimates as to the severity of the decline and recovery 572 

in the Gouldian finch, our analyses suggest that the decline was not as severe as the upper 573 

estimate from finch trapping data (<87%, Ne>1000) (Tidemann, 1996).  574 

Interestingly, although some tests showed no signal for bottlenecks or expansion, the 575 

M-ratio test (on microsatellites) and Fu’s D (on mtDNA) provided evidence of bottlenecks 576 

and expansions in both historical and contemporary samples. That these were detected in both 577 

samples may be indicative of an ancient demographic event, which was also supported by the 578 
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ABC analysis in Scenario 4. This may be a signal of demographic events associated with 579 

glacial cycles in the Pleistocene, which have structured genetic diversity in other monsoon 580 

tropical species in Australia (Catullo et al., 2014; Kearns et al., 2014). The other explanation 581 

for these results is recurrent population fluctuations, and may be another factor obscuring the 582 

ability to detect a single bottleneck in the twentieth Century. Indeed, census data for Gouldian 583 

finches at Yinberrie Hills and catches at Mornington Sanctuary and Wyndham show some 584 

population fluctuations over a few years (Bolton et al., 2016; Legge et al., 2015; O’Malley, 585 

2006). However, populations that fluctuate generally have very low effective population size 586 

to census size (Ne/N) ratios (Hung et al., 2014; Vucetich et al., 1997). N! minima for the 587 

contemporary Gouldian finch populations are quite variable across years, but these estimates 588 

are similar or larger than the current estimated adult Gouldian finch population size  (1000- 589 

2500 individuals, Garnett et al., 2011). A more extensive genetic sampling scheme over the 590 

twentieth Century, with knowledge of census sizes would be the most appropriate way to 591 

resolve the recent demographic history of the Gouldian finch, but such samples are not 592 

available.  593 

Our estimates of Ne and effective number of breeders (Nb) can be used to infer 594 

whether the population is currently of conservation concern. The three different methods of 595 

contemporary Ne estimation employed here reflect the different aspects of generational Ne, 596 

variance Ne, and effective number of breeders (Nb). Because the generation time is short in 597 

the Gouldian finch, the LD estimates probably reflect generational Ne (Waples et al., 2014; 598 

Waples and Do, 2010), which is approximately 2,000 individuals and roughly consistent with 599 

estimates of adult population size (1000-2500 breeding adults, Garnett et al., 2011). In 600 

contrast, the sibship method likely reflects a composite of the Nb resulting in the present 601 

mixed-age sample (Wang, 2016, 2009). Here, the estimates were consistently a few hundred 602 

individuals, which is roughly consistent with the observation that known breeding localities 603 

do not contain more than a hundred or so individuals (Brazill-Boast et al., 2013; Tidemann et 604 

al., 1999). Indeed, the minimum bound of many of these Ne estimates are within the range to 605 
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be considered of conservation concern using the 50/500 or more conservative 100/1000 rule, 606 

that guides the minimum population sizes to guard against inbreeding and loss of evolutionary 607 

potential through genetic drift (Frankham et al., 2014; Franklin, 1980). 608 

The ratio between effective population size and census size (Nc) is generally thought 609 

to be low (0.1) (Frankham, 1995; Palstra and Fraser, 2012), and if the results presented here 610 

are taken at face value then the Gouldian finch Nc ought to be much larger than the Ne. In the 611 

Gouldian finch samples N!<N!, which conforms to the idea that Nb≤Ne in species with non- 612 

overlapping generations (Wang, 2009; Waples et al., 2013). However, the Gouldian finch 613 

does live beyond a single reproductive year (Bolton et al., 2016; Legge et al., 2015), and the 614 

Ne estimators used are highly sensitive to generation time and degree of overlap in mixed age 615 

samples (Wang, 2009; Waples et al., 2014; Waples and Do, 2010). Indeed, recent work has 616 

shown that the relationship between Ne/Nc and Ne/Nb is highly dependent on a few key 617 

demographic parameters: sexual maturity, lifetime fecundity and lifespan (Lee et al., 2011; 618 

Ruzzante et al., 2016; Waples et al., 2013; Waples and Antao, 2014). In other birds, on 619 

average Nb was larger than Ne (1.35), and Nb and Ne were much closer to parity with Nc (0.86- 620 

0.65 (Waples et al., 2013)). Banding estimates of some of these parameters in the Gouldian 621 

finch suggest extremely high mortality rates (99-81%) and short life expectancies which 622 

resembles a type III survivorship curve (Woinarski and Tidemann, 1992). However, it is 623 

impossible to differentiate the effects of high juvenile dispersal from mortality due to low 624 

regional banding efforts (Bolton et al., 2016; Woinarski and Tidemann, 1992). Subsequent 625 

work at Australian Wildlife Conservancy’s Mornington Sanctuary and Wyndham on wild 626 

Gouldian finches show that adults have been recaptured at the same site up to three and six 627 

years apart (Bolton et al., 2016; Legge et al., 2015). At Wyndham, a minimum of 2-13% of an 628 

adult sample will be from a previous generation with parents and their offspring breeding in 629 

subsequent years (Bolton et al., 2016). However, it is impossible to tell whether the remainder 630 

of the population is made up of first or multi-generation migrants. Therefore, understanding 631 

the lifespan and survivorship curve of the Gouldian finch in the wild is critical to providing a 632 
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more accurate assessment of Ne, Nb and Nc estimates. That work will be challenging because 633 

it is likely that individuals move between sites over their life.    634 

Conclusions and management implications 635 

Comparison of genetic data from historical and contemporary samples in the Gouldian 636 

finch was unable to detect a severe bottleneck occurring over the twentieth Century. The 637 

population bottleneck intensity was probably much less (40-50%, Ne>1000), but less intense 638 

declines are nearly impossible to detect even with temporal population genetic data (Hoban et 639 

al., 2014; Mourier et al., 2012). Quantification of the bottleneck will likely remain unresolved 640 

unless large a number of markers are applied in a time series that includes samples proximal 641 

to the supposed bottleneck time. 642 

This work has identified two key areas relevant to current conservation management 643 

of the Gouldian finch that ought to be addressed. The first is to clarify the status of the current 644 

Gouldian finch population in Queensland. We have demonstrated that previously the 645 

Gouldian finch was a single population across the entire distribution. However, the Gouldian 646 

finch is currently much less common across Queensland (Garnett et al., 2011), and previous 647 

work had insufficient contemporary samples to draw robust conclusions about connectivity 648 

between Queensland and the western range (Bolton et al., 2016). The reduced densities and/or 649 

reduction in suitable habitat may substantially alter movement patterns and hence gene flow. 650 

Therefore, even preliminary banding and genetic surveys in western Queensland and Cape 651 

York will yield important results.  652 

The second priority required for improved conservation management decisions is the 653 

more accurate estimation of demographic parameters such as generation time and adult life- 654 

expectancy. Data from contemporary populations of the Gouldian finch suggest that the 655 

current global Ne is probably around a thousand individuals, but Nb may be as low as a few 656 

hundred. However, an understanding of the demographic parameters in the wild will enable 657 

better sampling designs, and the implementation of Ne estimation methods that account for 658 

demography (Wang et al., 2010; Waples et al., 2011; Waples and Yokota, 2007), will enable 659 
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better predictions about how this relates to census size (Nc). Accurate estimates for generation 660 

time and adult lifespan are currently unavailable because the Gouldian finch return rates 661 

between years are very low to nil, which makes it impossible to differentiate mortality from 662 

dispersal and determine the age of individuals (Bolton et al., 2016; Legge et al., 2015; 663 

Woinarski and Tidemann, 1992). Current survey methods are systematic in surveying the 664 

same sites (water holes) across years, but there is annual variation in the availability of 665 

drinking water in the wider environment, therefore current mark recapture methods may be 666 

more effective if considering a larger set of water holes contemporaneously. An alternative, 667 

realistically available for birds of this size in the next few years, could be to use RFID, GPS 668 

or satellite tracking of cohorts of birds (Bonter and Bridge, 2011; Bouten et al., 2013). This 669 

can potentially provide an average life-expectancy, and provide much needed information on 670 

dispersal distances in this species and help predict movement of birds in and out of 671 

Queensland (Bolton et al., 2016).  672 

 673 
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Appendix 2: Microsatellite Reliability 
For each locus in the historical dataset we counted how many times a genotype was 

scored, whether or not the locus genotype was changed from the first time it was scored (C), 

and whether there was evidence of null alleles (one of the scored genotypes was homozygous, 

others were heterozygous). We also estimated null alleles on the finalised dataset using 

CERVUS v3.0.6 (Marshall et al., 1998; Kalinowski et al., 2007). Deviation from Hardy-

Weinberg equilibrium and FIS was calculated in ARLEQUIN v.3.5 (Excoffier & Lischer, 

2010) using an exact test with a Markov Chain length of 1,000,000 and 100,000 

dememorization steps. Table S3 shows the results of the reliability analysis.  

Linkage disequilibrium was calculated for each pair of loci in the historical dataset in 

GENEPOP v4.2 (Raymond & Rousset, 1995). No pair of loci was in linkage disequilibrium 

after Bonferroni correction for multiple testing (Table S4). 
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Table A3: summary showing the reliability of each microsatellite locus in the historical 

dataset. N refers to the number of individuals in which a locus was genotyped, R is the 

number of individuals that were genotyped at least twice (≥2), and %C is the percentage of 

times a repeated (R) locus was changed after the first genotype was scored. %Nulls were 

calculated from the repeated genotype data, and is presented against estimates from Cervus. 

Hardy-Weinberg equilibrium deviation p-value is from exact test in Arlequin, and the 

Bonferroni corrected significance level is 0.006. Those loci marked with an asterisk had high 

levels of null-alleles, likely driving deviation from Hardy-Weinberg Equilibrium. These were 

excluded from the final analysis.  

Locus N R(%) %Missing %Nulls %Nulls 
(Cervus) %C HWE  

P-value FIS 

Ego26* 90 31 10.89 32.26 8.79 12.90 0.0009 0.17 
Ego31* 79 23 21.78 17.39 24.39 8.70 0.0000 0.40 
Ego49* 97 44 3.96 15.91 8.52 6.82 0.0000 0.16 
Ego52 98 32 2.97 12.50 4.82 9.38 0.11 0.11 
Ase24* 85 25 15.84 20.00 25.69 16.00 0.0000 0.41 
BF18 101 50 0.00 0.00 0.58 0.00 0.07 0.03 
Tgu11 99 38 1.98 26.32 -0.38 23.68 0.04 0.02 
Pca7 100 54 0.99 5.56 -1.62 1.85 0.45 -0.03 
Pco2 94 33 6.93 9.09 0.47 9.09 0.37 0.03 
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Table A4: Results from linkage disequilibrium analysis conducted in GenePop, bolded p-

values are those significant at p<0.05, but no comparisons were significant after Bonferroni 

correction for multiple testing (p< 0.0013889). 

Locus 1 Locus 2 P-Value 
Ego26 Ego31 0.32048 
Ego26 Ego49 0.249485 
Ego31 Ego49 0.650475 
Ego26 Ego52 0.072602 
Ego31 Ego52 0.255063 
Ego49 Ego52 0.419356 
Ego26 Ase24 0.60624 
Ego31 Ase24 0.67868 
Ego49 Ase24 0.719406 
Ego52 Ase24 0.604816 
Ego26 BF18 0.881 
Ego31 BF18 0.273648 
Ego49 BF18 0.024305 
Ego52 BF18 0.998254 
Ase24 BF18 0.409158 
Ego26 Tgu11 0.414234 
Ego31 Tgu11 0.635029 
Ego49 Tgu11 0.228492 
Ego52 Tgu11 0.015243 
Ase24 Tgu11 0.208477 
BF18 Tgu11 0.201164 
Ego26 Pca7 0.758769 
Ego31 Pca7 0.072857 
Ego49 Pca7 0.104167 
Ego52 Pca7 0.16108 
Ase24 Pca7 0.592792 
BF18 Pca7 0.438313 
Tgu11 Pca7 0.935057 
Ego26 Pco2 0.555773 
Ego31 Pco2 0.023616 
Ego49 Pco2 0.282489 
Ego52 Pco2 0.330617 
Ase24 Pco2 0.983115 
BF18 Pco2 0.151639 
Tgu11 Pco2 0.508686 
Pca7 Pco2 0.600099 
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Appendix 3: Historical geographic genetic diversity & differentiation 
Table A5: Genetic diversity indices for each state sampled in the historical dataset in the 

microsatellite and mitochondrial datasets. Microsatellite diversity is represented as, average 

number of alleles (allelic richness) (NA), average number of private alleles (NPA), observed 

and expected heterozygosity (HO, HE). Inbreeding coefficient (FIS) is derived from AMOVA, 

where no values were significant at p<0.05. Diversity measures specific to the mitochondrial 

data are: number of segregating sites (S), raw number of haplotypes (H), private haplotypes 

(HP), haplotype diversity (h), and nucleotide diversity (π).  

 
 

Western Australia Northern Territory Queensland 
a) Microsatellites 
n 31 34 36 
NA 9.60 (± 6.12) 9.80 (± 6.50) 9.40 (± 4.72) 
NPA 0.60 (± 0.89) 1.2 (± 1.64) 0.80 (± 0.84) 
HO 0.75 (± 0.17) 0.72 (± 0.16) 0.68 (± 0.16) 
HE 0.74 (± 0.13) 0.73 (± 0.13) 0.74 (± 0.11) 
FIS -0.03 -0.01 0.06 
b) Mitochondrial control region 
n 34 34 36 
S 10 10 10 
H 8 12 11 
HP 2 8 7 
h 0.81 (± 0.06) 0.89 (± 0.03) 0.70 (± 0.08) 
π x102 0.88 (± 0.13) 0.88 (± 0.10) 0.80 (± 0.12) 
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Table A7: Summary of AMOVA results for microsatellite data for sampling localities in the 

historical dataset. AMOVA uses a priori population groupings, which were based on 

sampling state and regions (within states), see Figure 1 in the main text.  

 
States Regions 

Within Individuals 99.63% 103.31% 
Among Individuals 0.61% -2.94% 
Among Populations -0.24% -0.37% 
FIS 0.006 -0.03 
FST -0.002 -0.004 
FIT 0.45 -0.03 

 

Table A8: Summary of AMOVA results for haplotype frequencies and pairwise nucleotide 

differences in mitochondrial control region data for sampling localities in the historical 

dataset. AMOVA uses a priori population groupings, which were based on sampling state and 

regions (within states), see Figure 1 in the main text.  

 
States Regions 

 

Haplotype  
frequency 

Nucleotide 
differences 

Haplotype 
frequency 

Nucleotide 
differences 

Among Populations 2.07% -0.74% 0.15% -0.08% 
Within Populations 97.93% 100.74% 99.85% 100.08% 
FST 0.02 -0.007 0.002 -0.0008 
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Table A9: Pairwise differentiation statistics for each sampled state in the historical dataset for 

microsatellites and mitochondrial DNA. Bolded are values that are significant at p<0.05, but 

none were significant after Bonferroni correction for multiple testing (p<0.0167) 

 

 Table A10: Pairwise differentiation statistics for each sampled region in the historical dataset 

for microsatellites and mitochondrial DNA.  

Population Comparison Microsatellite 
FST 

Haplotype 
Frequency 

FST 

Haplotype 
Sequence 
ϕST 

Western Australia vs. Northern Territory -0.004 0.003 -0.018 
Western Australia vs. Queensland 0.0009 0.023 -0.008 
Northern Territory vs. Queensland -0.004 0.036 0.003 

Population Comparison Microsatellite 
FST 

Haplotype 
Frequency 

FST 

Haplotype 
Sequence 
ϕST 

West Kimberley vs. East Kimberley 0.005 0.006 0.057 
West Kimberley vs. Top End 0.005 0.037 0.021 
West Kimberley vs. Western Queensland -0.023 0.060 0.073 
West Kimberley vs. Cape York -0.013 -0.045 -0.112 
East Kimberley vs. Top End -0.005 -0.010 -0.021 
East Kimberley vs. Western Queensland -0.013 0.004 -0.025 
East Kimberley vs. Cape York 0.010 -0.023 0.022 
Top End vs. Western Queensland -0.011 0.017 -0.004 
Top End vs. Cape York -0.003 -0.008 -0.013 
Western Queensland vs. Cape York -0.008 -0.048 0.028 
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Figure A1: Results from the clustering analysis in STRUCTURE comparing regions within 

the historical dataset, where a) is shows the LnP(Data) plot, showing that the most likely 

configurations of clusters is one, b) the Evanno method gives a ΔK=2, but is unable to assess 

K=1, c) shows the q-plot of admixture proportions between historical and contemporary 

samples, showing that there is no genetic difference between these two time periods 



	228 

Figure A2: Results from the clustering analysis in STRUCTURE comparing historical and 

contemporary populations, where a) is shows the LnP(Data) plot, showing that the most likely 

configurations of clusters is one, b) the Evanno method gives a ΔK=2, but is unable to assess 

K=1, c) shows the q-plot of admixture proportions between historical and contemporary 

samples, showing that there is no genetic difference between these two time periods
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Appendix 4: Demographic inference with Approximate Bayesian Computation in 
DIYABC 
This supplement includes extra material that is relevant to Approximate Bayesian 

Computation (ABC), as per recommendations in the user manual and associated papers 

(Cornuet et al., 2010, 2014). 

ABC was conducted on the historical dataset and contemporary dataset (5 

microsatellite loci + mtDNA). Table A11 shows demographic and mutational models to 

generate the simulated datasets for the ABC analysis. Microsatellite mutational model follows 

a Generalized Stepwise Mutation Model, a geometric distribution describes (shape determined 

by parameter P) the increase and decrease in microsatellite length with each mutation. 

Mitochondrial mutational model, % invariant sites and shape of the gamma distribution was 

derived from the best model chosen by Bayesian Information Criterion in jModelTest 2.1.4 

(Darriba et al., 2012). For microsatellite data we compared summary statistics: mean number 

of alleles (NA), heterozygosity (HE), M-ratio (M), and differentiation (FST) between historical 

and contemporary samples. Mitochondrial data we compared summary statistics: number of 

haplotypes (H), number of segregating sites (PS), Mean pairwise differences (π), Tajima’s D, 

private segregating sites (SP), and differentiation between sampling time periods (FST).  

From the datasets simulated under different demographic hypotheses, the ABC 

approach takes a number of simulated datasets that resemble the observed data’s summary 

statistics. These selected datasets are then used to approximate the posterior probability of 

scenarios, their parameters, and the confidence in scenario choices. 

The most likely scenario was chosen by comparison of results from the direct-estimate 

approach and from the logistic regression (Table A12), which found Scenario 1 and 4 to be 

the most probable. Confidence in scenario choice was estimated based on a direct and logistic 

regression estimates (as above) using 500 pseudo-observed datasets derived from the posterior 

distributions for each scenario and type I and type II errors were estimated from the frequency  



	230 

Table A11: a) Priors for variables used in demographic simulations in DIYABC. Each prior 

name corresponds to variable names outlined in scenarios 1-5 in Figure 2. Effective 

population size (N) parameters are expressed in number of individuals, and time (t) 

parameters are expressed in generations=years. b) Mutational model priors for microsatellite 

markers, where µ is mutation rate, P is the shape of the geometric distribution describing the 

size of microsatellite mutations, and SNI refers to the rate of single nucleotide 

insertions/deletions in the microsatellite. c) Mutational model priors for mitochondrial control 

region, where K is the transition/transversion ratio.  

 

 

 

 

 

 

 

 

 

 

 

 

that the scenario chosen by the previous procedure was found to be the highest probability in 

the pseudo-observed data (Table A13). Additionally, the chosen model was checked for 

Prior Distribution Conditions 

a) demographic parameter priors 
cN1 Uniform~[200-8000] cN1<pN 
cN2 Uniform~[200-8000]  
Nbn Uniform~[10-1000] Nbn< cN2 
pN U~[1,000-100,000] 

 pN2 U~[10-1000] pN2<cN2 
t U~[10-90] 

 tbn U~[1-50] 
 te U~[8,000-500,000]  

b) Microsatellite mutation priors 
Mean-µ U~[1x10-4 – 1x10-3]  
Individual locus-µ G~[1x10-5 – 1x10-2]  
Mean-P U~[0.1-0.3]  
Individual locus-P G~[0.01-0.9]  
Mean-SNI LogU~[1x10-8-1x10-5]  
Individual locus-SNI G~[1x10-9-1x10-4]  
c) Mitochondrial control region 
Mutation model Kimura 2-Parameter  
% Invariant Sites 82.3  
Gamma Shape 0.632  
Mean-µ Uniform~[1x10-9-1x10-5]  
Individual locus-µ Gamma~[1x10-9-1x10-3]  
Mean K Uniform~[0.05-20]  
Individual K Gamma~[0.05-20]  
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‘goodness-of-fit’ by simulating 1,000 datasets from the posterior distribution of parameters. 

This confirms that the posterior of the scenario is similar to the observed dataset, which may 

occur due to mis-specification of demographic or mutational parameters. The model checking 

datasets were simulated using all summary statistics available in DIYABC. Visualisation of 

the model checking procedure by principal component analysis of summary statistics is 

presented in Figure A3.  

The posteriors of model parameters were estimated using local linear regression of 1% 

of simulated datasets and a logit transformation. Posterior distributions of parameters were 

visualized using the locfit function in R (Figure A4).  

 

Table A12: Posterior probabilities and [95% confidence interval] for each of the simulated 

demographic scenarios using the direct approach from 500 of the simulated datasets closest to 

the observed, and the logistic regression approach using 1% of the data closest to the observed 

dataset. 

 
SC1 SC2 SC3 SC4 SC5 

Direct approach 0.43 
[0.00,0.86] 

0.04 
[0.00,0.21] 

0.04 
[0.00,0.21] 

0.47 
[0.03,0.90] 

0.03 
[0.00,0.18] 

Logistic approach 0.49 
[0.45,0.54] 

0.07 
[0.02,0.12] 

0.00 
[0.00,0.05] 

0.43 
[0.38,0.48] 

0.00 
[0.00,0.05] 
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Table A13: Error rates for the competing scenarios selected by a) the logistic regression 

method and the b) direct approach method, based on the simulation of based on simulation of 

500 pseudo-observed datasets (PODs – the “True Scenario”) derived from the posterior 

distribution. The total number of PODS for a given scenario is represented in brackets () 

beside the scenario number. For each “True Scenario” the percent of times another scenario 

was assigned the highest posterior probability by the logistic regression approach is presented. 

Type I error is the percent of times the true scenario was not correctly assigned, and the type 

II error is the percent of times a scenario was chosen when it was not the correct scenario. 

a) Logistic approach Chosen scenario 
True Scenario 1 2 3 4 5 Type I Error 

1 (219) - 0.91% 0.00% 74.89% 0.91% 76.71% 
2 (17) 5.88% - 5.88% 29.41% 35.29% 76.47% 
3 (15) 0.00% 0.00% - 53.33% 33.33% 86.67% 
4 (236) 18.64% 1.69% 0.00% - 0.00% 20.34% 
5 (13) 7.69% 15.38% 15.38% 23.08% - 61.54% 

Type II Error 16.37% 1.66% 0.62% 68.18% 2.67%  
b) Direct approach Chosen scenario 

 True Scenario 1 2 3 4 5 Type I Error 
1 (219) - 0.00% 0.46% 57.53% 0.46% 58.45% 
2 (17) 23.53% - 5.88% 58.82% 11.76% 100.00% 
3 (15) 20.00% 0.00% - 66.67% 6.67% 93.33% 
4 (236) 35.17% 0.85% 0.00% - 0.85% 36.86% 
5 (13) 38.46% 0.00% 15.38% 23.08% - 76.92% 

Type II Error 33.81% 0.41% 0.82% 56.44% 1.23%  
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Figure A3: Principal Components Analysis for model checking on scenarios 1 and 4 (a and b) 

using all available summary statistics. Where empty circles represent data simulated from the 

prior distribution, filled circles are data simulated from the posterior distribution.  

a) 

 

b) 
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Appendix 5: Estimation of contemporary effective population size 

Figure A5: Estimates of effective population size (𝑁!) using the linkage disequilibrium 

method on adults from each sampling locality in each year using 16 microsatellite loci. Open 

squares indicate negative 𝑁! that have been corrected by taking the absolute value; negative 

values, like “infinite” estimates arise when sampling error is larger than any genetic drift 

signal (Waples & Do, 2010). Error bars are 95% confidence intervals from the parametric 

estimation method, where “infinite” estimates have been corrected to an arbitrary value of 

10,000. Uncorrected estimates are presented in Table A14. 
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Chapter Seven 

 

General Discussion

Photo: Peri Bolton 
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Effective conservation management programs for endangered species require detailed 1 

knowledge of the target species. The Gouldian finch (Erythrura gouldiae) is a species with a 2 

history of population declines, and its colourful charisma has led it to become a flagship for 3 

the conservation of monsoonal savanna species. Yet, there remains much uncertainty about 4 

this species’ fundamental biology in the wild. The species was down-listed by the IUCN from 5 

‘Endangered’ to ‘Near Threatened’ on the basis of localised population surveys and ad hoc 6 

bird watcher observations (Garnett et al. 2011; Birdlife International 2013), which is 7 

insufficient evidence to demonstrate that the population has stabilised or recovered. 8 

Furthermore, experiments on domesticated Gouldian finches revealed that there is an 9 

incompatibility between the red and black head colour morphs, such that when they interbreed 10 

more than 30% of their offspring die (Pryke & Griffith 2009a). This genetic incompatibility 11 

has the potential to be a hindrance to the recovery of this species, as it may further slow 12 

population growth rates. In this thesis, I have used population genetic methods to infer 13 

effective population size, patterns of geographic connectivity, and the extent of 14 

incompatibility in the wild. Because my thesis has two major foci, conservation and 15 

evolutionary biology, I will first discuss how my results influence future conservation 16 

research and management of the Gouldian finch; then continue by synthesizing my findings 17 

on incompatibility and population genetics in the wild, and outlining possible future research 18 

on the evolution of incompatibility via domestication. 19 

 20 

Conservation management and future directions 21 

The simplest conservation consequence of my work is that the genetic incompatibility 22 

itself is unlikely to be a threatening process in the wild. While this is good news for in situ 23 

recovery of the Gouldian finch, the differences between domesticated and wild populations 24 

have consequences for ex situ (captive breeding) recovery programs. Indeed, since 1999 there 25 

have been active efforts in the Mareeba Wetlands Reserve (Eastern Cape York, Queensland) 26 

to breed and release domesticated Gouldian finches (Esparza-Salas 2007; Wildlife 27 
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Conservancy of Tropical Queensland 2017). In Chapter Three, I identified genetic differences 28 

between domesticated (from the laboratory studies) and wild Gouldian finches, and found 29 

genetic differentiation between red and black morphs, in line with our predictions about 30 

incompatibility (Table 7.1). Therefore, reintroduction risks broader consequences of 31 

hybridization between captive and domesticated stocks (such as gene-expression differences 32 

(Waples 1991; Roberge et al. 2008)), and the introduction of incompatible alleles into the 33 

wild (if they are not already present at low frequency). However, the risks associated will 34 

depend on the gene flow from the domesticated to wild population, and the selection pressures 35 

and effective population size of the recipient (wild) population. Some theoretical modelling 36 

suggests gene-flow may erode genetic incompatibilities when the selection driving 37 

incompatibilities is weak (Lemmon & Kirkpatrick 2006). Indeed, the spread of incompatible 38 

or “domesticated” alleles throughout the Gouldian finch population will depend on the 39 

effective population size of the recipient (wild) populations, and on the rate of gene-flow out 40 

of the wetlands and from Queensland into the western part of the Gouldian finch range. 41 

There is no evidence for population differentiation across the full historical range and 42 

in the western (core) range of the contemporary Gouldian finch (Chapters Five and Six). 43 

Although there were insufficient contemporary Queensland samples to draw conclusions 44 

about contemporary gene flow between the west and Queensland. The relevance to 45 

management of the results from the western range will depend on the definition of population 46 

connectivity relevant to the conservation goal at hand, and definitions (if any) in relevant 47 

legislative instruments (Fallon 2007). The methods applied in this thesis measure the 48 

effective-number of migrants per generation (Nem), and applies to the consequences on gene- 49 

frequencies between sub-populations; whereas demographic connectivity is defined by the 50 

dependence of sub-population growth-rates on migration (m) (Waples & Gaggiotti 2006; 51 

Lowe & Allendorf 2010). Lowe and Allendorf (2010, Table 1 and 2) highlight some 52 

conservation management-relevant definitions of connectivity thresholds (e.g. Adaptive 53 

connectivity to spread adaptive alleles (Nem>0.1) vs harvest connectivity to maintain fisheries 54 
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yields (large m)). Based on the results in Chapter Five, the Gouldian finch appears to have 55 

sufficient gene flow to maintain similar gene-frequencies between subpopulations. In an 56 

island model at mutation-drift equilibrium it is possible to calculate the effective number of 57 

migrants from indices of genetic differentiation (where FST ≈ 1/(1+4Nem) (Wright 1943)). If I 58 

use the mean value of the effective migration rate (2Nem) inferred from the pairwise FST 59 

analyses in Chapter Five, and the effective population size estimated by SNPs in 2008 60 

(Chapter Six Table 4, Ne=2554) the migration rate is ≈ 0.074, which means populations are 61 

potentially demographically independent (Hastings 1993; Waples & Gaggiotti 2006). 62 

However, the migration rate is dependent on size of Ne and some of the estimates in Chapter 63 

Six suggest that the Gouldian finch sampling localities are demographically dependent 64 

(m>0.1 (Hastings 1993)). 65 

A continuing theme throughout this thesis has been the limitation of population based 66 

connectivity estimates in high-gene flow situations (Waples 1998; Palsbøll et al. 2007; 67 

Samarasin et al. 2016), and this is further confounded by the imprecision (and inaccuracy) of 68 

the Ne estimates. As explained in Chapter Six the Ne estimates may not be accurate as many 69 

of the underlying assumptions of these estimators were violated, due to limitations in our 70 

knowledge of the species’ life-history and inherent limitations in the sensitivity of estimators 71 

above a certain Ne (Waples & Do 2010). Therefore there is still considerable uncertainty 72 

surrounding the connectivity and Ne in the Gouldian finch. Ultimately, it is up to the 73 

conservation managers to decide what level of uncertainty is acceptable to make decisions 74 

(McDonald-Madden et al. 2008; Polasky et al. 2011), and weigh the ‘genetic health’ against 75 

immediate anthropogenic threatening processes (Jamieson & Allendorf 2012). Indeed, the 76 

Threatened Species Committee sat in 2016 to revise the conservation status of the Gouldian 77 

finch under the Australian Commonwealth Environment Protection and Biodiversity 78 

Conservation Act (1999). Partly as a result of my submission to the committee discussing the 79 

population genetic uncertainty (Appendix I), the committee decided that there was insufficient 80 

evidence to remove the Gouldian finch from the ‘Endangered’ category (Department of 81 
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Environment and Energy 2016), as had been done by the IUCN (Birdlife International 2013). 82 

Below I will identify the key questions in future research that will be fruitful in resolving 83 

some of these uncertainties. 84 

I) The status of Queensland: Aside from being a pertinent question in Australian state 85 

politics, informed conservation of the Gouldian finch requires baseline information about the 86 

populations in Queensland. Although there are anecdotal reports of large flocks in Cape York 87 

(anecdotal verbal reports from aviculturists to myself), and Gouldian finch sightings are 88 

reported in Western Queensland and Cape York on databases such as eBird and Atlas of 89 

Living Australia, to my knowledge there is currently no systematic assessment of Gouldian 90 

finch populations in Queensland. List-length analysis could preliminarily be used to compare 91 

abundances between Queensland and the west, using lists sourced amateur bird watchers and 92 

BirdLife Australia surveys (Franklin 1999; Szabo et al. 2010). However, to be comparable 93 

with existing genetics work done here, genetic samples ought to be taken to compare effective 94 

population size and connectivity estimates. Future work should endeavour to collect genetic 95 

samples from sites in the eastern part of the Northern Territory and western Queensland (e.g. 96 

Arnhem land, McArthur River Region, Chidna, and Lawn Hill National Park) and Cape York 97 

(Mareeba Wetlands and Lakefield National Park). The suggestions for these localities were 98 

based on Gouldian finch observations in the online Atlas of Living Australia between 2000 99 

and 2017. A concerted effort to collect genetic samples in any of these regions may yield a 100 

sufficient sample size to yield small confidence intervals on allelic frequencies (Waples 1998; 101 

Hale et al. 2012; Fung & Keenan 2014), and therefore resolve the level of genetic 102 

connectivity with the western range. Further, the inclusion of wild and captive Mareeba 103 

Wetlands birds will facilitate the identification of admixture between wild and domesticated 104 

Gouldian finches.  105 

II) Migration: Migration in humans is currently relevant in both international and 106 

domestic politics, but there is still uncertainty around estimates of demographic connectivity 107 

and migration rates in the Gouldian finch. I have identified that in an island model under 108 
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migration-drift equilibrium the Gouldian finch is effectively a randomly mating population, 109 

but the population based methods applied here a) may be biased by deviation from these basic 110 

assumptions and fail to capture very recent decreases in connectivity and b) are inherently 111 

limited in their scope to precisely infer migration rates in situations of high gene-flow 112 

(Waples 1998; Lowe & Allendorf 2010; Samarasin et al. 2016).  113 

One way to explore this question would be to conduct a programme of genetic tagging 114 

and use kinship-based methods (detection of relatives within and between populations) to 115 

infer recent migration, as they are a promising approach to infer recent migration rates in 116 

high-gene flow situations (Palsbøll et al. 2010; Feutry et al. 2016). Although these methods 117 

are being increasingly used in these situations (Telfer et al. 2003; Peery et al. 2010; 118 

Bravington et al. 2016), they are still relatively new and have not been extensively validated 119 

in terms of the appropriate individual and genetic marker sampling schemes (Wang 2006), 120 

and expectations of demographic and population genetic theory (Palsbøll et al. 2010; Reid et 121 

al. 2016). However, these methods are extremely promising and make up for the logistical 122 

and analytical difficulties on traditional mark-recapture techniques in dispersive species in 123 

remote inaccessible areas (Kool et al. 2013). Indeed, much of the debate about the 124 

conservation status of the Gouldian finch has surrounded whether the Gouldian finch 125 

population has stabilised or recovered (Garnett 2011; Here). To resolve this, I recommend a 126 

consistent long term programme of using genetic tagging to monitor changes in population 127 

size and migration (Palsbøll 1999; Schwartz et al. 2007; Palsbøll et al. 2010). As an 128 

exploratory exercise I have estimated the number of full-siblings and half-siblings within, and 129 

between, sampling localities for the 2008 and 2009 datasets (Appendix II). This preliminary 130 

work shows that relatives are equally frequent within and between localities, even over 131 

extremely long distances, which is suggestive of the large dispersal capacities of the Gouldian 132 

finch. 133 

III) Life-history parameters and Ne estimation: The final priority for conservation 134 

management of this species is to obtain information on key life history parameters (age at 135 
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breeding and average lifespan) to improve estimation of Ne. The relationship of these 136 

parameters to Ne is described in Chapter Six, and will not be repeated here. Moreover, 137 

information gleaned from priority II and III research objectives are important parameters to 138 

use in population viability models to provide reliable quantitative estimates of extinction risk 139 

(Brook et al. 2000; Coulson et al. 2001). The suggested mark-recapture, radio- or satellite- 140 

tracking methods will also be complementary for estimation of individual dispersal. However, 141 

these methods have proven nearly impossible to conduct on the necessary scales in Gouldian 142 

finch habitat (Woinarski & Tidemann 1992; Tidemann et al. 1999; Chapter Five), and GPS- 143 

satellite tracking is currently unavailable for birds of this size. Another method worth 144 

investigating would be to use telomere length as a molecular marker for the age of birds 145 

caught in the field, but would require extensive validation (Dunshea et al. 2011).   146 

 147 

Colour polymorphism and incompatibility 148 

The main findings of this thesis is that the Gouldian finch in the wild shows no 149 

evidence for (severe) genetic incompatibility (Chapters Three & Four), and across the 150 

sampled range supports a large (Chapter Six), genetically homogenous population (Chapter 151 

Five). Table 7.1 describes the observational predictions derived from experiments on 152 

domesticated Gouldian finches, and the outcomes from work myself, and others, addressing 153 

these predictions. For example, the domesticated Gouldian finches use of extra-pair paternity 154 

with a compatible male to ameliorate individual fitness losses, and is a mechanism of 155 

reinforcement (Servedio & Noor 2003; Griffith 2010; Pryke et al. 2010). In my thesis, I have 156 

explored almost every piece of observational evidence possible at this time, resulting in the 157 

most conservative conclusion is that the incompatibility is very weak (or absent) in the wild.  158 

A prediction that was discussed in Chapter Two and Three was that incompatibilities ought to 159 

be associated with genetic differentiation between morphs. The degree of differentiation and 160 

accumulation of incompatible elements will be contingent on a) the strength of disruptive 161 

correlational selection and reinforcement between morphs and b) the number of effective 162 
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migrants between morphs (Nem). The evidence presented in table 7.1 suggests that 163 

incompatibility is weak (or absent) in the wild, but does not discount that there is disruptive 164 

selection on morphs. Weak selection for incompatible elements themselves may be swamped 165 

by high gene-flow (Lemmon & Kirkpatrick 2006).With regard to gene-flow, the head-colour 166 

morphs may have initially evolved as a result of isolation in Pleistocene refugia (Bowman et 167 

al. 2010), but while there is evidence for a Pleistocene bottleneck and expansion scenario 168 

(Esparza-Salas 2007; Chapter Six), any evidence of subdivision between morphs or regions 169 

has been lost (Kim 2011; Chapter Five). The lack of genetic differentiation in the wild 170 

suggests there will be more than ample gene-flow to prevent drift and the random fixation of 171 

incompatible elements in the Gouldian finch genome (Wright 1943; Waples 1998). Indeed, 172 

the work of Kim (2011), and myself (Appendix III) found that there was no genome wide 173 

differentiation except in a small region of LD surrounding the SNPs associated with head- 174 

colour on the Z-chromosome (Kim 2011). 175 

In line with our predictions, however, there is genetic differentiation between morphs 176 

in the domesticated birds (Chapter Three). The domestication process itself may have been 177 

responsible for the evolution (or intensification) of the incompatibility between morphs, 178 

which was discussed at length in Chapter Three. The domestication process (population 179 

bottlenecks, artificial selection and breeding morphs separately) may have expanded an area 180 

of linkage around the colour locus itself, enabling pre-existing incompatible variants lurking 181 

at low frequencies to hitchhike along with red and black colouration (Barton 2000; 182 

Montgomery et al. 2010; Marsden et al. 2015). High coverage whole genome re-sequencing 183 

of red and black, wild and domesticated birds will enable the changes in linkage and allele 184 

frequencies on the Z-chromosome to be quantified. Further experimental crosses and 185 

transcriptome sequencing on hybrid and pure offspring may elucidate the underlying 186 

molecular mechanisms of incompatibility (Pavey et al. 2010; Davidson & Balakrishnan 187 

2016). Furthermore, even simpler work can be done to quantify other differences between the 188 

wild and domesticated populations, for example, increases in colouration intensity as a marker 189 
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for artificial selection for colouration (Cieslak et al. 2011; Hoffman et al. 2014), and the 190 

separate breeding of morphs and incompatibility should lead to an enrichment of homozygote 191 

red males in the domesticated birds.  192 

In chapter two of this thesis I explored possible ways in which processes involved in 193 

the origin and maintenance of colour polymorphism may be a threatening process, particularly 194 

after an initial population perturbation. The remainder of my thesis focused on the 195 

incompatibility as a threatening process in the Gouldian finch, for which there was no 196 

substantial evidence. However, the evidence accumulated in Table 7.1 does not directly link 197 

to the disruptive correlational selection that might be occurring between morphs. Therefore, 198 

the behavioural conflicts between morphs, and the genetic architecture and nature of other 199 

correlated traits may still be relevant to population dynamics in the Gouldian finch (Kokko et 200 

al. 2014; Chapter Two). The lower bound of some of the Ne estimates in Chapter six does 201 

suggest that the Gouldian finch may be subject to genetic drift, and therefore to variation in 202 

head-colour ratio, which may exacerbate any conflicts between morphs (Chapter Two). 203 

However, most estimates of Ne were >1000, and the demographic analyses suggested that Ne 204 

did not drop below 1000 in the 20th Century (Chapter Six), so whether other favourable 205 

properties of colour polymorphism (e.g. niche partitioning) helped buffer the decline in Ne 206 

remains to be seen (Forsman et al. 2008; Chapter Two). Indeed, while trait correlations 207 

between morphs have been well characterised in the domesticated population (Pryke & 208 

Griffith 2006; Pryke et al. 2007), relatively little is known about head-colour morphs in the 209 

wild Gouldian finch (Brazill-Boast et al. 2013). The evidence so far suggests that there are 210 

fundamental differences in the biology of the wild and domesticated birds, so future research 211 

on this charismatic species should endeavour to compare the nature and strength of selection 212 

on head-colour morphs in the domesticated and wild Gouldian finches. 213 

 214 
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Key Findings: 

 

Genetic Connectivity: One large, highly connected population. 

 

Genetic effective population size: Preliminary estimates of Ne between 478 and 20,000.  
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1. Aims 

 

The main aims of my PhD that are relevant to the conservation status of the Gouldian Finch 
are to:  

 

• Assess the genetic effective population size (Ne) 
• Assess population connectivity using genetic methods 

 

This report submitted to the Department of Environment provides a summary of the 
relevant information with regards to these main aims. These data are, as yet, unpublished, 
ought to be treated confidentially and cited as pers comm. We will keep the Department 
updated with publication of these data which will include much more thorough discussion. 

 

2. Sampling contemporary populations 

 

Previous work on the conservation genetics Gouldian finch only included two 
contemporary wild populations (Yinberrie Hills and Mornington: Esparza-Salas 2007). Our 
study has expanded the sampling to include 5 major populations in the west, and one minor 
sample (n=5) from Chidna in Queensland (Figure 1). Blood samples collected from these 
localities were included in connectivity and effective population size analyses using three 
different molecular datasets.  

Figure 1: Map of the north-west of Australia, showing the locations blood samples 
were collected between 2005–2013. Below each location is the sample size for each 
molecular dataset. 
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3. Genetic Connectivity 

 

Previous work on connectivity found that there was very high migration rates between 
Mornington and Yinberrie Hills, and was unable to differentiate delineate separate 
populations (Esparza-Salas 2007). However, this study had a low number of molecular 
markers (six microsatellites), which may obscure fine-scale genetic differentiation. With 
additional regional sampling and better genetic markers we hope to get a more realistic idea of 
the structure and movement of Gouldian finch populations.  

We assessed genetic connectivity between our 5 major populations in using three 
molecular datasets. We will describe the main results for each data type separately, then come 
to a conclusion. The full methods and results are available on request and will be published in 
a scientific journal.  

 

3.1 mtDNA 
 

We sequenced the mitochondrial control region for all 6 populations. Like previous results 
we found no evidence for population structure in the west (Monington to Yinberrie), and were 
unable to draw statistically valid conclusions about the connectivity of the Queensland 
sample.  

 

3.2 Microsatellites 

 

We have results from 10 microsatellite markers (Pryke et al. 2010), and conducted a 
number of population genetic analyses to assess the population structure in the western part of 
the range. Like previous work, we found no evidence of population genetic structure or 
Isolation-by-Distance using common population genetic statistical methods (FST, Bayesian 
Clustering and Discriminant Analysis of Principal Components (Pritchard et al. 2000; 
Excoffier & Lischer 2010; Jombart et al. 2010).  

Population genetic methods can inform about the evolutionary differences between 
populations, but populations with high genetic connectivity can be demographically 
independent. Demographic independence and estimation of contemporary migration rates is 
difficult to estimate with genetic methods (Waples & Gaggiotti 2006).We used two individual 
pairwise distance methods to give a qualitative estimate of whether there is much exchange 
between populations on ecological timescale, pairwise relatedness and spatial autocorrelation 
(Smouse & Peakall 1999). The prediction for both of these methods is that if there is limited 
movement on the contemporary timescale there should be higher relatedness or spatial 
autocorrelation measure (r) within populations. Neither analysis found any evidence of 
restricted movement in the Gouldian finch, as is demonstrated in Figure 2.  
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Figure 2: Correlogram from spatial autocorrelation analysis, showing no effect restricted 
movement within and between populations at different distance classes (between Yinberrie 
and Mornington). Blue line (r) represents the autocorrelation coefficient from the comparison 
between genetic and geographic distance matrices, and error bars are the bootstrap 95% 
confidence intervals about the r estimate for that distance class. The red U and L lines 
represent the upper and lower 95% confidence intervals for the null hypothesis of no spatial 
structure generated by permutation of samples across the distance classes. Population codes: 
MO=Mornington, WY=Wyndham, BA=Bradshaw, DE=Delamere, YH=Yinberrie Hills, 
CH=Chidna. 

 

3.2 SNPs 
 

For a subsample of each population we used a next generation sequencing (NGS) method 
(Genotyping-by-Sequencing (Elshire et al. 2011)) to take a random subsample of the genome, 
which produces a larger number of molecular markers than has been used in the Gouldian 
finch previously.  Although the power of individual loci are low, NGS technologies allow the 
amplification of thousands of loci simultaneously and far exceed the power of standard 
microsatellite datasets, and have been used to delineate very weak genetic differentiation 
(Waples 1998; Funk et al. 2012). After data cleaning, we obtained 3,839 variable SNP loci for 
analysis.  

We subjected these data to the same statistical testing as the microsatellite dataset and the 
results were also indicative of no population genetic structure between the western regions. 
We found weak evidence of separation between Queensland and the West using the 
ordination method Discriminant Analysis of Principal Components (Jombart et al. 2010), but 
should be treated with caution owing to the small population sample (Figure 3) 
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Figure 3: Results from the Discriminant Analysis of Principal Components analysis in the 
microsatellite and SNP datasets. We used adegenet to find the optimal number of clusters in 
each dataset, and ran discriminant analysis on these groupings, as well as on sampling 
locality. Results from the clustering analysis on the SNP dataset found only one cluster. 
However, when sampling locality is run in a discriminant analysis c) the scatter plot shows no 
differences between the western populations, with some separation of the Chidna population.  

 

3.3 Concluding remarks 

 

The results from these population genetic analyses confirm what has been previously 
found in the Gouldian finch, that there is one continuous genetic population in the Western 
core range. Our spatial autocorrelation analyses and pairwise relatedness showed no local 
genetic structure within sampling localities, which either suggests very large local population 
sizes, or that there is a great deal of movement in and out of these sampling localities. Local 
census sizes are mostly a few hundred individuals (Sullivan et al. 2009; Garnett et al. 2011), 
and studies of breeding birds at Wyndham, Newry and Yinberrie show the number of 
breeding individuals to be less than census sizes (Tidemann et al. 1999; Brazill-Boast et al. 
2013). We believe it more likely these animals are highly mobile, perhaps more mobile than 
the 10-20km movement radius found in banding recoveries and radio-tracking data (ABBBS 
summary data; Kimberley Maute, pers comm.). Indeed, anecodotal reports suggest birds 
moved between Wyndham and Newry (130km displacement) within the space of a few weeks 
(S. Pryke pers comm.), but we do not know whether this scale of movement is a regular 
occurrence for the Gouldian finch. Further, our results only suggest very high migration over 
a long period of time, and do not allow us to distinguish between very high between 
neighbouring regions, or whether there is capacity to move beyond neighbouring regions. We 
also do not know whether this high connectivity results from the movement entire flocks, or 
individuals. However, we can say that the lack of spatially and temporally systematic census 
surveys cross the range of the Gouldian finch should be considered very cautiously and 
potentially subject to pseudoreplication.  
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4. Effective Population size (preliminary data) 

 

As we have previously conveyed, we believe that census size survey methods are flawed, and 
may not provide robust estimates of the population size. There are a number of ways in which 
the genetic ‘effective’ population size may be much smaller than the census size in the 
Gouldian finch, which we have explained in previous correspondences.  

 

The ‘effective’ population size (Ne) is an abstract genetic concept that describes the size of an 
“ideal” genetic population. The effective population size determines how susceptible a 
population is to inbreeding and to future loss of genetic diversity, both of which are important 
for future population persistence. It can be conceptualised as the number of individuals that 
contribute genes to subsequent generations, but does not directly equate to the actual number 
of breeding individuals as effective population size is affected by variance in sex ratio, 
offspring survival & reproduction and mating system. The census size (Nc) of adults is 
typically larger than the effective population size, but there is debate about how much larger, 
and what factors predict the size difference (Frankham 1995; Palstra & Fraser 2012). IUCN 
threat status categories are based loosely on published ratios between effective population size 
and census size (Mace et al. 2008). Recently, Frankham et al. (2014) recommended that these 
original criteria be expanded to include more variation in Ne/Nc ratio and updated 
information about preventing inbreeding and loss of genetic diversity over longer timescales.  

 

There are a number of different ways to measure the genetic effective population size which 
use demographic or genetic data. What I will present in this section represents preliminary 
data, which will form part of a much larger paper that will include many more estimators and 
simulations that explore deviations from assumptions that might affect the accuracy of the Ne 
estimates. I have focussed preliminary estimates on genetic estimator methods that are most 
robust to violation of assumption under a number of different population migration models 
(Gilbert & Whitlock 2015). 

 

4.1 Linkage disequilibrium method:  

 

Linkage disequilibrium describes non-random associations of genetic markers; 
disequilibria can arise from physical linkage of markers (e.g. on the same chromosome), 
selection, migration, or changes in population size. This latter property is utilised to infer Ne 
from a single sample, implemented in NeEstimatorV2 (Do et al. 2014). This method can be 
thought of as representing number of effective breeders in the parental generation, reflecting a 
property “inbreeding” effective size, which reflects the degree of inbreeding. In species with 
overlapping generations, however, it doesn’t strictly represent the previous generation 
because all “offspring” are different ages (Waples 2005).  
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I used my SNP data set of 3,839 loci and separately for the microsatellite dataset of 10 
loci, to infer the Ne in the years with the largest sample sizes. I also combined all three years 
into a single “population” in a separate estimate of Ne. Other years are not presented because 
small individual sample sizes can lead to very large sampling variance and cause estimates of 
negative or undefined Ne (Do et al. 2014). Because our previous results suggest one 
homogenous genetic population, all individuals from our five western sampling localities 
were included in this analysis. 

There are two versions of this method that assume Random Mating or Monogamy 
(Weir et al. 1980; Do et al. 2014). Random mating assumes all offspring arise from different 
combinations of males and females, but monogamy assumes life-long pair bonds: neither of 
which are good approximations for the Gouldian finch. The Gouldian finch will occasionally 
form new partnerships within and between breeding seasons, and 35% of nests (7.7% of total 
offspring) at Wyndham had offspring sired by a different male (Bolton, Unpublished). 
Because of this, we have presented results from both analyses in Figure 4.  

 

 

Figure 4: Results from linkage disequilibrium estimation of Ne in NeEstimator V2. 
Colours represent the different mating system corrections, error bars are 95% parametric 
confidence intervals, numbers beside the estimate are the number of individuals in the 
sample. Missing data from particular categories meant that the programme gave an 
“undefined” Ne estimate. 
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Ne estimates from this method generally represent the population size at the parental 
generation, but may also be sensitive to population sizes in the recent past (Waples 2005, 
2006; Waples & Do 2008). What constitutes the “recent past” will depend on the generation 
time of a species, and the size of past population size changes. Simulations have shown that 
between five and eight (discrete) generations need to pass after population expansion before 
the linkage disequllibrium method can detect the true Ne (Waples 2005), but this would take 
longer for species with overlapping generations. In the case of the Gouldian finch it is 
commonly assumed that the generation time (and lifespan) is approximately one year based 
on age of first breeding and very poor return rates of individuals between years. However, this 
is only an “average” generation time and some individuals have been recaptured six years 
later (at Mornington Sanctuary). This is a violation of one of the assumptions that can cause 
inaccurate estimates of Ne. 

Like many of these genetic estimators of Ne, there are a number of assumptions that 
underlie them that are not necessarily applicable to most natural populations. This method 
assumes that all loci are physically unlinked, not under selection, and the organism has 
discrete generations, and a single closed population (Waples 2006). In a best attempt to satisfy 
this last requirement we sampled from the entire western part of the range, but when there is 
very high migration rates (m>0.1) and Ne>500 this method will produce undefined or 
inaccurate estimates (Gilbert & Whitlock 2015). This is potentially the situation in the 
Gouldian finch population. In these cases, the use of another estimation method (MLNe, 
discussed below) is recommended, but often the estimates just reflect the Ne of the entire 
metapopulation (Wang & Whitlock 2003; Gilbert & Whitlock 2015). Additionally, to my 
knowledge there has been no work that specifically looks at the effects of number of 
individuals sampled in cases with thousands of markers on estimate accuracy, and only been 
evaluated in microsatellites using much smaller values of Ne (England et al. 2006; Waples 
2006). Therefore, I suggest these estimates be treated as preliminary and with caution, 
particularly because 95% confidence intervals for many estimates are as low as Ne=478. 
However, we can probably confidently conclude that this species is not at any risk of 
inbreeding (as also confirmed by the heterozygosity analysis). 

 

4.2 Temporal methods 

 

Another programme that estimates effective population size uses samples spaced out 
over a few generations, and uses the change in allele frequencies owing to drift to measure the 
harmonic mean of Ne over that time period (Wang & Whitlock 2003; Waples 2005). There 
are a number of different estimators(Do et al. 2014), but for a preliminary glimpse we chose 
the most accurate estimator: MLNe (Wang & Whitlock 2003; Gilbert & Whitlock 2015). This 
method most reflects the variance effective population size, which represents the effects of 
genetic drift between generations.  

For a first estimate, we used individuals sampled from 2005, 2009 & 2013 and an 
equivalent sample from 2007 & 2008 & 2009, in a closed population. The results are 
presented in Table 1. 
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The closer spaced sample from 2007-2009 shows a considerably higher Ne than the 
more distantly spaced estimate. This is likely because of two the combined effects of 
overlapping generations obscuring the effects of genetic drift, and the short timescale over 
which it was sampled. These estimates are suggestive that the population is not at risk of 
strong effects of genetic drift in the short-term, but our lower estimates indicate that they 
might be at risk of loss of evolutionary potential in the longer term (Frankham et al. 2014).  

 

 

Table 1: Results from MLNe temporal method of Ne estimation, representing the harmonic 
mean of the variance effective population size.  

 

 

4.3 Concluding remarks 

 

Given that these estimates are very preliminary and confidence intervals include effective 
population sizes that are potentially at risk, we do not think it is appropriate to weight this 
data to highly in decisions about threat status. 

 

5. Important knowledge gaps: 

 

The limitations of much of these methods is that they cannot directly capture the movement 
patterns of real birds on a timescale that is ecologically relevant. Indeed, we have presented 
very strong evidence for a genetically homogenous population, but may still mean they are 
demographically independent. However, given the effective population sizes we have 
observed (preliminarily), it is quite likely that migration rates are above the threshold 
typically considered for demographic independence (m=0.1) (Waples & Gaggiotti 2006). 
However, our Ne estimates are not without flaws, and can only describe the genetic effective 
population size, and demographic estimates of effective population size can be very different 
(e.g Arden & Kapuscinski 2003). Therefore, it would be valuable to track the birds across the 
landscape using GPS trackers (technology small enough will soon be available), which would 
have a much larger range than radio-tracking. These data could provide information about: 

- Demographic connectivity 

 2005 & 2009 & 2013 2007 & 2008 & 2009 

𝑁e 1675 19994 

Lower 95% CI 611.2 1146.3 

Upper 95% CI 20000 20000 
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- Individual and flock movement behaviour 
- Habitat and space use on local and regional scales.  

 

Further, previous work from our lab has identified that on the local scale (at Wyndham) 
appropriate nesting sites are limiting for the Gouldian finch (Brazill-Boast et al. 2010, 2011). 
To my knowledge no attempt has been made at extrapolating these specific nest requirements 
across the entire range. Indeed, this might be particularly useful for targeting regions for 
population recovery in Queensland. 
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Appendix II 

 

Estimation of migration rates 
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 Estimates of pairwise migration rates from pairwise FST estimates from ARLEQUIN 
analyses in Chapter Five are presented in Table A1.  

Siblings and half-sibling frequencies in different populations can give an indication of 
how far individuals (or their parents) move (Feutry et al., 2016). In Chapter Six, I used the 
frequency of sibling relationships in the population to infer effective population size in 
COLONY (Jones and Wang, 2010). This program also estimates the probability that a given 
dyad is a half-sibling or a full-sibling, which I now use to estimate the frequency of siblings in 
different sampling localities.  

Sibling and half-siblings were estimated across all five sampling localities in 2008 and 
2009 separately for the 16 microsatellite dataset. Given this species has overlapping 
generations: I also calculated the sibling probabilities for the 2008 and 2009 years combined. I 
used the Weak sibship prior to weight assignment of siblings as described in Chapter Six. I 
chose a probability of ≥0.98 as evidence that a dyad were half- or full-siblings. Table A2 
shows for each sampling locality the number of full-siblings, half-siblings and siblings 
sampled across 2008-2009. Equivalent of siblings and half-siblings were found within the 
same sampling locality as there were between sampling localities (7 within, 7 between). 
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Johnson, G., Gunasekera, R.M., Bax, N.J., Bravington, M., 2016. Inferring contemporary 
and historical genetic connectivity from juveniles. Mol. Ecol. doi:10.1111/mec.13929 
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Appendix III 

 

A colourful genomic landscape: patterns of gene flow in an Australian colour 
polymorphic finch 

Poster for European Society of Evolutionary Biology Conference, Lausanne Switzerland, 
2015 
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Appendix IV 

 

Animal Ethics Approvals 

Macquarie University Approvals: 

AEC2007/037………………………………………………………………………………..282 

AEC2007/038………………………………………………………………………………..283 

AEC2010/053………………………………………………………………………………..284 

AEC2010/053 – permission to use samples for genetic analysis …………………………...285 

Australian Wildife Conservancy 

CAEC/6/2005………………………………………………………………………………..286 

AEC2007/43…………………………………………………………………………………287 

AEC2010/35…………………………………………………………………………………288 

University of Wollongong 

AE06/25……………………………………………………………………………………..290 
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