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Abstract 

Speciation is an important process that is responsible for the generation of biodiversity on Earth. 

The importance of gene flow during speciation is hotly debated; however, it can be investigated 

by studying the process of intraspecific population differentiation. Here, I investigate the 

mechanisms that influence population differentiation and gene flow in brown (Sula leucogaster) 

and red-footed boobies (S. sula). These species are congeneric, broadly sympatric, and 

ecologically similar; however, they differ in their marine habitat preference (inshore vs. pelagic). 

I hypothesized that: (i) gene flow is restricted by major physical barriers in both species, and (ii) 

gene flow in the absence of physical barriers is more prevalent in red-footed boobies due to their 

pelagic marine habitat preference. 

 First, I characterized the structure and function of the booby mitochondrial genome. 

Using extensive DNA sequencing and phylogenetic methods, I found that boobies have tandemly 

duplicated mitochondrial control regions that evolve in concert. I suggest that concerted evolution 

of duplicated control region may be common in seabirds. 

 To quantify matrilineal population genetic structure and gene flow, I sequenced one 

control region in 513 brown and red-footed boobies. Both species exhibited strong population 

genetic structure that was attributable to continental barriers to gene flow such as the Isthmus of 

Panama. In the absence of physical barriers, gene flow was more prevalent in red-footed boobies. 

I also used microsatellite and nuclear intron loci to perform multilocus phylogeographic analyses 

of brown and red-footed boobies. Individuals of both species could be grouped into four genetic 

populations that corresponded to oceanographic regions. In red-footed boobies, gene flow 

following secondary contact of previously isolated lineages was common, perhaps due to a 

pelagic habitat preference. In brown boobies, major genetic populations apparently diverged in 
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the absence of gene flow. Despite this, Isla San Benedicto in the Eastern Pacific is a site of 

secondary contact between brown booby lineages that diverged approximately one million years 

ago, and hybrids are apparently fertile. These findings suggest that gene flow following 

secondary contact may be an important, but overlooked, component of speciation. 
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Chapter 1: General Introduction and Literature Review 

Speciation is a fundamental process responsible for the generation of biodiversity on Earth. 

Despite claims to the contrary, speciation was well understood by Darwin as the evolutionary 

process by which new species form (Darwin 1859; Mallet 2008). However, many theoretical 

aspects of speciation have been contentious since Darwin’s time (e.g., the reality of species, 

Dobzhansky 1935, Hey et al. 2003; the geography of speciation, Mayr 1963, Fitzpatrick et al. 

2008, 2009; species concepts, Hey 2001). At least two comprehensive reviews of speciation have 

been published in the last decade (Coyne & Orr 2004; Price 2008), and active areas of research 

include the identification of “speciation genes” (Rieseberg & Blackman 2010; Nosil & Schluter 

2011), characterization of hybrid zones (Qvarnström et al. 2010; Brelsford 2011), investigation of 

the genomic architecture of speciation (Nosil & Feder 2012), and evaluation of the importance of 

gene flow during speciation (Pinho & Hey 2010). 

Assuming a Biological Species Concept, speciation is considered complete upon the 

evolution of reproductive isolation between populations (Mayr 1942). Reproductive isolation can 

evolve quickly, or even instantaneously – as is the case with polyploid speciation (Wood et al. 

2009). More often, reproductive isolation between populations develops over time due to the 

accumulation of partial pre- and postzygotic reproductive isolating barriers (Orr & Turelli 2001; 

Coyne & Orr 2004). During the buildup of these barriers, gene flow between populations may be 

partially restricted, and population genetic differentiation can accumulate. The study of 

intraspecific population genetic differentiation is therefore an important and effective method to 

study the early phases of speciation (Mayr 1963).  
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This thesis is a study of population differentiation in two broadly sympatric and 

congeneric seabird species, brown (Sula leucogaster) and red-footed boobies (S. sula). The aims 

of this general introduction are (i) to introduce one of the major research objectives of modern 

speciation research, understanding the importance of gene flow during population divergence, (ii) 

to review the molecular, theoretical, and statistical advances of the last 15 years that make this 

research possible, and (iii) to demonstrate why a study of brown and red-footed boobies is 

warranted, and how it can inform our understanding of the mechanisms that influence population 

differentiation and speciation in seabirds, and contribute to the growing body of work on the 

importance of gene flow during population divergence, in general. 

1.1 The role of gene flow in population differentiation 

A central theme in speciation research has been the role of geography during divergence. Specific 

controversy has surrounded whether speciation requires complete geographic isolation of 

populations (allopatric speciation), or if it can occur when populations overlap geographically 

(sympatric or parapatric speciation; Mayr 1963; Coyne & Orr 2004; Barluenga et al. 2006). 

Recently, these geographic models of speciation have been criticized on several grounds. First, 

they suffer from a problem of scale: at what point are populations to be considered sympatric 

(Fitzpatrick et al. 2008, 2009)? For example, are two populations of phytophagous insects that 

specialize on different food sources, but overlap geographically, considered sympatric? Second, 

geographic models describe a pattern of speciation, but give short shrift to the mechanisms that 

influenced divergence (Fitzpatrick et al. 2008, 2009). In response to these criticisms, speciation is 

now commonly classified based on the presence or absence of gene flow during divergence 

(Nosil 2008; Pinho & Hey 2010; Smadja & Butlin 2011). This shift of emphasis aligns speciation 

research more closely with the microevolutionary forces acting during divergence, and highlights 



 

 

 

3

that it is not only the geographic configuration of populations that is important, but also the 

mechanisms or barriers that restrict gene flow among populations (Pinho & Hey 2010). Although 

sympatric and parapatric divergence were once considered rare (Coyne & Orr 2004), empirical 

evidence suggests that divergence with gene flow may be common in many taxonomic groups 

(e.g., amphibians, Niemiller et al. 2008; insects, Michel et al. 2010; birds, de León et al. 2010; 

plants, Papadopulos et al. 2011). 

 Most studies of divergence with gene flow have focused on the role of continuous gene 

flow during divergence. However, population differentiation that has involved periods of gene 

flow following long periods of genetic isolation may also be classified as divergence with gene 

flow (e.g., gene flow following secondary contact; Salzburger et al. 2002; Grant & Grant 2008). 

Gene flow following secondary contact may play a particularly important role in speciation as 

part of a “two-phased” process of divergence (Schluter 2001). During the first phase, isolation 

leads to the accumulation of local adaptations and genetic differentiation between populations. If 

reproductive isolation is incomplete upon secondary contact (i.e., if two or more populations re-

establish genetic exchange), and if hybrids are less fit than their parents, reinforcement may act 

during the second phase to drive further evolution of pre-zygotic mating barriers (e.g., Hoskin et 

al. 2005). A related concept is that the divergence process may involve repeated and alternating 

bouts of isolation and gene flow (D. Irwin, unpublished manuscript). This idea is underexplored; 

however, it suggests that “speciation with gene flow” may be an overly simplistic concept. One of 

the aims of this thesis is to evaluate how a suite of ecological characteristics possessed by pelagic 

seabirds may predispose them to such complex histories of gene flow. I explore this idea further 

in Section 1.3. 
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1.2 Mechanisms of population differentiation in seabirds 

The factors that influence population differentiation and gene flow in terrestrial birds have been 

extensively investigated (e.g., Weir & Schluter 2004; Irwin et al. 2005; Carling et al. 2010; 

Klicka et al. 2011 ); however, much less attention has been devoted to similar processes in marine 

ecosystems. Seabirds are generally extremely strong fliers and individuals often visit non-natal 

colonies during prolonged juvenile prospecting phases, potentially leading to high dispersal 

among colonies (Reed et al. 1999; Weimerskirch et al. 2010). Long-range dispersal is, in fact, 

well documented in some species (Lavers et al. 2007; Milot et al. 2008; VanderWerf et al. 2008). 

On the other hand, species’ distributions are necessarily fragmented due to colonial breeding on 

remote oceanic islands, and ecological studies suggest that natal philopatry is high (Schreiber & 

Burger 2002; Huyvaert & Anderson 2004). These factors appear to have led to high 

morphological (Le Corre 1999; Schreiber & Burger 2002; Hughes et al. 2010; Ismar et al. 2010) 

and population genetic differentiation within species (reviewed in Friesen et al. 2007). The 

apparent paradox of high dispersal potential, yet high population genetic structure is well 

recognized in the literature (Milot et al. 2008), and it suggests that the processes that generate 

population genetic structure in seabirds may be complex. For example, if individuals are usually 

philopatric, but sometimes disperse long distances, secondary contact of partially isolated 

lineages may be common.  

 A recent review identified several factors that appear to influence population 

differentiation in seabirds (Friesen et al. 2007). Foremost among these factors was the presence of 

physical barriers to gene flow such as land and/or ice cover: every surveyed species that had a 

range that was fragmented by major land or ice barriers was genetically structured (Friesen et al. 

2007). Therefore, although seabirds have high dispersal capabilities, it appears that they generally 
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do not disperse over land. One caveat to this conclusion is that most of the studies reviewed by 

Friesen et al. do not explicitly evaluate whether gene flow is restricted across land barriers, only 

that population genetic structure exists. While an inverse relationship between gene flow and 

population genetic structure is generally expected, there are many situations where this 

relationship will not hold (Whitlock & McCauley 1999). Fortunately, recently developed 

multilocus population genetic models allow for more rigorous estimation of gene flow rates 

among populations (see Section 1.5). 

Most population genetic studies of seabirds have focused on species with either temperate 

or polar breeding distributions (Friesen et al. 2007). However, relatively few studies have 

investigated population structure and gene flow in tropical seabirds (Avise et al. 2000; Steeves et 

al. 2003, 2005a, b; Smith et al. 2007), and there are good reasons to believe that mechanisms of 

differentiation may vary across latitude (Friesen et al. 2007). First, studies of population genetic 

differentiation in temperate or polar latitudes are likely to be confounded by historical 

associations. For example, population genetic differentiation may reflect past differentiation in 

multiple glacial refugia rather than contemporary restriction of gene flow. Alternatively, a lack of 

differentiation may reflect past association in a single refugium, rather than contemporary 

panmixia (Moum et al. 2002; Morris-Pocock et al. 2008). Additionally, there are fewer land or 

ice barriers to gene flow in the tropics or south temperate areas, and the process of population 

differentiation may be governed by other non-physical barriers to gene flow such as philopatry 

(Steeves et al. 2005a, b; Hailer et al. 2011; Welch et al. 2011). The processes that govern 

population differentiation in tropical seabirds are not well understood, and one of the aims of this 

thesis is to address this shortcoming. 
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1.3 Marine habitat preference and gene flow 

Seabirds rely on the sea during all phases of their life history (Schreiber & Burger 2002), and 

specific features of the marine environment such as upwellings (i.e., where cold, nutrient-rich 

water is surfaced) can dictate where birds forage during both breeding and non-breeding seasons 

(Raymond et al. 2010; Weimerskirch et al. 2010). Because seabirds rely so heavily on the marine 

environment, specific marine features may play an important role in seabird movements and thus 

population genetic differentiation. Indeed, marine barriers such as the Eastern Pacific Basin in the 

Pacific Ocean and the Almeria-Oran Oceanic Front at the Atlantic Ocean-Mediterranean Sea 

interface appear to have influenced diversification in masked boobies (S. dactylatra) and 

Calonectris shearwaters, respectively (Steeves et al. 2005a; Gómez-Díaz et al. 2006). 

 In addition to specific marine features such as fronts and eddies, the general marine 

habitat preferences of species may strongly influence population differentiation and gene flow. 

For example, individuals of species that prefer to forage in pelagic waters may encounter, and 

potentially disperse to, non-natal colonies more often than individuals of species that prefer to 

forage inshore or over the continental shelf (Burg & Croxall 2001). Unfortunately, the habitat 

preferences of most seabird species are not well known during the non-breeding season (i.e., 

when individuals are most likely to disperse). However, habitat preference during the breeding 

season is becoming well known in many seabird species due to the deployment of Global 

Positioning System (GPS) units on breeding birds (e.g., Weimerskirch et al. 2005a, b, 2006, 

2008, 2009, 2010), and studies that have characterized marine habitat preference during both the 

breeding and non-breeding seasons have found that they do not differ (Nicholls et al. 2002). 

Therefore, marine habitat preference during the breeding season may be a good predictor of gene 

flow among populations. Friesen et al. (2007) partially tested this hypothesis by comparing 
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population genetic structure in inshore foragers to pelagic foragers. While they found some 

support for the hypothesis, most of the studies that they reviewed did not actually estimate gene 

flow within species (see above). One of the objectives of this thesis is to evaluate the role that 

marine habitat preference has on gene flow in brown and red-footed boobies. I return to this idea 

in Section 1.6, and for now, turn my attention to the molecular and population genetic methods 

that can be used to infer population differentiation and the history of gene flow within species. 

1.4 Using molecular methods to study population differentiation 

The study of intraspecific population differentiation flourished during the Modern Synthesis; 

however, most of this research was based on morphological differentiation of taxa and/or 

biogeography (e.g., Mayr 1963). In 1987, Avise et al. proposed to bridge the gap between 

population genetics and systematics, and in doing so coined the term phylogeography. 

Phylogeography is the study of genetic lineages in relation to geography, and seeks to understand 

the microevolutionary forces that have generated the pattern of intraspecific diversity observed 

today. One avenue of phylogeographic research is identifying barriers to gene flow within species 

(Avise et al. 1987).  

The specific barriers that restrict gene flow will clearly vary among species; however, 

phylogeographic studies of different species with similar geographic distributions or ecological 

characteristics allow for more general conclusions about gene flow to be made (i.e., comparative 

phylogeography; Avise 2000). Well known examples of this comparative approach are the 

divergences of marine organisms across the Isthmus of Panama (Lessios 2008), and of woodland 

birds across North America (Klicka et al. 2011; Manthey et al. 2011; Walstrom et al. 2011). In a 

related approach, comparative phylogeographic studies of species that differ in a key ecological 
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trait, but are otherwise similar, can be used to test whether the key trait influences population 

differentiation. 

 Genes from the mitochondrial genome (mtDNA) have been the workhorse of 

phylogeographic research (see Hickerson et al. 2010 for a review). The advantages of mtDNA for 

phylogeography are clear. First, high substitution rates and relatively low effective population 

size mean that genetic drift will fix mutations faster in mtDNA than in nuclear DNA (Brown et 

al. 1979). Mitochondrial DNA is therefore a “leading indicator” of the accumulation of 

population genetic structure within species (Zink & Barrowclough 2008). Second, the widespread 

availability of PCR primers for mtDNA and the high copy number of mtDNA within genomic 

DNA make isolation of mtDNA genes relatively straightforward, in theory (Sorenson et al. 1999). 

However, the use of mtDNA has recently been criticized, and its advantages are matched by 

many disadvantages: mitochondrial DNA reflects only the matrilineal inheritance line, it may be 

subject to frequent selective sweeps, and due to tight physical linkage across the entire 

mitochondrial genome, it must be treated as a single molecular marker (Edwards et al. 2005). 

PCR amplification of mtDNA is also complicated by the presence of nuclear pseudogenes 

(NUMTS; Sorenson & Quinn 1998) and by duplications of mtDNA within the mitochondrial 

genome itself (Mindell et al. 1998). Mitochondrial DNA is still useful for phylogeography; 

however, specific care must be taken to characterize the structure of the mitochondrial genome of 

a given species before large-scale phylogeographic studies are initiated. 

 Nuclear DNA markers that are useful for phylogeography include microsatellites (Selkoe 

& Toonen 2006), amplified fragment length polymorphisms (AFLPs, Meudt & Clarke 2007), 

introns (Friesen et al. 1999), anonymous loci (Jennings & Edwards 2005), and single nucleotide 

polymorphisms (SNPs; Morin et al. 2004). Phylogeographic analysis of molecular markers from 
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the nuclear genome can overcome many of the problems associated with mtDNA. First, most 

nuclear markers are inherited through both sexes and are less susceptible to selective sweeps 

(Edwards et al. 2005). Perhaps the most important advantage of analyzing nuclear DNA is the 

ability to survey multiple, independent loci, and combine these data into rigorous multilocus 

estimates of population genetic structure and gene flow (see Section 1.5). Microsatellites have 

probably been the most commonly used nuclear marker for population genetic and 

phylogeographic research; however, due to frequent back mutation and homoplasy, they are less 

useful when population genetic divergence is deep (Selkoe & Toonen 2006). In cases of deeper 

divergence, nuclear sequence data (e.g., introns or anonymous loci) offer distinct advantages: 

they are less homoplasious, mutational models for their evolution are more tractable, and they 

tend to be very informative in multilocus statistical phylogeographic analysis (see Section 1.5; 

Friesen et al. 1999; Jennings & Edwards 2005). Historically, nuclear sequence data have been 

challenging to work with due to the difficulty of phasing the alleles of heterozygous individuals. 

However, advances in the statistical phasing of haplotypes now allow the routine analysis of 

nuclear sequence data (Stephens et al. 2001; Harrigan et al. 2008). The development of conserved 

primer sets for the amplification of intron loci in non-model species has also dramatically 

increased the usability of introns for phylogeographic analysis (Friesen et al. 1999; Backström et 

al. 2008). 

1.5 Statistical phylogeography 

A statistical framework is required to analyze the increasing amounts of genetic data that are 

available to phylogeographers. One of the most common frameworks is the estimation of genetic 

differentiation among populations using analysis of molecular variance (AMOVA) to calculate F-

statistics and their analogues (Weir & Cockerham 1984; Excoffier et al. 1992). While F-statistics 
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are useful for indexing the pattern of population genetic structure within species, we are often 

more interested in the processes that have led to such structure. Wright (1931) proposed a simple 

relationship between FST and gene flow; however, this relationship breaks down under many 

demographic situations, including populations that are not in migration-drift equilibrium 

(Whitlock & McCauley 1999). Another early attempt to infer process from population genetic 

data was nested clade phylogeographic analysis (NCPA; Templeton 1998). However, NCPA has 

been criticized for being subjective, ad hoc, and resulting in a high number of false positive 

inferences (Panchal & Beaumont 2007; Beaumont & Panchal 2008). Statistical phylogeography is 

a new field that was born partly in response to the failures of FST- and NCPA-based 

phylogeography (Knowles 2004, 2009). The field consists of diverse methods, but they are united 

by their reliance on coalescent theory (Kingman 1982) and Bayesian or maximum likelihood 

statistical inference (Kuhner et al. 1995). I review four types of statistical phylogeographic tools 

that I use in this thesis: clustering methods, assignment tests, coalescent theory-based 

demographic modeling, and species tree estimation methods. 

1.5.1 Clustering methods 

Clustering methods group individuals into genetic populations using their multilocus genotypes. 

These methods typically group individuals such that deviations from Hardy-Weinberg and 

gametic disequilibrium are minimized within groups (Guillot et al. 2009). The first widely used 

clustering method was implemented in the software STRUCTURE (Pritchard et al. 2000). One of 

the biggest advantages of this implementation is that it does not assume a priori that individuals 

sampled at the same location are part of the same genetic population (Pritchard et al. 2000). In 

this sense, the algorithm finds the true underlying pattern of genetic structure. Since its original 

specification, STRUCTURE has been extended to accommodate admixture (i.e., individuals can be 
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descended from two or more populations; Pritchard et al. 2000), linkage among loci (Falush et al. 

2003), and co-dominant loci such as AFLPs (Falush et al. 2007). It can also include information 

about the sampling location as prior information in the Bayesian inference procedure (Hubisz et 

al. 2009). The original clustering algorithm has also been extended in other software. For 

example, NEWHYBRIDS can identify the hybrid class of admixed individuals (e.g., F1 vs. F2 vs. 

backcrosses; Anderson & Thompson 2002), and several other implementations allow the user to 

include latitudinal/longitudinal sampling information in the prior (e.g., TESS, Chen et al. 2005; 

GENELAND, Guillot et al. 2005; BAPS, Corrander et al. 2008). Despite these advantages, clustering 

algorithms suffer from several distinct drawbacks. First, the estimation of K, the number of 

genetic populations, is computationally intensive and interpretation of K can be contentious 

(Evanno et al. 2005). Most importantly, if population genetic structure is weak, or if the true 

pattern of genetic differentiation across a species’ range more closely reflects isolation by 

distance, rather than discrete genetic populations, clustering methods can give spurious results 

(Rosenberg et al. 2005; Frantz et al. 2009). 

1.5.2 Assignment tests 

Most clustering methods do not explicitly test whether an individual is a migrant from another 

population. Assignment tests accomplish this task by calculating explicit probabilities that an 

individual’s multilocus genotype originated from a pre-defined site different from the sampling 

location (Wilson & Rannala 2003; Piry et al. 2004; Manel et al. 2005). Some assignment tests 

also estimate the rate of gene flow during the last few generations between all pairs of 

populations (e.g., BAYESASS, Wilson & Rannala 2003). Assignment tests require the pre-

specification of populations, but if these populations are defined based on results from a 

clustering analysis, they can be used to identify migrants between genetically meaningful 
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populations. Estimates of gene flow from assignment tests are complementary to the estimates of 

long-term gene flow from coalescent-theory based methods (see below) in that they allow access 

to rates of gene flow within the last few generations. As such they are useful for detecting recent 

secondary contact events. 

1.5.3 Coalescent theory-based demographic modeling 

The development of coalescent theory provided a rigorous framework for understanding the types 

of gene genealogies that are expected under different demographic histories (e.g., population 

growth vs. stability; Kingman 1982; Wakeley 2009). Coalescent theory also allows rapid 

simulation of genetic data assuming specified demographic models. Kuhner et al. (1995) 

demonstrated that observed genetic data could be compared to data simulated from millions of 

parameter combinations under a given model, and Markov chain Monte Carlo (MCMC) methods 

could be used to determine the model parameters that best fit the observed data. Since Kuhner et 

al.’s landmark paper, the sophistication of coalescent models has increased remarkably. For 

example, FLUCTUATE estimates the genetically effective population size and exponential growth 

rate of a population (Kuhner et al. 1998), MIGRATE and LAMARC estimate rates of gene flow 

between an arbitrary number of populations (Beerli & Felsenstein 2001; Beerli 2006; Kuhner 

2006), and Isolation with Migration (IM) models can test whether the observed data best fit a 

model of genetic isolation among populations, a model of gene flow between colonies, or a model 

that incorporates both isolation and gene flow (e.g., MDIV, IM, IMA, IMA2; Nielsen & Wakeley 

2001; Hey & Nielsen 2004, 2007; Hey 2010). 

 IM models are particularly important for the study of divergence with gene flow (Pinho 

& Hey 2010). The general model specifies the divergence of two sister populations from a 

common ancestor. During the divergence process, the populations may diverge in complete 
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isolation, or be connected via gene flow. Gene flow is allowed to be asymmetric (i.e., it may be 

higher in one direction; Hey & Nielsen 2004). Most IM models estimate six demographic 

parameters: the divergence time between the two populations (t = T μ; where T is the divergence 

time in generations and μ is the neutral substitution rate per locus per generation), two gene flow 

rates (mij = Mij / μ; where Mij is the effective gene flow rate from population i to population j), and 

three population mutation rates, Θi, Θ2, ΘA (Θi = 4 Nei μ; where Nei is the effective population size 

of population i, and ΘA is the parameter for the ancestral population; Hey & Nielsen 2004). An 

extension of the original IM model allows for an explicit likelihood test of the fit of nested 

demographic models (i.e., gene flow vs. no gene flow; Hey & Nielsen 2007; Carstens et al. 

2009).  

All IM models make a number of assumptions: (i) selective neutrality of all loci, (ii) no 

recombination within loci and free recombination among loci, (iii) no gene exchange with other 

populations that are not included in the model, and (iv) no intra-population genetic structure (Hey 

& Nielsen 2004). Therefore, particular care must be taken when designing IM analyses. 

Importantly, however, the model appears to be robust to violations of many of these assumptions 

(Strasburg & Rieseberg 2010). 

 Two drawbacks of IM models are that they are computationally slow, even on modern 

computers, and they are only applicable to a limited set of biologically realistic demographic 

scenarios. For example, coalescent models such as LAMARC or MIGRATE can consider models 

involving any number of populations, while most traditional IM models only allow for two 

populations (Nielsen & Wakeley 2001; Hey & Nielsen 2004, 2007). The IM model has recently 

been expanded to allow for more than two populations; however, the phylogenetic relationships 

among the populations must be known a priori, large amounts of data are needed for meaningful 
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inference, and the MCMC process is still slow (IMA2; Hey 2010). Perhaps the biggest drawback 

of the IM model is that it cannot isolate the timing of gene flow events (i.e., it assumes a constant 

rate of gene flow from the onset of divergence to present; Strasburg & Rieseberg 2011; Sousa et 

al. 2011). Recent advances in approximate Bayesian computation (ABC) may offer solutions to 

this problem, but these methods too have drawbacks (Pritchard et al. 1999; Beaumont et al. 

2002). 

1.5.4 Species tree methods 

A final class of methods that may be useful in statistical phylogeography are those that are based 

on the “multi-species coalescent” (Degnan & Rosenberg 2009). The multi-species coalescent 

describes the genealogical process not only within a single-species, but also among its close 

relatives (Degnan & Rosenberg 2009). In other words, it describes the coalescent process on gene 

trees that are contained within a species tree (Degnan & Rosenberg 2009). Phylogenetic methods 

based on the multi-species coalescent aim to infer the true history of speciation events, the species 

tree, from multilocus data. Individual gene trees may not reflect the true speciation history for 

many reasons, and species tree methods aim to overcome this shortcoming by integrating over 

multiple loci (Maddison 1997; Degnan & Rosenberg 2009). Simulation studies have shown that 

these methods consistently outperform other species tree estimation approaches, such as 

concatenation (Edwards et al. 2007). The two most notable multi-species coalescent models are 

BEST (Edwards et al. 2007; Liu 2008) and *BEAST (Heled & Drummond 2010). Both methods 

assume that discordance among gene trees is caused only by the lineage sorting process. 

Therefore, a requirement of both models is that the taxa under consideration do not hybridize, or 

at least that hybridization has little effect on gene tree topology (Heled & Drummond 2010). Until 

the multi-species coalescent is extended to include hybridization, the use of species tree methods 
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will remain restricted primarily to interspecific phylogenetics. However, if intraspecific 

divergence is deep and populations are not connected by gene flow, species tree methods can 

potentially be used to infer the history of population divergence. 

1.6 Study system 

The Sulidae (Aves: Suliformes; Chesser et al. 2010) is a globally distributed family of ten seabird 

species (Nelson 1978; Friesen et al. 2002). The evolutionary relationships within the Sulidae are 

well understood, and three genera are recognized: the monotypic Papasula abbotti, Abbott’s 

booby, which breeds only on Christmas Island in the Indian Ocean, the Sula boobies, which are 

distributed throughout the tropics, and the gannets (Morus spp), which breed in the Northern and 

Southern Hemisphere temperate latitudes (Friesen & Anderson 1997; Friesen et al. 2002; 

Patterson et al. 2011). Three of the booby species – masked, red-footed, and brown boobies – are 

collectively referred to as the “blue-water boobies” (Nelson 1978). The blue-water boobies are 

closely related (sharing a common ancestor approximately six million years ago; Patterson et al. 

2011), have nearly identical pantropical distributions, breed on many of the same islands, and 

share several other ecological characteristics (Nelson 1978). Despite these similarities, the blue-

water boobies differ in their marine habitat preference. As such they provide an excellent 

opportunity to test how this key ecological trait influences population differentiation and gene 

flow. 

 Red-footed and brown boobies have typically been considered the most and least pelagic 

of the blue-water boobies, respectively (Nelson 1978). These habitat preferences were originally 

inferred crudely from the time that breeding adults spent absent from the nest (Nelson 1978). 

However, they have recently been borne out by more quantitative ship-based at sea distributional 

studies (Dunlop et al. 2001) and by direct monitoring of breeding individuals outfitted with 
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Global Positioning System (GPS) units (Jaquemet et al. 2005; Weimerskirch et al. 2005a, b, 

2006, 2009; Young et al. 2010; Kappes et al. 2011). In short, brown boobies typically forage very 

close to the breeding colony and appear to prefer inshore or coastal shelf habitat (Weimerskirch et 

al. 2009). Red-footed boobies often forage hundreds of kilometers from the breeding colony over 

pelagic waters (Weimerskirch et al. 2005; Young et al. 2010). The marine habitat preferences of 

masked boobies appear to be closer to red-footed boobies than brown boobies (Weimerskirch et 

al. 2008; Young et al. 2010). No study to date has tracked blue-water boobies throughout the 

non-breeding season, although such studies are likely feasible as they have recently been initiated 

for Abbott’s boobies (J. Hennicke, unpublished data) and completed for northern gannets (M. 

bassanus; Votier et al. 2011; Montevecchi et al. 2012). 

In this thesis, I use comparative population genetic and phylogeographic studies of red-

footed and brown boobies to investigate how marine habitat preference influences gene flow and, 

more generally, to study the role of gene flow in the population divergence process. Other 

characteristics, in addition to their divergent habitat preferences, suggest that brown and red-

footed boobies will be compelling species in which to study population differentiation. Both have 

pantropical breeding distributions encompassing the Atlantic, Pacific, and Indian Oceans (Nelson 

1978). This will allow a comparative examination of how major continental barriers affect gene 

flow in the tropics. Additionally, both species exhibit striking geographic variation in morphology 

(Schreiber et al. 1996; Schreiber & Norton 2002) including plumage (Nelson 1978; Le Corre 

1999; Nelson 2005; Baião & Parker 2008) within ocean basins, suggesting that population 

differentiation has also occurred in the absence of obvious physical barriers to dispersal. 

Although not the focus of this thesis, masked boobies share the same geographic distribution as 

brown and red-footed boobies and also exhibit geographic variation in morphology between and 
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within ocean basins (Nelson 1987; O’Brien & Davies 1990; Ismar et al. 2010; Steeves et al. 

2010). Population genetic structure in masked boobies has previously been documented using 

mtDNA markers (Steeves et al. 2003, 2005a, b), allowing further comparative phylogeographic 

opportunities. 

One previous study investigated patterns of population genetic differentiation in brown 

and red-footed boobies (Steeves et al. 2003). This study used mitochondrial cytochrome b 

variation to test the hypothesis that the Isthmus of Panama and Eastern Pacific Basin drove 

genetic divergence in brown, red-footed, and masked boobies (Steeves et al. 2003). Population 

genetic structure was high in each species, and the Isthmus of Panama appeared to be an effective 

barrier to gene flow in both brown and red-footed boobies. On the other hand, only brown 

boobies were genetically differentiated on opposite sides of the Eastern Pacific Basin (Steeves et 

al. 2003). These preliminary results are limited in that they were based on only a small number 

ofcolonies, included only on one mitochondrial gene, and do not explicitly estimate gene flow 

among genetic populations.  

During the course of this thesis, three other population genetic studies have been 

completed on other booby species (Peruvian boobies, S. variegata, Taylor et al. 2011a; blue-

footed boobies, S. nebouxii, Taylor et al. 2011b; Abbott’s boobies, Morris-Pocock et al. 

submitted). While not directly relevant to the aims of this thesis, these studies provide further 

baseline information about patterns of genetic variation in booby species (discussed further in 

Chapter 6).  

1.7 Overview of the thesis 

This thesis has three primary objectives: (i) to determine whether major physical barriers such as 

continental land masses have restricted gene flow in brown and red-footed boobies; (ii) to test the 
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hypothesis that the divergent marine habitat preferences of brown and red-footed boobies 

influence gene flow and population differentiation in the absence of major physical barriers; and 

(iii) to evaluate whether gene flow occurred during the diversification process within both species 

(i.e., divergence with gene flow), and if so, whether secondary contact of previously isolated 

lineages played a role in divergence.  

I accomplish these objectives by applying multilocus statistical phylogeographic methods 

to a dataset of over 500 brown and red-footed booby samples. This thesis consists of four data 

chapters followed by a final chapter that summaries my findings and includes a brief literature 

review that follows from some of my conclusions. 

 For Chapter 2, I used long-template PCR protocols and extensive DNA sequencing to 

characterize the gene order in and around the booby mitochondrial control region. The objective 

of this chapter was to determine whether the mitochondrial control region was an appropriate 

molecular marker for a phylogeographic analysis of brown and red-footed boobies (Chapter 3). I 

found that the mitochondrial genomes of brown, red-footed, and blue-footed boobies each 

contained a duplicated region that included the mitochondrial control region. I sequenced both 

copies of the control region (CR1 and CR2) in 63 individuals, and estimated phylogenetic trees 

for the resultant haplotypes. CR1 and CR2 appeared to be evolving in concert within each species 

due to frequent gene conversion, an unconventional process in animal mtDNA that I suggested 

may be common in seabirds. This study uncovered a relatively novel molecular process, but also 

laid the molecular groundwork for Chapter 3. 

In Chapter 3, I tested the hypothesis that physical and ecological barriers to gene flow 

drove population genetic differentiation in brown and red-footed boobies. I applied standard and 

coalescent theory-based population genetic analyses to mitochondrial control region variation in 
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both species. I found that major physical barriers such as the Isthmus of Panama and the 

periodically emerged Sunda and Sahul Shelves have generated strong matrilineal population 

genetic structure in both species. Population genetic structure was high between ocean basins in 

both species; however, maternal gene flow within ocean basins (i.e., in the absence of major 

physical barriers) was high in red-footed boobies, but not brown boobies. I suggested that these 

differences may be due to the divergent marine habitat preferences. 

 Chapters 4 and 5 share a common goal: to expand upon Chapter 3 and address 

unanswered questions arising from the mtDNA phylogeography of brown and red-footed boobies, 

respectively. In both chapters I applied multilocus statistical phylogeographic methods to 

microsatellite and nuclear intron variation. This treatment allowed me to estimate gene flow 

between populations more rigorously, and to assess bi-parental gene flow and population 

structure (cf. mtDNA). Both chapters also have unique objectives on which I elaborate below. 

 In Chapter 4, I used a novel approach that united multilocus phylogeographic and 

phylogenetic species tree methods to infer the evolutionary history of four major brown booby 

clades. Using an Isolation with Migration model, I estimated the divergence times of each of 

these clades and determined that divergence within brown boobies has primarily occurred in the 

absence of gene flow. Among other results, I found that brown boobies breeding in the Eastern 

Tropical Pacific diverged from all other brown boobies approximately one million years ago. The 

final objective of Chapter 4 was to determine the genetic provenance of eight brown boobies that 

were collected from a newly colonized brown booby colony, Isla San Benedicto (ISB). Following 

a volcanic eruption in the 1950s, ISB appeared to have been colonized by brown boobies from 

both the Eastern and Central Pacific Ocean, although this had never been tested genetically. I 

determined that many of the individuals collected on ISB are F1 or backcross hybrids between the 
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Eastern and Central Pacific Ocean clades. These results suggest that, despite one million years of 

isolation and the evolution of diagnostic plumage traits, reproductive isolation is far from 

complete between these clades.  

 In Chapter 5, I used a multilocus analysis to test the hypothesis that the history of gene 

flow among red-footed booby populations has often involved secondary contact of previously 

isolated lineages. I found evidence of gene flow and secondary contact among populations within 

the Indian and Pacific Oceans, and suggest that this dynamic history of gene flow is caused, in 

part, by the dynamic nature of the marine ecosystem.  

 In Chapter 6, I summarize the results from the previous chapters. I compare and contrast 

the patterns of population genetic structure and gene flow that I found in brown and red-footed 

boobies. I draw two generalities: (i) Major continental barriers such as the Isthmus of Panama 

affect gene flow similarly in the blue-water boobies; and (ii) Secondary contact is likely to be a 

common evolutionary outcome within pelagic seabirds. 
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Chapter 2: Concerted evolution of duplicated mitochondrial control 

regions in three related seabird species  

2.1 Abstract 

Many population genetic and phylogenetic analyses of mitochondrial DNA (mtDNA) assume that 

mitochondrial genomes do not undergo recombination. Recently, concerted evolution of 

duplicated mitochondrial control regions has been documented in a range of taxa. Although the 

molecular mechanism that facilitates concerted evolution is unknown, all proposed mechanisms 

involve mtDNA recombination. Here, we document a duplication of a large region (cytochrome 

b, tRNAThr, tRNAPro, ND6, tRNAGlu, and the control region) in the mitochondrial genome of three 

related seabird species. To investigate the evolution of duplicate control regions, we sequenced 

both control region copies (CR1 and CR2) from 21 brown (Sula leucogaster), 21 red-footed (S. 

sula) and 21 blue-footed boobies (S. nebouxii). Phylogenetic analysis suggested that the 

duplicated control regions are predominantly evolving in concert; however, approximately 51 

base pairs at the 5’ end of CR1 and CR2 exhibited a discordant phylogenetic signal and appeared 

to be evolving independently. Both the structure of the duplicated region and the conflicting 

phylogenetic signals are remarkably similar to a pattern found in Thalassarche albatrosses, which 

are united with boobies in a large clade that includes all procellariiform and most suliform 

seabirds. Therefore we suggest that concerted evolution of duplicated control regions either is 

taxonomically widespread within seabirds, or that it has evolved many times. 

2.2 Background 

Concerted evolution of nuclear gene families is well documented and recognized as a 

fundamental force that influences genetic variation at many nuclear loci (Liao 1999). However, 
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concerted evolution of mitochondrial DNA (mtDNA) has received much less attention. The gene 

content of vertebrate mitochondrial genomes is highly conserved and consists of 37 genes (13 

protein coding genes, two ribosomal RNA genes and 22 transfer RNA genes) and a non-coding 

control region involved in the initiation of transcription and replication (Moritz et al. 1987). 

While this same suite of genes is present in all vertebrate mitochondrial genomes, gene order is 

highly variable. For example, at least four common gene orders exist for birds alone (Gibb et al. 

2007). Additionally, many avian mitochondrial genomes possess two copies of some genes due to 

gene duplication (e.g., Eberhard et al. 2001; Abbott et al. 2005). Traditional theory suggests that 

mtDNA gene duplication followed by deletion or degeneracy of one of the duplicated copies may 

lead to mtDNA gene rearrangements (Moritz et al. 1987). Degenerate copies of mitochondrial 

genes and non-coding regions have been found in many taxa, including at least four orders of 

birds (Mindell et al. 1998). However, duplicated mtDNA genes and non-coding regions have also 

been found where both copies appear functional (see Eberhard et al. 2001 and Abbott et al. 2005 

for examples in birds). Remarkably, in some vertebrate mtDNA genomes where the non-coding 

control region has been duplicated, both copies appear functional and extreme sequence similarity 

between the copies suggests that the two control regions are evolving in concert (e.g., Tatarenkov 

& Avise 2007). 

Although concerted evolution of vertebrate duplicated mtDNA regions is becoming 

increasingly documented, a number of important questions remain. First, the taxonomic extent of 

concerted evolution of duplicated regions is not well understood within birds. Concerted 

evolution of duplicated control regions has been documented in both Amazona parrots and 

Thalassarche albatrosses (Eberhard et al. 2001; Abbott et al. 2005), even though parrots and 

albatrosses are phylogenetically very divergent (Hackett et al. 2008). It remains to be seen 
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whether other avian species closely related to either albatrosses or parrots also have duplicate 

control regions that evolve in concert. Second, the implications of mtDNA concerted evolution 

for phylogeographic and phylogenetic research are still unclear. If mtDNA regions typically used 

for phylogeographic research are often duplicated and evolve in concert, then particular care may 

be needed to amplify homologous regions in all individuals in a study. On the other hand, 

Tatarenkov and Avise (2007) documented that the rate of gene conversion responsible for 

concerted evolution of duplicated mitochondrial control regions of mangrove killifish 

(Kryptolebias marmoratus) was extremely fast compared to the nucleotide substitution rate 

within the control regions. Therefore, duplicated copies within individuals were more closely 

related to each other than either was to copies from other individuals. In cases like this, 

amplification of non-homologous regions should not seriously affect phylogeographic inference. 

Third, although many studies have investigated concerted evolution of mitochondrial control 

regions, few have investigated evolution of duplicated regions adjacent to the control region. 

Knowledge of concerted evolution in these regions may be of particular importance because 

many genes adjacent to the control region (e.g., cytochrome b, ND6, 12S rRNA) are used in 

population genetic and phylogenetic research. Moreover, the pattern of sequence evolution 

around duplicated control regions may provide insight into the molecular mechanism responsible 

for concerted evolution of duplicated mtDNA.  

The Sulidae is a small family of seabirds that consists of seven booby species and three 

gannet species (Nelson 1978; Friesen et al. 2002). The most recent avian molecular phylogeny, 

estimated from 20 nuclear loci, unites the Sulidae in a large clade that contains all other water 

birds and importantly, the albatrosses (Aves: Diomedeidae; Hackett et al. 2008). Here we present 

evidence of a large duplication of the mitochondrial genome in the evolutionary history of the 
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Sulidae. We investigate the evolution of the duplicated regions in three species: brown (Sula 

leucogaster), red-footed (S. sula), and blue-footed boobies (S. nebouxii). Finally, we discuss the 

implications of animal mtDNA concerted evolution in the context of traditional phylogeographic 

studies. 

2.3 Materials and Methods 

2.3.1 Sample collection 

We obtained tissue samples from 21 brown, 21 red-footed and 21 blue-footed boobies from 

throughout their breeding ranges (Table 2.1). Brown booby samples from Johnston Atoll and red-

footed booby samples from Johnston Atoll, North-Keeling Island and Aldabra Atoll consisted of 

growing feathers collected from chicks caught at nests. All other samples consisted of blood 

taken from adults or chicks caught at nests. We extracted DNA using either a standard 

phenol/chloroform technique (Friesen et al. 1997) or the DNeasy® tissue kit, following the 

manufacturer’s protocol (Qiagen, Mississauaga). 

2.3.2 Laboratory methods 

Initial attempts to amplify and sequence the mitochondrial control region in all three species 

using conserved avian primers failed to produce unambiguous sequence. Specifically, while PCR 

products yielded clear sequence at the 3’ end of the control region, superimposed peaks of two 

nucleotides at single sites were consistently present in chromatograms at the 5’ end on both the 

heavy and light strands, rendering accurate base calling impossible. Among other possibilities 

(see Results), the presence of a duplicated control region was suspected. Therefore, we used long-

template PCR (LT-PCR; Expand Long Template PCR System ®, Roche Applied Science, 

Manheim, Germany) to verify the presence and investigate the structure of potentially duplicated
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Table 2.1 Sampling site locations and numbers of individuals sampled (N). 

Species Ocean Basin Colony Abbreviation Latitude Longitude N 

Brown booby (br) Pacific Palmyra Atoll Pal 05°33' N  162°50' W  3 

  
Johnston Atoll Jon 16°45' N  169°31' W  3 

  
Farralon de San Ignacio Fsi 25°24’ N 108°50’ W 3 

  
Piedra Blanca Pbl 21°25' N  106°28' W  2 

  
Isla San Benedicto Sbe 19°19' N  110°49' W  1 

 
Atlantic Isla Monito Mon 18°05' N  67°53' W  3 

  
Cape Verde Cvd 15°05' N  24°48' W  3 

  
Ascension Asn 7°56' S  14°22' W  3 

Red-footed booby (rf) Pacific Genovesa, Galapagos Gen 00°20' N 89°57' W 3 

  
Palmyra Atoll Pal 05°33' N  162°50' W  3 

  
Tern Is. Trn 23°52'N 166°17'W 3 

 
Atlantic Isla Monito Mon 10°18' N  109°13' W  3 

  
Ascension Asn 7°56' S  14°22' W  1 

 
Indian Europa Is. Eur 22°22'S 40°22'E 2 

  
Aldabra Atoll Ald 09°24'S 46°22'E 3 

  
North-Keeling Is. (Cocos) Coc 12°07' S 96°54'E 3 

Blue-footed booby (bf) Pacific Champion Island, Galapagos Cha 1°13’ S  90°21’ W 2 

  
Espanola, Galapagos Esp 1°21’ S  89°41’ W 2 

  
Seymour Island, Galapagos Sey 0°23’ S  90°17’ W 3 

  
El Rancho, Mexico Elr 25°06’ N  108°22’ W 2 

  
Farralon de San Ignacio Fsi 25°24’ N  108°50’ W 3 

  
Lobos de Tierra Ldt 6°26’ S  80 °51’ W 3 

  
La Plata Lpl 1°16’ S  81°03’ W 2 

  
Islas Marietas Mar 21°33’ N 106°23’ W 2 

  
Isla San Ildefonso San 26°43’ N  111°29’ W 2 

Total 
 

        63 
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control regions. All long template PCR reactions were performed in 50 μL reactions containing 1 

unit of 1x Expand Long Template PCR Buffer 1, 350 μM each of the four dNTPs, 800 nM each 

of the heavy and light strand primers, 3.75 units of Expand Long Template Enzyme Mix and 

approximately 150 nanograms of DNA template. LT-PCR was performed with two minutes 

initial denaturation at 94oC, followed by 25 cycles of 94oC for 10 seconds, 50-60oC for 30 

seconds and 72oC for greater than four minutes (extension for the first 10 cycles was 4 minutes 

then an additional 20 seconds were added to the extension time every cycle), followed by a final 

extension for 7 minutes at 72oC. 

In one individual of each species, we amplified the region between the two presumed 

control regions using an unconventional primer pairing (SdMCR-H750 and SlMCR-L740, source 

of all primers listed in Table 2.2). These primers were oriented such that they would only amplify 

a product if duplicate control regions existed (i.e., if only a single control region existed, no 

product would be amplified under standard PCR conditions; Fig. 2.1). This amplification yielded 

products of approximately 4000, 3000 and 2800 base pairs in brown, red-footed and blue-footed 

boobies, respectively. We sequenced both strands of these amplification products using the 

original amplification primers and a suite of internal primers (Fig. 2.1; Table 2.2). Although some 

portions could not be sequenced reliably due to complex repeat regions (Fig. 2.1, grey areas; see 

Results), all other parts were sequenced with at least two different primers on each strand. 

Sequencing was performed using either (1) a 3730XL DNA Analyzer (Applied Biosystems, 

Foster City, CA) at Genome Quebec (McGill University, Montreal, Quebec), or (2) a CEQ 8000 

Genetic Ananlysis System (Beckman-Coulter, Fullerton, CA) at Queen’s Ecology, Evolution, and 

Behaviour Core Genotyping Facilty (Queen’s University, Kingston, Ontario).    
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Table 2.2 Sequence and location of all primers used to amplify parts of the mitochondrial genome. Source 

refers to the original source of the primer sequence (1 = Kocher et al. 1989, 2 = T.Birt unpublished, 3 = this 

study, 4 = Steeves et al. 2005). See Fig. 2.1 for a graphical representation of primer locations. 

Primer Location Sequence Source 

b2 5' end of cytochrome b 5'-GCCCCTCAGAATGATATTTGTCCTCA-3' 1 

b3 middle of cytochrome b 5'-GGACGAGGCTTTTACTACGGCTC-3' 2 

b4 middle of cytochrome b 5'-TTGCTGGGGTGAAGTTTTCTGGGTC-3' 2 

b5 3' end of cytochrome b 5'-TTCCACCCCTACTTCTCACTAAAAGA-3' 2 

cytb-endL 3' end of cytochrome b 5'-TATCATCGGCCAACTAGCC-3' 3 

b6 tRNA-Threonine 5'-GTCTTCAGTTTTTGGTTTACAAGAC-3' 2 

16363H 5' end of ND6 5'-GTTGTGACCGTTGATAGTG-3' 3 

ND616363 5' end of ND6 5'-CACTATCAACGGTCACAAC-3' 3 

tGlu-boobyH tRNA-Glutamic Acid 5'-ACAACGGCGGCATTTCAGGCC-3' 3 

SsMCR-L143B 5' end of CR1 5'-ATTGCACATTARATTTASCT-3' 3 

SsMCR-H170B 5' end of CR1 5'-ATGAAAGTATTATGTGATCC-3' 3 

SlMCR-L160B 5' end of CR1 5'-ATCCACATTGCACATTAAGT-3' 3 

SlMCR-H171B 5' end of CR1 5'-CATCAATTTACATATGTCGAC-3' 3 

SdMCR-H750 middle of CR1 and CR2 5'-GGGAACCAAAAGAGGAAAACC-3' 4 

SlMCR-L740 middle of CR1 and CR2 5'-GCATAGGAAGTACTTACAATCTAGG-3' 3 

SsMCR-L143A 5' end of CR2 5'-ATTGCACATTARATTTAYTC-3' 3 

SsMCRL143A2 5' end of CR2 5'-ATTGCACATTAAATTTAGTC-3' 3 

SsMCR-H169A 5' end of CR2 5'-TGAAAGTATACAGTCCATTG-3' 3 

SlMCR-L160A 5' end of CR2 5'-ATCCACATTGCACATTTAAA-3' 3 

SlMCR-H194A 5' end of CR2 5'-CAGTGGTATGTGTTTGTC-3' 3 

12SH1301 5' end of 12SrRNA 5'-GGTAAGGTTAGGACTAAGTC-3' 3 
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Figure 2.1 Schematic representation of the duplicated portion of the sulid mitochondrial genome, and approximate locations of PCR primers. L-
strand primers are listed underneath the schematic, while H-strand primers are listed above. Gene abbreviations are as follows: cyt b = cytochrome 
b, ND6 = NADH dehydrogenase subunit 6, 12S = 12SrRNA, CR1 and CR2 = control region 1 and control region 2, Thr = tRNA-Threonine, Pro = 
tRNA-Proline, Glu = tRNA-Glutamic acid, Phe = tRNA-Phenylalanine. Grey areas correspond to long repetitive regions in Domain III of the 
control regions that could not be sequenced completely. All primer sequences are given in Table 2.2. 
 

b3 b5

cytb-endL

SlM
C

R
-L

160B
SsM

C
R

-L
143B

N
D

616363

SlM
C

R
-L

740

C
ytb-endL

N
D

6-16363

b5

SlM
C

R
-L

740

SlM
C

R
-L

160A
SsM

C
R

-L
143A

(2)

b2 b4 b6 16
36

3H

S
lM

C
R

-H
17

1B
S

sM
C

R
-H

17
0B

S
dM

C
R

-H
75

0

b4 b6 16
36

3H

Ss
M

C
R

-H
16

9A
Sl

M
C

R
-H

19
4A

S
dM

C
R

-H
75

0

12
S

H
13

01

T
hr

Pro

G
lu

T
hr(2)

P
ro(2)

G
lu(2)

Phecyt b ND6 CR1 p-cyt b ND6(2) CR2 12S

tG
lu

-b
oo

by
H

tG
lu

-b
oo

by
H



 

 

 

40

Using this sequence as a guide, we next amplified the region located between the genes 

encoding for cytochrome b and 12SrRNA (i.e., the entire region spanning the duplicated area) in 

three overlapping fragments using the primer pairs b3/SlMCR-H171B, SlMCR-L160B/SlMCR-

H194A and SlMCR-L160A/12SH1301 in one brown and one blue-footed booby (Fig. 2.1). We 

amplified equivalent fragments in one red-footed booby using primer pairs b3/SsMCR-H170B, 

SsMCR-L143B/SsMCR-H169A and SsMCR-L143A/12SH1301 (Fig. 2.1). We sequenced both 

strands of the PCR product using the original amplification primers and multiple internal primers 

(Fig. 2.1; Table 2.2). As before, most regions were sequenced with at least two primers on each 

strand. This sequencing effort revealed a duplicated portion of the mtDNA genome that not only 

contained a second control region, but also involved copies of the genes for tRNAGlu, ND6, 

tRNAPro, tRNAThr and a partial copy of cytochrome b (see Results for more details). 

To further investigate the evolution of the duplicated regions, we focused our effort on 

domains I and II of the control region. Taking advantage of sequence differences in the 5’ end of 

the duplicate control regions (which we termed CR1 and CR2), we used control region specific L-

strand primers (i.e., primers that will only bind to one copy or the other) to amplify approximately 

540 base pairs of CR1 and CR2 separately in 21 individuals of each species. Specifically, we used 

primers SlMCR-L160B and SlMCR-L160A paired with SdMCR-H750 to amplify CR1 and CR2, 

respectively, in brown and blue-footed boobies. In red-footed boobies we amplified CR1 with 

primers SsMCR-L143B and SdMCR-H750. We originally designed primer SsMCR-L143A as an 

L-strand primer to amplify CR2 in red-footed boobies (paired with SdMCR-H750), but due to a 

presumed mutation in the priming site in some individuals, we also designed another primer, 

SsMCR-L143A2, to amplify CR2 in some red-footed boobies. To verify that PCRs using 

SsMCR-L143A and SsMCR-L143A2 amplified homologous regions we compared the resultant 
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sequence to sequence generated from long template PCR amplifications using a suite of different 

primers (not shown). 

All PCR reactions were performed in 15 μL reactions under standard conditions (10 mM 

Tris pH 8.5, 50 mM KCl, 1.5 mM MgCl2, 1.6 μM bovine serum albumin, 2% gelatin, 0.2 mM 

each of the four dNTP's, 0.4 mM each of the heavy and light strand primers and 0.5 units of 

Thermus aquaticus [Taq] DNA polymerase [Quiagen, Mississauga]) with annealing temperatures 

between 60 - 63oC. Both strands of the PCR product were sequenced with the amplification 

primers at Genome Quebec, as above. 

Control region sequences were aligned using CLUSTALW (Thompson et al. 1994) as 

implemented in BIOEDIT (Version 7.0.5.3; Hall 1999). Some control region sequences (both CR1 

and CR2 sequences) had “ambiguous” sites where two nucleotides were present in the 

chromatogram (see Results). This ambiguity was also found in a large number (>100) of brown 

and red-footed booby CR2 sequences in a broader phylogeographic survey (Morris-Pocock et al. 

2010). To eliminate the possibility that ambiguous sites were caused by sequencing errors, 

Morris-Pocock et al. (2010) re-extracted and re-sequenced 20% of brown and red-footed booby 

individuals that had ambiguous sites: all sequences (including ambiguous sites) were identical. 

Additionally, a subset of individuals with sequence ambiguities in the current study were re-

extracted and re-sequenced at the Queen’s Ecology, Evolution and Behaviour Core Genotyping 

Facility, as above. 

2.3.3 Phylogenetic methods 

We used both Bayesian inference and Maximum Likelihood (ML) approaches (as implemented in 

MRBAYES [Version 3.1.2; Ronquist & Huelsenbeck 2003] and GARLI [Version 0.95; Zwickl 

2006], respectively) to estimate unrooted phylogenetic trees for CR1 and CR2 sequences from all 
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21 individuals from all three species. We used the default settings in GARLI and the nucleotide 

substitution model that best fit the data as determined by MRMODELTEST (Version 2.2; Posada & 

Crandall 1998), and evaluated reliability of the trees using 100 bootstrap replicates. In MRBAYES 

we used one cold chain and three incrementally heated chains to explore parameter space, and ran 

each analysis for 10,000,000 generations, sampling every 100 generations. To verify that the 

Metropolis-coupled Markov chain Monte Carlo (MCMCMC) process was converging we ran two 

simultaneous runs and ensured that the MCMCMC process was continued until the standard 

deviation of split frequencies between the chains was lower than 0.01. To further ensure 

convergence, we re-ran all GARLI and MRBAYES analyses three times. All results were consistent 

across runs and only one run is presented here. 

2.4 Results 

2.4.1 Confirmation of mitochondrial origin of sequences 

A number of lines of evidence suggest that all regions sequenced are of mitochondrial origin, 

rather than nuclear pseudogenes (Sorenson & Quinn 1998): (1) all putative tRNA sequences 

folded into the expected clover-leaf secondary structure (Desjardins & Morais 1990); (2) with the 

exception of a degenerate copy of the cytochrome b gene found in all species (see below), all 

protein coding genes appeared functional and contained no premature stop codons; (3) 

substitutions in protein coding genes between the three species were predominantly at the third 

codon position (Fig. A.1); (4) regions with high similarity to avian conserved blocks were found 

in the expected locations in domain II (F, D and C Boxes, Fig. A.2; Baker & Marshall 1997) and 

domain III (CSB-1; Baker & Marshall 1997) in both CR1 and CR2; (5) base pair composition of 

the L-strand was biased against Gs (26% C, 32 % T, 27% A, 15% G); (6) variable sites were 

distributed as expected (Baker & Marshall 1997), with 185 in domain I and 37 in domain II 
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(considering both CR1 and CR2); and (7) all regions were sequenced from long template PCR 

products, which seems to reduce the amplification of nuclear copies (Pereira & Baker 2004). 

2.4.2 Structure of the sulid mitochondrial genome 

We obtained 5433, 5599 and 5457 base pairs of sequence from brown, red-footed and blue-footed 

boobies respectively. Results confirmed that the mitochondrial genomes of all three species 

contain a large fragment that has been duplicated (Fig. 2.1). The observed gene order surrounding 

the duplicated area was identical to the albatross gene order (Abbott et al. 2005) except that only 

a partial cytochrome b copy was found in boobies, whereas a partial copy and a separate, but 

degenerate cytochrome b copy was found in albatrosses. Remarkably, within species the 

duplicated regions have 100% sequence similarity, with the following three exceptions: (1) in all 

three species, one cytochrome b gene appeared functional, while the second copy was identical in 

sequence, but did not have the complete coding region and was presumably non-functional; (2) 

approximately 50 base pairs at the 5’ end of the control regions differed significantly between 

CR1 and CR2; and (3) the 3’ end of domain III in CR2 contained short repetitive sequence 

(CAAA) that was not detected in CR1. The size of the partial cytochrome b gene varied only 

slightly among the three species. Specifically, the degenerate gene was 546, 548, or 545 base 

pairs long in brown, red-footed and blue-footed boobies, respectively (Fig. A.1). Both CR1 and 

CR2 consisted of a hypervariable domain I (containing a poly-cytosine repeat), a conserved 

domain II and a variable domain III containing complex repetitive sequence. The number of 

repeats in domain III in both brown and red-footed boobies appeared heteroplasmic within 

individuals and the repetitive sequences precluded complete sequencing of domain III in both 

CR1 and CR2 (Fig. 2.1, grey areas). Because we were unable to cleanly sequence through these 

repetitive regions, we were unable to determine whether the number of repeats in CR1 and CR2 
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differed within species. Based on the size of electrophoresed PCR products on ethidium bromide 

stained gels, the length of CR1 (including the repetitive region) was approximately 2700, 1700, 

and 1500 bp in brown, red-footed, and blue-footed boobies, respectively. The length of CR2 was 

approximately 2100 bp in brown boobies and 1600 bp in both red-footed and blue-footed 

boobies. 

2.4.3 Mitochondrial single site heteroplasmy 

Of the 126 control regions sequenced (2 copies in each of 63 individuals), 28 contained one or 

two “ambiguous sites”: sites in the chromatogram with two overlapping peaks of which the 

second base was at least 25% of the height of the called base. Ambiguous sites were found in 

both CR1 and CR2, and in all three species. Importantly, these ambiguous sites differed from 

ambiguous sites resulting from co-amplification of CR1 and CR2. Specifically, we could rule out 

the co-amplification of CR1 and CR2 because this would result in multiple ambiguous sites 

(>10), all located at the 5’ end of the sequence (see below). In addition, LT-PCR amplification 

and sequencing with multiple internal primers verified an ambiguous site in CR1 of red-footed 

booby individual rf_CocD7, and re-sequencing of a subset of individuals with ambiguities 

verified our original results. We can also reasonably eliminate the possibility that these 

ambiguities are the result of co-amplification of nuclear pseudogenes for the reasons outlined in 

the section above. We therefore inferred that they represent true mitochondrial heteroplasmy. 

2.4.4 Evolution of the sulid control region 

We found 116 unique haplotypes in the 126 control regions that we sequenced (sequences are 

deposited in Genbank, accession numbers GU290353 – GU290478). No haplotypes were shared 

either between species or between CR1 and CR2 within a species. Inspection of sequence 

alignments revealed a striking pattern of variation when considering CR1 and CR2 within 
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individuals. With the exception of approximately the first 50 base pairs of sequence, CR1 and 

CR2 sequences were identical or differed by only one or two mutations within all individuals. In 

contrast, the first approximately 50 base pairs at the 5’ end of domain I were extremely divergent 

within individuals. Preliminary analyses also revealed that phylogenetic signals from the first 50 

base pairs alone and the remaining base pairs alone were conflicting (see below for more details). 

A common test used to detect discordant phylogenetic signal within DNA sequence data is the 4-

gamete test (Hudson & Kaplan 1985); however, this test assumes an infinite sites model that is 

probably not appropriate for hyper-variable control region data. Therefore, we inspected the 

sequence alignment and visually split all control region sequences into a 5’ “variable” section (the 

first 39 - 49 bp) and a 3’ “conserved” section (the remaining 493 base pairs). We were confident 

in our assignment of the break-point between the 5’ and 3’ sections because CR1 and CR2 

sequences were either identical or differed by a maximum of two mutations downstream of the 

breakpoint. We performed all subsequent analyses independently on the 5’ and 3’ data sets. 

For the 3’ data set, the most likely model of nucleotide substitution as suggested both by 

hierarchical likelihood tests and by AIC values in MRMODELTEST was the Hasegawa-Kishino-

Yano model (Hasegawa et al. 1985) with a proportion of invariant sites and gamma distributed 

rate variation (HKY+I+G). Trees estimated using maximum likelihood and Bayesian 

phylogenetic inference were similar and all major clades were recovered by both methods. 

Bayesian inference resolved many more recent clades (albeit with low posterior probability) 

while ML collapsed many of these clades into polytomies. We have presented the maximum 

likelihood tree for the 3’ data set and indicated support for clades with both bootstrap values 

(from the ML analysis) and posterior probabilities (from the Bayesian analysis) on the maximum 

likelihood tree (Fig. 2.2; Fig. 2.3). CR1 and CR2 haplotypes from a given species grouped into a 
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Figure 2.2 Unrooted maximum likelihood phylogenetic tree for the 3’ end of CR1 and CR2 
sequences from 21 brown, red-footed and blue footed boobies each. Nodal support of major 
clades is shown first for 100 maximum likelihood bootstrap pseudo-replicates and then for 
Bayesian posterior probability. 
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Figure 2.3 Unrooted maximum likelihood phylogenetic trees for the 3’ end of CR1 and CR2 for (a) brown, (b) blue-footed, and (c) red-footed 
boobies (shown as cladograms to make support values easier to read).
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well supported monophyletic clade for each of the three species (Fig. 2.2). Investigating the 

topology of each major clade in more detail revealed that often CR1 and CR2 haplotypes from 

single individuals form clades exclusive of all other haplotypes (Fig. 2.3). In other words, 

paralogous control regions are often more closely related than orthologous control regions, often 

with very high bootstrap support and Bayesian posterior probability. Moreover, the average 

sequence divergence between paralogous control regions within individuals was 0.2%, while the 

average sequence divergence between orthologous control regions within a population (e.g., 

between CR1 sequences found in individuals from the same species at the same colony) was 

1.1%. 

For the 5’ data set, we were unable to reliably align all CR1 and CR2 haplotypes due to 

the high variability and short sequence length (Fig. A.2). However, a number of characteristics of 

the sequence data suggest that the phylogenetic signal from the 5’ data set differed fundamentally 

from the 3’ data set signal. First, sequences from CR1 alone and CR2 alone were easily aligned 

within species, but could not be aligned to each other (e.g., all brown booby CR1 sequences could 

be aligned to each other with no gaps, but could not be aligned to any brown booby CR2 

sequence). Second, brown booby CR1 sequences were easily aligned to blue-footed booby CR1 

sequences. Similarly, brown and blue-footed booby CR2 sequences were easily aligned. Overall, 

for the approximately 50 base pairs at the 5’ end of the control region, orthologous sequences 

appeared to be more closely related than paralogous sequences. 

 

2.5 Discussion 

The most interesting result from the present study is that duplicated regions of the mitochondrial 

genomes of three seabird species are evolving in concert. We found a large duplication in part of 
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the mtDNA genome that was present and structurally identical in all three species. Molecular 

phylogenetic analyses suggest that brown, red-footed and blue-footed boobies diverged 

approximately three million years ago (MYA; Friesen & Anderson 1997). Therefore, the 

duplication event likely occurred sometime before 3 MYA, although denser sampling of other 

closely related species is needed to pinpoint the exact timing of the duplication. Alternatively, 

gene duplication could have arisen multiple times within the booby lineage. Although the relative 

frequency of gene duplication within avian mtDNA has been debated in recent years (Mindell et 

al. 1998; Bensch & Härlid 2000; Gibb et al. 2007), the similarity of the duplicated regions in the 

three booby species seems to preclude repeated convergent duplications within the Sulidae. 

Perhaps the most convincing argument for a single origin of the duplicated region in the Sulidae 

is that the partial cytochrome b copy differs in length by only three base pairs in the three species, 

and we find it unlikely that this pattern could emerge by parallel duplication and degeneracy. 

Importantly, the duplicated mtDNA region documented in our study includes the mitochondrial 

control region in all three species. 

Further investigation of the evolution of duplicate control regions indicated that 

paralogous control regions were often more closely related than orthologous control regions. The 

pattern of concerted evolution documented in the current study is, perhaps, most similar to the 

pattern found in mangrove killifish (Tatarenkov & Avise 2007) and Thalassarche albatrosses 

(Abbott et al. 2005). Specifically, Tatarenkov and Avise (2007) found that duplicate control 

regions within a single individual were either identical (77 individuals) or differed by only a 

single substitution (11 individuals). While we documented similar concerted evolution in the 

majority of the control region, we detected a discordant phylogenetic signal at the 5’ end of the 

control region, which appeared to be evolving independently. Abbott et al. (2005) found similarly 
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conflicting phylogenetic patterns in 5’ and 3’ segments of duplicated control regions in 

Thalassarche albatrosses, however their study did not have the dense population-level sampling 

equivalent to Tatarenkov and Avise (2007), and thus they were unable to comment on the rate of 

concerted evolution (i.e., how often the 3’ segments of the two control regions were 

homogenized). To our knowledge, our study is the first to document both the discordant 

phylogenetic signal mentioned above, and the rapid pace of concerted evolution of the 3’ segment 

using a large sample of conspecific individuals. 

Our study also found evidence that regions adjacent to the control region are evolving in 

concert. Although we sequenced the entire mtDNA duplication in only one individual of each 

species (3 individuals total), this sequence suggests that tRNAThr, tRNAPro, ND6, tRNAGlu, and 

part of cytochrome b may also be evolving in concert. Specifically, the duplicated tRNAThr , 

tRNAPro, ND6, tRNAGlu, the portion of cytochrome b that was duplicated, and all duplicated 

intergenic nucleotides were identical within each species, while the sequences differed by up to 

12% between species (Fig. A.1). If these regions had been evolving independently we would 

expect, for example, that sequence from orthologous ND6 sequences would be more closely 

related across species than paralogous ND6 sequences within individuals. To further verify that 

concerted evolution is also occurring in these segments, the entire duplicated region (cytochrome 

b – 12S rRNA) should be amplified in a large number of individuals as was done for the control 

region in this study. Abbott et al. (2005) also suggest that ND6 may be evolving in concert in 

Thalassarche albatrosses, but similarly acknowledge that this conclusion is tentative pending 

further individual sampling. In both albatrosses and boobies, the emerging pattern is that a large 

segment of mtDNA stretching from tRNAThr to the control region is evolving in concert, while a 
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smaller region nested within this fragment either is evolving entirely independently, or in concert, 

albeit with a slower rate of homogenization. 

The exact molecular mechanism that facilitates concerted evolution of animal mtDNA is 

unknown, but has most often been attributed to frequent tandem gene duplication and elimination 

due to slipped-strand mispairing during DNA replication, gene conversion via crossing over of 

nicked strands, or parallel selection on duplicated regions (Kumazawa et al. 1998; Eberhard et al. 

2001). Parallel selection acting on duplicated regions can potentially explain concerted evolution 

of functional mtDNA regions (e.g., ND6, avian conserved boxes in domain II of the control 

region), but it cannot account for the observed concerted evolution of presumably non-functional 

parts of the control region. Eberhard et al. (2005) suggest that intra-molecular recombination may 

occur between parental and nascent strands of duplicated control regions during DNA replication 

when DNA is three-stranded, resulting in concerted evolution via gene conversion. Specifically, 

the nascent H-strand of one control region may recombine with the homologous parental strand of 

the other control region, leading to the homogenization of both sequences. This mechanism can 

adequately explain the concerted evolution of the control region, but does not obviously account 

for the concerted evolution of regions upstream of the control region (tRNAs, ND6). Our data are 

consistent with the gene conversion model outlined by Kumazawa et al. (1998); however, similar 

to Thalassarche albatrosses, multiple recombination points are needed to explain the non-

concerted evolution of the 5’ section of the control region (Abbott et al. 2005). Ultimately, the 

exact molecular mechanism underlying concerted evolution of mtDNA may be difficult to 

identify using a phylogenetic approach. 
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2.6 Conclusions 

The use of mtDNA in phylogeographic studies has recently been criticized for a number of 

reasons (e.g., Edwards et al. 2005). Despite these shortcomings, mitochondrial DNA still has a 

foothold in phylogeography and is potentially very informative if used appropriately (Zink & 

Barrowclough 2008). Proponents of mtDNA cite a number of advantages over other molecular 

markers including a fast evolutionary rate, a small effective population size (approximately ¼ that 

of nuclear DNA), rare heteroplasmy and an apparent lack of recombination (Brown et al. 1979; 

Zink & Barrowclough 2008). Recently, however, some of these fundamental tenets have been 

challenged. Perhaps most interestingly, mtDNA recombination has been documented in a range 

of taxa including sea cucumbers, snakes, ticks, birds, marine ostracods and fish (Arndt & Smith 

1998; Kumazawa et al. 1998; Ogoh & Ohmiya 2004; Abbott et al. 2005; Shao et al. 2005; 

Tatarenkov & Avise 2007). 

We demonstrated that concerted evolution of duplicated control regions occurs in at least 

three species within the Sulidae. Perhaps more interesting is that a very similar mtDNA 

duplication and concerted evolution pattern is found in Thalassarche albatrosses. The Sulidae and 

albatrosses are part of a large clade that also contains all procellariiform and most suliform 

seabirds (Hackett et al. 2008). Therefore, concerted evolution must either be extremely 

widespread and undocumented within this lineage or have arisen many times. 

The extent that concerted evolution can affect phylogeographic studies depends on the 

pace of gene conversion relative to the nucleotide substitution rate. If gene conversion occurs less 

often than mutation, specific care must be taken to amplify homologous control regions in a 

population genetic study. Fortunately, because paralogous control regions within individuals are 

often identical, the pace of gene conversion in boobies appears to be so rapid that amplification of 
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homologous regions should be less of a problem. However, because concerted evolution of 

duplicated control regions may be widespread, we recommend that caution should be exercised 

when using the control region as a molecular marker in population genetic or phylogenetic 

analyses. Moreover, because separate parts of a single control region may be evolving differently, 

we strongly urge researchers to test for conflicting phylogenetic signals in the control region 

before using mtDNA sequence variation for further analyses. We also suggest that future work 

should expand the taxonomic scope of the present study. Preliminary evidence indicated that 

concerted evolution also occurs in at least four other sulid species (northern gannet Morus 

bassanus, T. Birt, unpublished data; masked booby S. dactylatra and Nazca booby S. granti, T. 

Steeves, personal communication, and Peruvian booby S. variegata, S. Taylor, unpublished data), 

however the pattern should also be investigated in other genera in the seabird clade (e.g., 

pelicans, frigatebirds, penguins; Hackett et al. 2008) to further test whether concerted evolution 

of duplicate control regions evolved once, or multiple times in parallel, among seabirds. 
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Chapter 3: Comparative phylogeography of brown (Sula leucogaster) 

and red-footed boobies (S. sula): the influence of physical barriers and 

habitat preference on gene flow in pelagic seabirds 

3.1 Abstract 

To test the hypothesis that both physical and ecological barriers to gene flow drive population 

differentiation in tropical seabirds, we surveyed mitochondrial control region variation in 242 

brown boobies (Sula leucogaster), which prefer inshore habitat, and 271 red-footed boobies (S. 

sula), which prefer pelagic habitat. To determine the relative influence of isolation and gene flow 

on population structure, we used both traditional methods and a recently developed statistical 

method based on coalescent theory and Bayesian inference (Isolation with Migration). We found 

that global population genetic structure was high in both species, and that female-mediated gene 

flow among ocean basins apparently has been restricted by major physical barriers including the 

Isthmus of Panama, and the periodic emergence of the Sunda and Sahul Shelves in Southeast 

Asia. In contrast, the evolutionary history of populations within ocean basins differed markedly 

between the two species. In brown boobies, we found high levels of population genetic 

differentiation and limited gene flow among colonies, even at spatial scales as small as 500 km. 

Although red-footed booby colonies were also genetically differentiated within ocean basins, 

coalescent analyses indicated that populations have either diverged in the face of ongoing gene 

flow, or diverged without gene flow but recently made secondary contact. Regardless, gene flow 

among red-footed booby populations was higher than among brown booby populations. We 

suggest that these contrasting patterns of gene flow within ocean basins may be explained by the 

different habitat preferences of brown and red-footed boobies. 
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3.2 Introduction 

Genetic differentiation of populations precedes reproductive isolation of incipient species under 

many models of speciation (Gavrilets 2003; Coyne & Orr 2004). Therefore, understanding the 

mechanisms that influence population genetic differentiation can provide insight into the 

speciation process. The set of factors generating population genetic differences are often 

complex, yet many population genetic models make unrealistic simplifying assumptions that 

confound reliable discrimination among alternative population histories (e.g., Whitlock & 

McCauley 1999). New population genetic approaches based on simulation and coalescent theory 

can help untangle these factors by considering non-equilibrium situations (Nielsen & Beaumont 

2009). For example, the Isolation with Migration (IM) model can be used to distinguish a 

population history that has never involved gene flow (i.e., two populations have remained isolated 

since initial divergence) from a population history that included gene flow (Hey & Nielsen 2004, 

2007).  

 Seabirds are typically strong flyers and can disperse long distances, so high levels of gene 

flow might be expected among colonies. Despite this, a wide range of seabird species show 

significant population genetic structure (reviewed in Friesen et al. 2007). Much of the population 

differentiation in high latitude seabird species seems to have occurred as a result of allopatric 

divergence in multiple glacial refugia during the Pleistocene (e.g., Kidd & Friesen 1998; Moum 

& Arnason 2001). At lower latitudes, Pleistocene refugia probably had less effect on population 

differentiation, and fewer landmasses exist that could act as physical barriers to gene flow in 

seabirds. Paradoxically, many tropical seabird species exhibit high levels of population genetic 

structure (e.g., Steeves et al. 2005a, b; Smith et al. 2007). This differentiation must be driven by 
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the few recognizable, and perhaps other unknown, physical barriers that do exist in the tropics, 

and/or by non-physical barriers to gene flow.  

The Isthmus of Panama appears to be a major physical barrier to gene flow in tropical 

seabirds (Avise et al. 2000; Steeves et al. 2003, 2005a). The Isthmus is approximately 50km 

across at its narrowest point, and the fact that it is a major physical barrier to dispersal in seabirds 

probably reflects many seabirds’ reluctance to fly over land. Large tracts of island-less water may 

also act as “cryptic” marine barriers that effectively restrict gene flow in some pelagic seabirds 

(e.g., the Eastern Pacific Basin, Fig. 3.1; Steeves et al. 2003). Some tropical seabird populations 

have differentiated within ocean basins, even when no obvious physical barriers to gene flow 

exist (Steeves et al. 2005b; Smith et al. 2007). Therefore, behavioural and/or ecological 

characteristics could also be acting as non-physical barriers to gene flow. 

Habitat preferences, reflected by non-breeding distribution, may be one such ecological 

characteristic. A recent meta-analysis suggested that seabird species with population-specific 

non-breeding distributions are more likely to show genetic structure than species in which all 

populations associate together during the non-breeding season (Friesen et al. 2007). Species that 

prefer pelagic habitat may also encounter and ultimately disperse to non-natal colonies more 

often than species that prefer inshore/coastal shelf habitat close to breeding colonies (Burg & 

Croxall 2001, 2004). Unfortunately, the non-breeding distributions of most seabird species are 

poorly documented (but see Phillips et al. 2007); however, habitat preferences and foraging 

ranges of many breeding seabirds are becoming well known (e.g., Weimerskirch et al. 2005, 

2008) and appear to be similar to non-breeding habitat preferences in some species. For example, 

some albatross species appear to prefer similar habitat during breeding, as sub-adults, and 

between breeding seasons (Nicholls et al. 2002). If foraging habitat preferences during the  
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Figure 3.1 Approximate locations of brown and red-footed booby sample sites and major 
oceanographic and biogeographic features referred to in the text. See Table 3.1 for colony 
abbreviations. 
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breeding season are similar to habitat preferences in life-stages when individuals are more likely 

to disperse (as sub-adults or between breeding attempts), then foraging range may also predict 

gene flow (Steeves et al. 2003; Friesen et al. 2007).  

The Sulidae (Aves: Suliformes) is a family of seabirds consisting of 10 species of gannets 

and boobies. Masked (Sula dactylatra), brown (S. leucogaster), and red-footed boobies (S. sula) 

share a pantropical distribution and often breed on the same islands. They also share many 

ecological characteristics, but differ markedly in marine habitat preference (Nelson 1978). Red-

footed boobies are generally considered the most pelagic booby, brown boobies one of the least, 

and masked boobies intermediate (Nelson 1978). Red-footed and masked boobies typically forage 

far offshore during the breeding season, travelling up to 240 km on a given trip, while brown 

boobies tend to forage very close to shore (Nelson 1978; Weimerskirch et al. 2005, 2008). 

Although the non-breeding distributions of these species are not well characterized, red-footed 

boobies are typically encountered much farther from shore than brown boobies, often in areas 

very far from any breeding colony (Dunlop et al. 2001; Nelson 2005). Given the similarities of 

their global distributions and ecologies, these closely related species provide an excellent 

opportunity to study how habitat preferences (inshore vs. pelagic) affect gene flow and population 

genetic differentiation.  

Previously, Steeves et al. (2005a,b) used a global survey of masked boobies to determine 

that populations differ genetically, due to both physical and non-physical barriers to gene flow. 

Steeves et al. (2003) focused on a limited sample of brown and red-footed boobies, and 

concluded that brown booby populations experience less gene flow than red-footed booby 

populations within the Pacific Ocean, where no terrestrial barriers to gene flow exist, and that the 

Isthmus of Panama is an effective barrier to gene flow in both species.  
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Here we used mitochondrial control region sequence variation to investigate population 

genetic structure and female-mediated gene flow throughout the global range of both brown and 

red-footed boobies. We first quantified population genetic structure using traditional approaches, 

and then estimated gene flow rates and divergence times among populations using recently 

developed coalescent models. Specifically, we inferred the role of both obvious and cryptic 

physical barriers in shaping global genetic diversity, and further investigated gene flow and 

population differentiation within ocean basins. We considered this evolutionary history together 

with the different habitat preferences of brown and red-footed boobies to test the hypothesis that 

an inshore or coastal habitat preference restricts gene flow in tropical seabirds. 

3.3 Materials and Methods 

3.3.1 Sample collection 

We collected tissue samples from 242 brown and 271 red-footed boobies from colonies in the 

Pacific, Indian, and Atlantic Oceans, and in the Caribbean Sea (Fig. 3.1; Table 3.1). All samples 

were collected from breeding adults or chicks on nests and most were blood samples, with the 

following exceptions: (i) six samples from Isla San Benedicto and all samples from Johnston 

Atoll, North-Keeling Island, and Piedra Blanca were growing feathers collected from chicks; (ii) 

two samples from Isla San Benedicto were undeveloped eggs; and (iii) samples from San Pedro 

Mártir were heart, liver, or breast muscle tissue. All samples are archived at Queen’s University 

with the exception of samples from Isla Gorgona, which are archived at the Instituto de 

Investigación de Recursos Biológicos - Alexander von Humboldt in Colombia. We extracted 

DNA using either the DNeasy Tissue Kit (Qiagen, Mississauga, ON) or a standard proteinase-K 

phenol/chloroform technique (Friesen et al. 1997). A subset of the samples included in the  
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Table 3.1 Sampling site locations, the number of individuals sampled, indices of population genetic variation, and results of neutrality tests. 

Subspecies designations and the predominant plumage morph found at each colony is taken from Nelson (1978). * indicates significance after 

Benjamini-Yekutieli corrections. h and π were not calculated for Ascension red-footed boobies due to small sample size. 

Colony Geographic Location Abbreviation N Subspecies Plumage Latitude Longitude h π Fu's F Chakraborty'sb 

Brown booby 

Isla Monito Caribbean Mon 28 leucogaster brown headed ♂  18°05' N  67°53' W  0.93 + 0.03 0.011 + 0.006 -4.48* 16/10.16 

Cape Verde Atlantic Cvd 25 leucogaster brown headed ♂  15°05' N  24°48' W  0.86 + 0.04 0.005 + 0.003 -0.23 7/6.30 

Ascension Atlantic Asn 23 leucogaster brown headed ♂  07°56' S  14°22' W  0.85 + 0.04 0.010 + 0.005 0.14 9/8.73 

Christmas Island Indian Chr 29 plotus brown headed ♂  10°29' S  105°38' E  0.99 + 0.01 0.020 + 0.011 -11.15* 25/14.42 

Palmyra Atoll Central Pacific Pal 28 plotus brown headed ♂  05°33' N  162°50' W  0.66 + 0.09 0.017 + 0.009 5.64 7/12.68 

Johnston Atoll Central Pacific Jon 30 plotus brown headed ♂  16°45' N  169°31' W  0.81 + 0.04 0.009 + 0.005 0.76 9/9.62 

Isla Gorgona Eastern Pacific Gor 30 etesiaca white headed ♂  02°58' N  78°10' W  0.70 + 0.09 0.007 + 0.004 -0.26 9/8.23 

Isla San Benedicto Eastern Pacific Sbe 8 brewsteri white headed ♂  19°19' N  110°49' W  0.93 + 0.08 0.011 + 0.007 -0.40 6/5.16 

Piedra Blanca Eastern Pacific Pbl 6 brewsteri white headed ♂  21°25' N  106°28' W  1.00 + 0.10 0.010 + 0.007 -2.16* N.A. 

Farallón de San Ignacio Gulf of California Fsi 28 brewsteri white headed ♂  25°26' N  109°22' W  0.92 + 0.05 0.007 + 0.004 -11.4* 18/7.94* 

San Pedro Mártir Gulf of California Spm 7 brewsteri white headed ♂  28°24' N  112°16' W  0.95 + 0.10 0.009 + 0.006 -1.40 6/4.51 

Red-footed booby 

Isla Monito Caribbean Mon 31 sula White and white-tailed brown 10°18' N  109°13' W  0.96 + 0.02 0.01 + 0.007 -5.10* 18/11.30 

Fernando de Norhona Atlantic Fer 16 sula White and white-tailed brown 03°52'N 32°24'W 0.71 + 0.09 0.011 + 0.006 3.13 5/7.53 

Ascension Atlantic Asn 1 sula White and white-tailed brown 07°56' S  14°22' W  N.A. N.A. N.A. N.A. 

Aldabra Atoll Western Indian Ald 30 rubripes White 09°24'S 46°22'E 0.99 + 0.01 0.010 + 0.006 -18.61* 24/9.77 

North-Keeling Island Eastern Indian Nki 35 rubripes White 12°07' S 96°54'E 0.98 + 0.02 0.013 + 0.007 -15.94* 26/11.84 

Herald Cays Western Pacific Her 30 rubripes White and white-tailed brown 16°56' S  149°13'E 0.91 + 0.03 0.014 + 0.008 -0.66 13/11.56 

Palmyra Atoll Central Pacific Pal 32 rubripes White 05°33' N  162°50' W  0.95 + 0.03 0.007 + 0.004 -15.79* 21/8.14 

Johnston Atoll Central Pacific Jon 30 rubripes White 16°45' N  169°31' W  0.90 + 0.04 0.011 + 0.006 -3.43 15/10.10 

Tern Island Central Pacific Trn 35 rubripes White 23°52'N 166°17'W 0.91 + 0.03 0.009 + 0.005 -2.53 14/10.01 

Genovesa Eastern Pacific Gen 31 websteri Brown 00°20' N 89°57' W 0.90 + 0.04 0.013 + 0.007 -2.33 15/11.23 
b First number indicates the number of observed haplotypes, second number represents the number of haplotypes expected under neutral evolution 
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present study were also used in a previous genetic analysis of ours (Steeves et al. 2003; details are 

given in Table 3.1). 

3.3.2 Laboratory methods 

A tandem duplication that included the control region complicated initial attempts to amplify and 

sequence the mitochondrial control region in brown and red-footed boobies; essentially, two 

control regions, here named CR1 and CR2, exist in every mtDNA genome examined in these 

species (Morris-Pocock et al. 2010). Both CR1 and CR2 appear to be functional and, with the 

exception of the first 51 base pairs (bp), are evolving in concert (Morris-Pocock et al. 2010). 

Although concerted evolution of mitochondrial genetic regions may appear unconventional, it has 

been documented in at least four avian orders (Psittaciformes, Eberhard et al. 2001; 

Procellariiformes, Abbott et al. 2005; Passeriformes, Singh et al. 2008; Suliformes, Morris-

Pocock et al. 2010). Because CR1 and CR2 sequences in boobies evolve in concert and gene 

conversion between control regions is rapid, CR1 and CR2 should yield consistent, but redundant, 

information about population genetic patterns (Tatarenkov & Avise 2007). We surveyed sequence 

variation only at CR2 (hereafter referred to as “the control region”) in our study because it was 

surrounded by the “typical” control region flanking sequence (ND6 and tRNAGlu at the 5’ end, 

and tRNAPhe and 12SrRNA at the 3’ end; Morris-Pocock et al. 2010). 

 We used primers SlMCR-L160A (see Table B.1 for all primer sequences) and SdMCR-

H750 (Steeves et al. 2005a) to amplify the control region in brown boobies, and SsMCR-L143A 

and SdMCR-H750 to amplify the control region in red-footed boobies. Due to mutations in the 

priming sites of SlMCR-L160A and SsMCR-L143A, we used alternate primers SlMCR-L162A 

and SsMCR-L143A2 in some brown and red-footed booby individuals, respectively. All PCR 

reactions were performed in 15 μL reactions under standard conditions (10 mM Tris pH 8.5, 50 
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mM KCL, 1.5 mM MgCl2, 1.6 μM bovine serum albumin, 2% gelatin, 0.2 mM each of the four 

dNTPs, 0.4 mM each of the heavy and light strand primers and 0.5 units of Thermus aquaticus 

[Taq] DNA polymerase [Quiagen, Mississauga]) with annealing temperature between 60 – 63oC. 

All PCR products were sequenced using both light- and heavy-strand primers on a 3730XL DNA 

Analyzer (Applied Biosystems, Foster City, CA) at the Genome Quebec Innovation Centre 

(McGill University, Montreal, Quebec).  

Some control region sequences (n = 49 and n = 41 in brown and red-footed boobies, 

respectively) had “ambiguous” sites where two bases were present in the chromatogram at the 

same site. These ambiguities were present in both sequencing directions. We re-extracted DNA 

and re-sequenced the control region (using both light- and heavy- strand primers) from 20% of 

individuals that had ambiguities to eliminate the possibility that ambiguous sites were caused by 

sequencing errors: all sequences were identical (see Results for more details). A number of 

species exhibit single site heteroplasmy in mtDNA, including masked boobies (Steeves et al. 

2005a), Adélie penguins (Pygoscelis adeliae; Millar et al. 2008), and razorbills (Alca torda; 

Moum & Bakke 2001). Therefore, we attribute brown and red-footed booby ambiguous sites to 

true mitochondrial heteroplasmy, rather than to co-amplification of nuclear homologs (Sorenson 

& Quinn 1998). Following Steeves et al. (2005a), we converted sequences with heteroplasmic 

sites into haplotypes using the following rules: (i) if the ambiguous sequence was otherwise 

identical to another haplotype in the population, we assigned the ambiguous base to the 

nucleotide present in the unambiguous haplotype; (ii) if the ambiguous sequence was identical to 

two haplotypes in the population, we converted the ambiguous base to the nucleotide present in 

the most common haplotype; and (iii) if conversion of the ambiguous site to either nucleotide 

resulted in haplotypes that were not present in the population, we assigned the ambiguous 
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nucleotide randomly. Excluding all individuals with ambiguous sites from our analyses did not 

alter our main conclusions (data not shown). 

3.3.3 Genetic variation within populations 

We aligned brown and red-footed booby control region sequences separately using CLUSTALW 

(Thompson et al. 1994), as implemented in BIOEDIT (Version 7.0.5.3; Hall 1999), and performed 

all subsequent analyses independently for each species. We calculated standard population 

genetic diversity indices (haplotypic diversity [h; Nei 1987] and nucleotide diversity [π; Tajima 

1983]) for each colony and also for each species overall using ARLEQUIN (Version 3.1; Excoffier 

et al. 2005). To test if control region variation deviated from neutral expectations we performed 

Ewens-Watterson (Ewens 1972; Watterson 1978), Chakraborty’s Amalgamation (Chakraborty 

1990), and Fu’s F (Fu 1997) tests. 

3.3.4 Population genetic structure within species 

We used analyses of molecular variance (AMOVAS; Excoffier et al. 1992) to estimate population 

genetic structure (ΦST) in each species. We determined genetic differentiation between all pairs of 

colonies by calculating pairwise ΦST and net sequence divergence (δ; Wilson et al. 1985) between 

colonies. We conducted all analyses using Kimura’s two-parameter model of substitution 

(Kimura 1980) with a shape parameter (α) of the gamma distribution as determined in 

MRMODELTEST (Version 2.2; Nylander 2004), and tested all results for significance using 10,000 

random permutations of the data and a significance level of α = 0.05. We applied the Benjamini-

Yekutieli method to correct for multiple tests (Narum 2006). Due to small sample sizes (Table 

3.1), we excluded the red-footed booby individual from Ascension and brown booby individuals 

from Isla San Benedicto, Piedra Blanca, and San Pedro Martir from pairwise tests. 
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3.3.5 Estimating evolutionary relationships among haplotypes 

Because many haplotypes within species were highly divergent (see below), preliminary attempts 

to estimate genealogical relationships among haplotypes using TCS (Version 1.21; Clement et al. 

2000) resulted in numerous networks that could not be connected together with confidence (data 

not shown). Therefore, to determine the evolutionary relationships among control region 

haplotypes for each species we estimated Bayesian phylogenetic trees in MRBAYES (Version 

3.1.2; Ronquist & Huelsenbeck 2003). Trees were not rooted, as it was not possible to align 

ingroup and potential outgroup control region sequences with confidence. We used the nucleotide 

substitution model that best fit the data as determined by MRMODELTEST, used one cold chain and 

three incrementally heated chains to explore parameter space, and ran each analysis for at least 

five million generations, sampling every 100 generations. Parameters of the nucleotide 

substitution model were allowed to vary during runs. To ensure that the MCMC process was 

converging, we monitored the average standard deviation of split frequencies between two 

simultaneous runs and investigated the trend lines for all parameters. To further ensure 

convergence, we ran each analysis three times. Results were consistent among these runs and 

only one for each species is presented here. 

3.3.6 Estimating gene flow and divergence times 

We used both traditional population genetic methods and a more recently developed method 

based on coalescent theory to estimate gene flow and time since divergence. Many of these 

methods make simplifying assumptions to estimate population genetic parameters and are not 

appropriate in all situations (e.g., Whitlock & McCauley 1999). Therefore, our approach was to 

identify major clades on the phylogeny and estimate population genetic parameters of interest 

within each clade using an appropriate model. Specifically, we used two major types of analyses: 
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(1) Isolation with Migration: The Isolation with Migration model considers a situation in 

which two populations have descended from a common ancestor at some time, T, in the 

past, and have since diverged either with or without gene flow. The main assumptions of 

the model are that (i) the two populations are each other’s closest relative; (ii) no other 

populations exchange genes with the two populations; and (iii) neither population has 

genetic structure (Hey & Nielsen 2004). Therefore, when two populations were clearly 

each other’s closest relatives (when all individuals from the two populations formed one 

monophyletic clade), we used the program IM (Hey & Nielsen 2004) to estimate 

divergence time (t = Tμ ; where T is the time since divergence in years and μ is the 

mutation rate per year per gene) and gene flow (mi = Mi/μ; where Mi is the effective 

female immigration rate into population i) between them. IM also simultaneously 

estimates θ1, θ2, and θA (θi = 2Nfiμ; where Nfi is the effective female population size of 

population i, and θA represents the ancestral population before population splitting), 

although we were not specifically interested in these parameters. We ran each IM analysis 

for at least 500 million generations (first 100,000 generations as burn-in) and until 

effective sample sizes were at least 1500. Priors for θ1, θ2, θA, m1, m2, and t were set 

broadly on a preliminary run and then adjusted for final runs so that the posterior 

probability curves peaked and then descended. For some runs, the posterior probability 

curve of t approached zero very slowly after peaking. We were unable to determine the 

upper bound of the 90% highest posterior density interval in these cases, and refer to it as 

undefined. All analyses were repeated three times to ensure convergence, and only one 

result is presented here for each analysis.  
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We also used IM to estimate divergence times and gene flow when a group of 

populations formed a system clearly closed to outside immigration, but when the 

evolutionary relationships among the populations were unclear (i.e., when a 

monophyletic clade contained more than two populations and the relationships among 

them were uncertain, as in the red-footed booby “Pacific” clade, below). In this situation, 

we ran separate IM analyses for all pairs of populations. Although assumptions (i) and/or 

(ii) of the IM model above may be violated in this case, other models (e.g., LAMARC; 

Kuhner 2006) make equally tenuous assumptions such as migration-drift equilibrium. 

Under a stepping-stone model of dispersal, an association between genetic and 

geographic distances is expected to develop if populations are in migration-drift 

equilibrium (Hutchison & Templeton 1999). Therefore, we performed a Mantel’s test 

(Smouse et al. 1986) to infer whether Pacific Ocean red-footed booby colonies were 

likely to be in migration-drift equilibrium by testing for a correlation between geographic 

and genetic distances among Pacific Ocean colonies. Specifically, we used Slatkin’s 

linearized ΦST to index genetic distance, and log-transformed great circle distance to 

measure geographic distance.  

(2) δ-values: When two populations are reciprocally monophyletic at a single locus, IM can 

have difficulty estimating gene flow and the divergence time between the populations. 

Therefore, we used a standard population genetic approach to estimate divergence times 

among reciprocally monophyletic populations. Specifically, we estimated minimum and 

maximum divergence times as t = δ/r, where r is divergence rate. The divergence rate for 

Domains I and II of the avian control region has been estimated as 15% per million years 

(Wenink et al. 1996) and we applied this rate previously to masked boobies (Steeves et 
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al. 2005a). However, because divergence rates can vary among taxa (Ho et al. 2005) we 

assumed a range of divergence rates for the control region (minimum 5% per million 

years, and maximum 20% per million years; Wenink et al. 1994). To date divergence 

time between clades that each contained multiple colonies, we used the average of all 

pairwise δ-values between populations in the two clades. 

3.4 Results 

3.4.1 Genetic variation in brown and red-footed boobies 

We obtained 543 and 529 bp of sequence data from brown and red-footed boobies, respectively 

(sequences are deposited in Genbank, accession numbers GU059603– GU059861). The first 51 

bp of our sequence appear to be evolving differently than the majority of the sequence (Morris-

Pocock et al. 2010), so we omitted these bases from all analyses. Several lines of evidence 

suggest that DNA sequence data represented true mitochondrial variation, rather than a nuclear 

homologue (Sorenson & Quinn 1998). (1) Preliminary amplification and sequencing of the 

control region included flanking t-RNA and protein coding genes. All t-RNA regions folded into 

the expected cloverleaf secondary structure (Desjardins & Morais 1990) and protein coding genes 

lacked premature stop codons (not shown). (2) Regions with high similarity to the avian 

conserved blocks were found in the expected locations in Domain II of the control region (F, D, 

and C Boxes; Baker & Marshall 1997; Fig. B.1). (3) Base pair composition of the L-strand was 

biased against Gs (31% C, 28 % T, 26% A, 15% G in brown boobies; similar figures for red-

footed boobies) (Baker & Marshall 1997). (4) Variable sites were distributed as expected (Baker 

& Marshall 1997; Fig. B.1), with 107 and 12 in Domains I and II, respectively, in brown boobies 

and 93 and 15 in Domains I and II, respectively, in red-footed boobies (Fig. B.1). Finally, (5) 
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sequence derived from DNA extractions from undeveloped eggs (which should be virtually free 

of nuclear DNA) did not differ from sequence derived from blood sample extractions. 

 In brown boobies, 118 haplotypes were defined by 119 variable sites including 113 

transitions, 16 transversions, and five insertions or deletions (indels). Five sites involved both 

transitions and transversions and three sites involved a transition and an indel. Haplotypes 

differed by a mean of 38.9 + 16.9 substitutions, or 7.9 + 3.8%. Haplotype diversity ranged from 

0.66 + 0.09 at Palmyra Atoll to 1.00 + 0.10 at Piedra Blanca (Table 3.1). Nucleotide diversity was 

lowest at Cape Verde (0.005 + 0.003) and highest at Christmas Island (Indian Ocean; 0.02 + 0.01; 

Table 3.1). In red-footed boobies, 141 haplotypes were defined by 108 variable sites including 98 

transitions, 9 transversions, and six indels. Three sites involved both transitions and transversions 

and two sites involved a transition and an indel. Haplotypes differed by a mean of 23.3 + 10.3 

substitutions, or 4.9 + 2.4%. Haplotype diversity ranged from 0.71 + 0.09, at Fernando de 

Norhona, to 0.99 + 0.01, at Aldabra Atoll (Table 3.1). Nucleotide diversity was lowest at Palmyra 

Atoll (0.007 + 0.004) and highest at Herald Cays (0.014 + 0.008) (Table 3.1). No obvious 

geographic trends in either haplotype or nucleotide diversity were evident for both brown and 

red-footed boobies. 

3.4.2 Tests of assumptions 

We found little evidence that control region variation deviated from neutral expectations. 

Specifically, Ewens-Watterson tests were not significant at any brown or red-footed booby 

colony, Chakraborty’s amalgamation tests were only significant at one brown booby colony 

(Farallón de San Ignacio), and Fu’s F test was significant at four brown booby colonies and four 

red-footed booby colonies (Table 3.1). Significant Chakraborty’s amalgamation and Fu’s F tests 

can reflect either recent population growth or selection (Chakraborty 1990; Fu 1997); however, 
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tests of population growth (FLUCTUATE; Kuhner et al. 1998; data not shown) were also 

significant for all colonies with significant neutrality tests (except for Piedra Blanca where 

sample size was too small to accurately test for population growth). 

3.4.3 Brown boobies: population genetic structure 

With the exception of one haplotype found at both Isla Gorgona and Isla San Benedicto, no 

colonies shared any haplotypes (Table B.2). Many colonies had a single haplotype at high 

frequency (e.g., br Pal 01, 50% of Palmyra Atoll individuals) with many other haplotypes at low 

frequency. This pattern described variation at every colony except Christmas Island, where 

almost every individual had a unique haplotype (Table B.2). Global population genetic structure 

in brown boobies was high (ΦST = 0.86, p<10-5). Pairwise δ and ΦST estimates were also high 

(range: 0.007 to 0.095 and 0.50 to 0.93, respectively) and all were significantly greater than zero, 

both before and after Benjamini-Yekutieli corrections (Table 3.2). 

3.4.4 Brown boobies: evolutionary relationships among haplotypes 

The most likely model of nucleotide substitution for brown booby control region variation was 

the General Time Reversible model, with a proportion of invariant sites and gamma distributed 

rate variation (GTR + I + G). Therefore, we selected this model in MRBAYES for the brown booby 

phylogenetic analysis. Although the relationships among closely related haplotypes within 

colonies were not well resolved on the phylogeny, the relationships among colonies were 

generally well resolved (Fig. 3.2). Specifically, almost all haplotypes from the Pacific and Indian 

Oceans were separated both from each other and from all Atlantic Ocean haplotypes with strong 

support (1.00 posterior probability in each case). The only exception was one haplotype from 

Palmyra Atoll (br Pal 07) that grouped with the Indian Ocean haplotypes. Within the Pacific 

clade, three major groups could be identified: (i) all haplotypes from Johnston Atoll formed a  
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Table 3.2 Estimates of ΦST (above the diagonal) and δ (below the diagonal) based on 

mitochondrial control region variation between colonies of brown boobies. Results significant 

after Benjamini-Yekutieli corrections are indicated with *. Population abbreviations are given in 

Table 3.1. 

  Mon Cvd Asn Chr Pal Jon Gor Fsi 

Mon 0.88* 0.85* 0.76* 0.85* 0.83* 0.88* 0.87* 

Cvd 0.061* 0.50* 0.84* 0.89* 0.92* 0.93* 0.93* 

Asn 0.058* 0.007* 0.80* 0.87* 0.89* 0.91* 0.91* 

Chr 0.053* 0.072* 0.066* 0.82* 0.82* 0.85* 0.84* 

Pal 0.078* 0.095* 0.088* 0.090* 0.82* 0.81* 0.84* 

Jon 0.048* 0.079* 0.073* 0.070* 0.058* 0.83* 0.84* 

Gor 0.062* 0.085* 0.077* 0.079* 0.051* 0.040* 0.73* 

Fsi 0.057* 0.085* 0.078* 0.079* 0.063* 0.041* 0.019*   
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Figure 3.2 Phylogenetic relationships among brown booby control region haplotypes. 
Refer to Table 3.1 for colony abbreviations. Support values for the major nodes are 
Bayesian posterior probabilities, and the trees are unrooted.  
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well-supported clade that also included one haplotype from Palmyra Atoll; (ii) the remaining 

haplotypes from Palmyra Atoll grouped together in a strongly supported clade; and (iii) all 

haplotypes from the eastern Pacific grouped together in a strongly supported clade. Within the 

eastern Pacific, haplotypes found in the Gulf of California (Farallón de San Ignacio, San Pedro 

Mártir) grouped into a strongly supported clade to the exclusion of all other eastern Pacific 

haplotypes. In the Atlantic Ocean, all individuals from the central Atlantic colonies (Cape Verde 

and Ascension) formed a monophyletic clade separate from all Caribbean (Isla Monito) 

haplotypes. 

3.4.5 Brown boobies: gene flow and divergence time estimates 

From δ-values (Table 3.2), the estimated divergence times between the Pacific and Indian Ocean 

clades, the Pacific and Atlantic Ocean clades, and the Indian and Atlantic Ocean clades were 

400,000 to 1,590,000, 380,000 to 1,500,000, and 320,000 to 1,270,000 years bp, respectively. The 

range of these estimates refers to the range of divergence rates assumed (5 – 20% per million 

years). 

Within the central Atlantic, we found significant population genetic differentiation 

between Cape Verde and Ascension (Table 3.2), but haplotypes from the colonies were not 

reciprocally monophyletic on the gene tree (Fig. 3.2). We used IM to test the hypothesis that Cape 

Verde and Ascension have not experienced gene flow since divergence (i.e., the distribution of 

haplotypes on the gene tree is the result of incomplete lineage sorting). The posterior distribution 

of the divergence time parameter, t, peaked at 4.05 (although older divergence times could not be 

ruled out due to the flat right hand tail of the posterior distribution; 90% highest posterior density 

[HPD]: 2.11 – undefined; Fig. 3.3a) and gene flow appeared asymmetrical. Specifically, the 

posterior distribution of m1 (gene flow into Cape Verde) peaked at 0.179 (90% HPD: 0.001-
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0.855), whereas m2 (gene flow into Ascension) peaked near zero (Fig. 3.3b). Although m1 appears 

to be non-zero (c.f., m2; Fig. 3.3b), the confidence interval included the lowest bin of the 

probability distribution, so we could not rule out zero gene flow. 

In the eastern Pacific, the average pairwise δ-values between colonies inside and outside 

the Gulf of California (Table 3.2) suggested a divergence time between 130,000 and 380,000 

years bp. We used IM to estimate the divergence time and gene flow between Farallón de San 

Ignacio and San Pedro Mártir within the Gulf of California. The posterior distribution of t peaked 

at 1.13 [90% HPD: 0.56 - 2.30; Fig. 3.3c] and although both m1 and m2 peaked near zero, we 

could not exclude higher gene flow rates, as the confidence intervals were wide (Fig. 3.3d). 

Among colonies outside the Gulf of California in the eastern Pacific, estimation of gene flow and 

divergence times was difficult due to small sample sizes at Isla San Benedicto and Piedra Blanca. 

3.4.6 Red-footed boobies: population genetic structure 

In contrast to brown boobies, many colonies shared haplotypes. Specifically, western (Herald 

Cays) and central Pacific colonies (Palmyra Atoll) shared two haplotypes; central Pacific colonies 

(Tern Island and Johnston Atoll) shared five haplotypes at high frequency; Indian Ocean colonies 

(Aldabra Atoll and North Keeling Island) shared three haplotypes; and Atlantic Ocean colonies 

(Ascension and Fernando de Norhona) shared one haplotype (Table B.3). No colonies from 

different ocean basins shared haplotypes and 92% were private to colonies (Table B.3). Global 

population genetic structure was high in red-footed boobies (ΦST = 0.80, p<10-4) and comparable 

to that of brown boobies. All pairwise δ and ΦST values were significant after Benjamini-

Yekutieli corrections (Table 3.3), except for comparisons between Johnston Atoll and Tern 

Island, which were not significant either before or after correction.  
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Figure 3.3 Posterior probability distributions from IM for brown booby (a) divergence 
time t between Cape Verde and Ascension, (b) gene flow rates between Cape Verde and 
Ascension, (c) divergence time t between Farallón de San Ignacio and San Pedro Mártir, 
and (d) gene flow rates between Farallón de San Ignacio and San Pedro Mártir. 
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Table 3.3 Estimates of ΦST (above the diagonal) and δ (below the diagonal) based on 

mitochondrial control region variation between colonies of red-footed boobies. Results significant 

after Benjamini-Yekutieli corrections are indicated with *. Population abbreviations are given in 

Table 3.1. 

  Mon Fer Ald Nki Her Pal Jon Trn Gen 

Mon 0.60* 0.69* 0.66* 0.88* 0.92* 0.90* 0.90* 0.89* 
Fer 0.019* 0.63* 0.57* 0.86* 0.91* 0.88* 0.89* 0.87* 
Ald 0.026* 0.018* 0.04* 0.84* 0.89* 0.87* 0.87* 0.85* 
Nki 0.025* 0.016* 0.001* 0.81* 0.87* 0.84* 0.85* 0.83* 
Her 0.099* 0.079* 0.061* 0.058* 0.24* 0.23* 0.23* 0.18* 
Pal 0.106* 0.083* 0.068* 0.065* 0.003* 0.31* 0.33* 0.36* 
Jon 0.105* 0.082* 0.067* 0.064* 0.004* 0.004* 0.009 0.15* 
Trn 0.104* 0.081* 0.066* 0.063* 0.003* 0.004* 0.000 0.17* 
Gen 0.101* 0.082* 0.066* 0.063* 0.003* 0.006* 0.002* 0.002*   
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3.4.7 Red-footed boobies: evolutionary relationships among haplotypes 

The most likely model of nucleotide substitution for red-footed booby control region variation 

was the General Time Reversible, model with a proportion of invariant sites and gamma 

distributed rate variation (GTR + I + G). Therefore, we selected this model in MRBAYES for the 

red-footed booby phylogenetic analysis. Similar to the brown booby gene tree, the red-footed 

booby phylogeny was poorly resolved at the tips (Fig. 3.4). In contrast to brown boobies, most 

evolutionary relationships among haplotypes from different colonies were poorly resolved. 

Haplotypes from the Pacific Ocean were separated from both Indian and Atlantic Ocean 

haplotypes with high support (1.00 posterior probability). Within the Pacific Ocean clade, 

however, haplotypes showed little geographic clustering, with the exception that some haplotypes 

from Genovesa and also from Herald Cays grouped together in moderately to strongly supported 

clades (Fig. 3.4). Within the Indian and Atlantic Oceans, five haplotypes found only at North 

Keeling Island were divergent from all other haplotypes (although posterior probability was low). 

All haplotypes from the Atlantic Ocean formed a monophyletic clade with posterior probability 

of 0.79. Within this clade, two strongly supported clades were present: one containing all 

haplotypes from Isla Monito plus two from Fernando de Norhona, and the second containing all 

other haplotypes from Fernando de Norhona plus the single haplotype found at both Fernando de 

Norhona and Ascension (Fig. 3.4). 

3.4.8 Red-footed boobies: gene flow and divergence time estimates 

As calculated using average pairwise δ-values (Table 3.3), the estimated divergence time of 

Pacific and Indian Ocean populations of red-footed boobies was between 321,000 and 1,280,000 

years bp. Similarly, the estimated divergence time between the Pacific and Atlantic Ocean 

populations was between 461,000 and 1,840,000 years bp. The estimated divergence time  
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Figure 3.4 Phylogenetic relationships among red-footed booby control region haplotypes. 
Refer to Table 3.1 for colony abbreviations. Support values for the major nodes are 
Bayesian posterior probabilities, and the trees are unrooted.  

1.00

0.84

1.00

1.00

0.79
0.73

0.90

0.58

0.69

0.76

0.74

0.78

0.85

0.97

0.96

0.81

P
acific

A
tlantic

Indian

0.1

Jon     
Pal       

Jon    
Trn  

Pal        
Trn   

Her          
Her           

Pal 
Trn 
Pal  

Pal     
Pal      

Pac 
Pal                

Pal                 
Jon  

Jon   
Pac

Pal    
Her            

Pal                   
Pal                  

Pal               
Pal              
Pal             

Pal            
Pal           
Pal          

Pal         
Jon 

Gen           
Gen              

Gen             
Gen            

Trn     
Trn      

Gen                              
Jon       

Pac   
Trn    

Pal                    
Pac    

Her      
Her       

Her        
Her 

Her     
Her    
Her  

Gen       
Jon      
Gen         

Gen        
Gen          
Gen   

Gen     
Gen    

Gen 
Gen  

Jon           
Jon            

Trn         
Jon        

Trn       
Jon         
Jon          

Trn        
Gen      

Pac     
Her         

Mon 
Fer   
Mon   

Mon  
Mon    

Mon     
Mon      

Mon       
Mon        

Mon         
Fer    

Mon          
Mon           

Mon            
Mon             

Mon               
Mon              

Mon                
Mon                 

Mon                  
Atl

Fer 
Fer  

Nki                
Nki     

Ald 
Nki      

Nki       
Nki          

Ald  
Nki           
Ald   

Ald              
Ald               

Ald                
Ald         

Ald          
Nki                 

Nki                  
Nki              
Ald     

Nki             
Ald    

Nki 
Ald                      

Ald                    
Ald                   

Ald                  
Ald                 

Ald             
Ald            
Ald           

Ald        
Ald       

Ald      
Nki                    

Nki                   
Nki               

Nki            
Nki         
Nki        

Ind 
Nki   

Nki  
Ind

Nki                        
Nki                         
Nki                          

Nki                       
Nki                            



 

 

 

81

between the Atlantic and Indian Oceans was more recent, ranging between 106,000 and 425,000 

years bp. 

Every Pacific Ocean colony was genetically different from every other colony (with the 

exception of the geographically proximate Johnston Atoll and Tern Island; Table 3.3), but the 

evolutionary relationships among the colonies were not clear from the gene tree (Fig. 3.4). Based 

on ΦST and δ-values, we grouped all individuals from Johnston Atoll and Tern Island into a single 

genetic population and estimated divergence time and gene flow rates for all pairwise 

comparisons of four genetic populations; Herald Cays in the western Pacific, Palmyra Atoll in the 

central Pacific, Johnston Atoll/Tern Island in the central Pacific, and Genovesa in the eastern 

Pacific (Fig. 3.5). Results from IM suggested that gene flow was significantly different from zero 

among some pairs of colonies, despite significant genetic differentiation between them and 

divergence times significantly greater than zero (Fig. 3.5; Table 3.3). Specifically, gene flow 

estimates from Palmyra Atoll to Herald Cays and to Johnston Atoll/Tern Island, and from 

Johnston Atoll/Tern Island to Genovesa were all significantly different from zero. Therefore, all 

sampled colonies in the Pacific were connected by at least some gene flow. Mantel’s tests did not 

reveal a significant association between geographic and genetic distances among Pacific Ocean 

colonies (p = 0.18). 

We also used IM to estimate t and gene flow between Aldabra Atoll and North Keeling 

Island in the Indian Ocean. The posterior distribution of t peaked at 1.18 [90% HPD: 0.73 - 1.81; 

Fig. 3.6a] and although both m1 and m2 appeared to have non-zero peaks, we could not exclude 

any estimates of gene flow because the confidence intervals were wide (Fig. 3.6b).  

For the Atlantic Ocean, we used IM to estimate divergence time and gene flow between 

Isla Monito and Fernando de Norhona. The posterior distribution of t peaked at 8.03 [90% HPD:  
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Figure 3.5 Estimates of gene flow (m = M μ, where M is the immigration rate and μ is the 
mutation rate per gene per year), and divergence time (t = T μ, where T is the time since 
population divergence in years) among Pacific Ocean red-footed boobies. Migration rates 
are only shown if significantly greater than zero. Divergence times are only shown for 
pairs of colonies that had non-zero migration in at least one direction. 90% HPD intervals 
are in brackets. Populations abbreviations are given in Table 3.1. 
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5.00 – undefined; Fig. 3.6c], although older dates could not be ruled out due to a flat right hand 

tail of the posterior distribution. Gene flow appeared asymmetrical: the posterior distribution of 

m1 (gene flow into Monito) peaked close to zero and the posterior distribution of m2 (gene flow 

into Fernando de Norhona) peaked at 0.28 [90% HPD: 0.018 - 1.56] (Fig. 3.6d-e). 

3.5 Discussion 

3.5.1 Major physical barriers to gene flow in brown and red-footed boobies 

In both brown and red-footed boobies, we found significant population structure in mtDNA 

among colonies located in different ocean basins. These results are consistent with previous 

genetic and morphological studies (Nelson 1978; Steeves et al. 2003). While Steeves et al. (2003) 

did not sample Indian Ocean colonies, morphological differences between Indian Ocean colonies 

and other colonies have been recorded in both species (Nelson 1978). 

In masked boobies, the Isthmus of Panama and the Benguela current off the southwest 

coast of Africa (Fig. 3.1) have been identified as major barriers to gene flow between the Atlantic 

versus Pacific, and Atlantic versus Indian Oceans, respectively (Steeves et al. 2003, 2005a). Our 

results also indicate that the Isthmus of Panama and Benguela Current are significant physical 

barriers to gene flow in other pantropical seabirds. Specifically, red-footed and brown booby 

colonies from different ocean basins are clearly differentiated. In brown boobies, it was difficult 

to determine the exact evolutionary relationships among populations in different ocean basins 

(i.e., whether the Indian Ocean population was more closely related to the Pacific or Atlantic 

Ocean population) because estimated divergence times were similar, and the phylogenetic tree 

could not be rooted. However, red-footed booby populations in the Atlantic and Indian oceans 

appear to be more closely related to each other than either is to the Pacific Ocean population. 

Specifically, pairwise ΦST and δ-values were consistently higher between red-footed booby  
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Figure 3.6 Posterior probability distributions from IM for red-footed booby (a) divergence 
time t between Aldabra Atoll and North Keeling Island, (b) gene flow rates between 
Aldabra Atoll and North Keeling Island, (c) divergence time t between Isla Monito and 
Fernando de Norhona (plus one individual from Ascension) and (d)-(e) gene flow rates 
between Isla Monito and Fernando de Norhona (plus one individual from Ascension).
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colonies in the Indian and Pacific Oceans than between those in the Indian and Atlantic Oceans. 

Therefore, the genetic evidence in red-footed boobies is consistent with historical isolation of two 

major lineages, with a phylogeographic break at the interface between the Pacific and Indian 

Oceans. 

The estimated divergence times between the Pacific and Indo-Atlantic lineages in red-

footed boobies ranged between 320,000 and 1,840,000 years bp. For brown boobies, 

differentiation in mtDNA between ocean basins appears to have occurred around a similar time 

(320,000 to 1,590,000 years bp). Although accurate dating of these divergences depends heavily 

on the mutation rate assumed (see Conclusions), the estimated times will be similar in the two 

species as long as mutation rates are similar in each species. Regardless, divergence appears to 

have occurred during the Pleistocene, when sea levels varied and were often much lower than 

contemporary levels, and when ocean circulation patterns were in flux (Chappell & Shackleton 

1986). In the Indo-West Pacific, sea levels were often low enough to expose an almost continuous 

land mass extending from Southeast Asia to Australia (Voris 2000). Specifically, exposed areas 

of the Sunda and Sahul Shelves connected Southeast Asia to the Indonesian Archipelago, and 

New Guinea to Australia, respectively (Fig. 3.1). This overland connection apparently restricted 

gene flow between Indian and Pacific populations of many other marine taxa (reviewed in Benzie 

1998). Our results are consistent with historical isolation of Pacific and Indo-Atlantic populations 

of both brown and red-footed boobies by the land barrier formed by the Sunda and Sahul shelves. 

Although no obvious physical barriers to gene flow currently separate the Pacific and Indian 

Oceans, we found no evidence of gene flow between the two lineages in red-footed boobies. In 

brown boobies, one haplotype from the Pacific (Palmyra Atoll) grouped with Indian Ocean 
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haplotypes. Therefore, secondary contact of the two lineages apparently has occurred, but has 

been relatively rare and/or recent. 

3.5.2 Cryptic barriers to gene flow among brown booby colonies within ocean basins 

The dominant pattern of genetic variation that we found in brown boobies was extreme 

differentiation of mtDNA among geographically proximate colonies within ocean basins. In fact, 

ΦST and δ-values indicated that all brown booby colonies in our study were significantly different 

from each other. Importantly, genetic differentiation appears to have occurred in both the 

presence and absence of obvious physical barriers to gene flow. Steeves et al. (2003) found 

significant genetic differentiation between eastern and central Pacific colonies, and suggested that 

the Eastern Pacific Basin may act as a physical barrier to gene flow. Our results support the 

proposal that colonies were historically isolated by the Eastern Pacific Basin, and we found no 

evidence for female-mediated gene flow across the barrier (but see Pitman & Balance 2002; 

VanderWerf et al. 2008). The population genetic patterns match morphological differences 

among brown booby colonies within the Pacific Ocean (Table 3.1). Male brown boobies in the 

eastern Pacific have varying degrees of white plumage on their heads. This plumage pattern is 

found only in the eastern Pacific (Nelson 1978). Some evidence suggests that subtle 

morphological differences (bill colour, eye colour, and culmen, wing, and tarsus lengths) also 

exist among brown booby colonies within the Pacific (Nelson 1978; Schreiber and Norton 2002). 

Within the eastern Pacific we found evidence of genetic divergence over even small 

spatial scales. Colonies within the Gulf of California (San Pedro Mártir and Farallón de San 

Ignacio) and colonies outside of the Gulf of California (Isla San Benedicto, Piedra Blanca, and 

Isla Gorgona) diverged at least 130,000 years bp and do not appear to exchange any genes, yet are 

separated by a minimum distance of only 500 km. Marine features are increasingly being 
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considered important barriers to gene flow in seabirds. For instance, a recent study identified the 

Almeria-Oran oceanographic front at the Atlantic Ocean-Mediterranean Sea interface as a 

significant marine barrier to gene flow in Calonectris shearwaters (Gómez-Díaz et al. 2006). 

Waters of the Gulf of California differ in salinity and average sea surface temperature from 

waters outside of the Gulf (Sandoval-Castillo et al. 2004). Therefore, the phylogenetic break at 

the Gulf of California may result from a “cryptic” ocean barrier to dispersal. Indeed, these 

oceanographic differences and currents in the south Gulf of California also restrict gene flow in 

other marine taxa (e.g., Stepien et al. 2001). 

Within the Gulf of California we found further evidence for geographic sub-structuring 

(between San Pedro Mártir and Farallón de San Ignacio), but we were not able to determine if 

gene flow has occurred between these two populations since divergence. San Pedro Mártir and 

Farallón de San Ignacio are separated by only 450 km, with no obvious physical barriers to gene 

flow. Genetic differentiation on such a small spatial scale was not found in red-footed boobies 

(see below). 

Atlantic brown booby colonies also showed high differentiation in mtDNA. Isla Monito 

in the Caribbean Sea appears to have diverged from all other Atlantic colonies, and we found no 

evidence for gene flow into or out of the Caribbean, even in the absence of obvious physical 

barriers to gene flow. Compared to patterns found among other brown booby colonies, we found 

that central Atlantic (Cape Verde and Ascension) colonies likely diverged more recently and that 

gene flow may or may not have occurred from Ascension into Cape Verde since divergence (Fig. 

3. 3). In either case, it appears that Cape Verde and Ascension Island populations diverged in the 

late Pleistocene and either have not exchanged genes since then, or have exchanged genes at a 

very low rate. 
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3.5.3 Gene flow among genetically differentiated red-footed booby lineages 

Although population genetic structure was high in both brown and red-footed boobies, a major 

finding of our study was that gene flow, and therefore dispersal, is markedly different in the two 

species: red-footed booby colonies have exchanged genes within ocean basins at a much higher 

frequency. 

We identified four major mtDNA lineages from ΦST and δ-estimates among Pacific 

Ocean red-footed booby colonies. Nonetheless, our IM analyses revealed levels of gene flow that 

were significantly different from zero among Pacific colonies (Fig. 3.5). Importantly, all four 

genetic populations appeared to be connected by at least some dispersal. Therefore, Pacific Ocean 

red footed booby populations apparently have either diverged despite gene flow (isolation with 

gene flow), or were previously isolated and have recently come into secondary contact. We did 

not detect a significant correlation between genetic and geographic distances within the Pacific, 

and it is likely that Pacific red-footed booby populations are not in migration-drift equilibrium. 

As such, we cannot rule out the possibility that the observed gene flow among colonies is the 

result of recent secondary contact following isolation in allopatry. 

In the Pacific Ocean, red-footed boobies exhibit two major colour morphs (Nelson 1978; 

Table 3.1), and a gene that underlies the plumage polymorphism has been identified, indicating 

that the trait is under simple genetic control (Melanocortin-1 Receptor, MC1R; Baião et al. 

2007). Red-footed booby colonies in the Galápagos archipelago have a different distribution of 

colour morphs than central Pacific colonies (Nelson 1978). The most recent survey of colour 

morphs at Genovesa revealed that 92% of individuals could be classified as “melanic”, and that 

no evidence for assortative mating between morphs existed (Baião & Parker 2008). In contrast, 

melanic birds constitute only about 10% of the population at Johnston Atoll and other central 
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Pacific colonies (Nelson 1978). Our results support either of two hypotheses about the 

maintenance of morph frequency differences among Pacific Ocean colonies: (i) plumage 

polymorphism is maintained by divergent selection at different colonies in the face of ongoing 

gene flow, or (ii) plumage polymorphism evolved in the past while Pacific colonies were isolated, 

but contemporary gene flow is distributing morphs throughout the Pacific. 

We found levels of female-mediated gene flow similar to those in the Pacific among 

Atlantic Ocean and, potentially, Indian Ocean red-footed booby colonies. In the Atlantic, results 

from IM suggest that Caribbean and central Atlantic red-footed booby populations have become 

differentiated despite gene flow out of the Caribbean into central Atlantic colonies (Fig. 3.6c). In 

the Indian Ocean, Aldabra Atoll and North-Keeling Island were genetically differentiated but we 

could not determine whether the two populations have exchanged genes since divergence. 

Therefore, it appears that gene flow among colonies is high in red-footed boobies compared to 

brown boobies within most, if not all, ocean basins. Remarkably, many red-footed booby colonies 

separated by large distances appear to have exchanged genes since divergence. For instance, 

Genovesa and Johnston Atoll are separated by approximately 9000 km of open ocean, yet 

migration has occurred from Johnston Atoll to Genovesa (Fig. 3.5). 

3.5.4 Conclusions: physical barriers and a role for habitat preference 

Control region variation in both brown and red-footed booby populations is highly genetically 

structured; however, the evolutionary history of red-footed booby populations has involved gene 

flow since initial divergence, while the evolutionary history of brown booby populations has 

included little to no gene flow. Our results suggest that brown and red-footed boobies have been 

influenced by major physical barriers to gene flow in similar ways, but in the absence of physical 

barriers, their population histories are very different. Although evidence from band returns and 
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long-term demographic studies suggests that boobies are philopatric to their natal site and have 

low breeding dispersal (O’Neill 1996; Schreiber & Norton 2002; Huyvaert & Anderson 2004), 

results of our analyses indicate clearly that at least female-mediated dispersal among red-footed 

booby colonies within ocean basins can be high. We suggest that the pelagic habitat preferences 

of red-footed boobies allow individuals to encounter, and potentially disperse to, non-natal 

colonies much more often than brown booby individuals. In other words, the inshore/coastal 

habitat preference of brown boobies may act as an ecological barrier to gene flow that is not 

present for red-footed boobies. Interestingly, masked boobies also forage over pelagic waters 

(Weimerskirch et al. 2008) and female-mediated dispersal among some colonies within ocean 

basins appears to be relatively high (Steeves et al. 2005b). 

Other factors may also influence gene flow in tropical seabirds. For example, geographic 

variation in selection pressure (natural or sexual) can restrict gene flow if migrants or their 

offspring are relatively unfit in new environments. Many of the morphological characters that 

differ among regional populations of brown and red-footed booby (e.g., bill colour, foot colour) 

are known to be important sexual signals in seabirds (Pierotti 1987). However, the degree that 

regional populations differ from one another is similar between these two species (Nelson 1978). 

Furthermore, although brown and red-footed boobies exhibit extensive plumage polymorphism 

throughout their range (Table 3.1), plumage morphs do not mate assortatively (red-footed 

boobies; Baião & Parker 2008) and plumage appears to be less important than other isolating 

mechanisms in seabirds (Pierotti 1987). Thus we find it unlikely that differences in mate choice 

are responsible for the observed patterns of gene flow in this study. Ultimately, more detailed 

data about the foraging distributions and non-breeding movements of seabirds (such as from 

satellite telemetry; e.g., Weimerskirch et al. 2005, 2008) and/or comparative phylogeographic 
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studies of other seabird species will be needed to test our habitat preference hypothesis more 

explicitly; however, we note that the most striking differences in gene flow between brown and 

red-footed boobies are within ocean basins, where marine habitat preference is likely to be most 

relevant. 

Future work should address two important limitations of our study. (1) Our results only 

pertain to female-mediated gene flow and population structure. However, recent evidence 

suggests that male-mediated gene flow may have occurred in Pacific Ocean brown boobies: 

VanderWerf et al. (2008) reported six white headed (eastern Pacific) brown boobies in the 

Central Pacific, one of which successfully bred and raised a chick to at least 36 days old. 

Similarly, Pitman and Ballance (2002) documented breeding male brown headed brown boobies 

at Isla San Benedicto in the Eastern Pacific. Therefore, gene flow that will not be detected using 

mtDNA alone may be occurring across the Eastern Pacific Basin. (2) The divergence times that 

we estimated must be interpreted with caution. As outlined in Ho et al. (2005), divergence time 

estimates using a relaxed clock model with fossil calibration are likely to be more realistic than 

strict clock estimates using a fixed substitution rate. We were unable to root our phylogenic trees, 

and thus were not able to use fossil calibrations for dating. We suggest that further work should 

include multiple unlinked nuclear markers (such as introns/single nucleotide polymorphisms; 

Backstrom et al. 2008) to estimate divergence times more accurately within each species and to 

assess both male and female gene flow. 
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Chapter 4: Mechanisms of global diversification in the brown booby 

(Sula leucogaster) revealed by uniting statistical phylogeographic and 

multilocus phylogenetic methods 

4.1 Abstract 

Recent theoretical and empirical research suggests that statistical models based on coalescent 

theory can improve both phylogeographic and phylogenetic inference. An approach that involves 

elements of both statistical phylogeography (e.g., Isolation with Migration analyses) and 

multilocus phylogenetic inference (e.g., *BEAST) may be particularly useful when applied to 

populations with relatively old divergence times. Here we use such an approach in the globally 

distributed brown booby (Sula leucogaster). We sampled 215 individuals from all major breeding 

areas and genotyped them at eight microsatellite and three nuclear intron loci. We found that 

brown booby populations were highly differentiated and that colonies can be grouped into four 

major genetic populations (Caribbean Sea, Central Atlantic Ocean, Indo-Central Pacific, and 

Eastern Pacific). These populations apparently diverged in the absence of gene flow and, with one 

exception, currently exchange few to no migrants. The Eastern Pacific population diverged from 

all other populations approximately one million years ago [90% highest posterior density:        

330 000 – 2 000 000 years ago] and exhibits a distinct male plumage, relative to other 

populations. However, recent gene flow from the Indo-Central Pacific into the Eastern Pacific 

appears to have occurred, suggesting that approximately one million years of genetic isolation 

and divergence in male plumage colour are not sufficient to prevent interbreeding. Gene flow 

following secondary contact of the Indo-Central Pacific and Eastern Pacific populations was not 
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detected in previous mitochondrial DNA (mtDNA) studies, and the contrast between the mtDNA 

results and our current results highlights the advantage of a multilocus phylogeographic approach. 

4.2 Introduction 

Empirical phylogeographic research suggests that the processes that influence intraspecific 

differentiation are often more complex than traditional population genetic models assume (e.g., 

Carling et al. 2010). For example, genetic differentiation may occur despite high levels of 

ongoing gene flow (Niemiller et al. 2008), and populations may meet and interbreed after long 

periods of allopatric isolation (Salzburger et al. 2002). Use of traditional population genetic 

models in these situations can lead to inappropriate inferences and erroneous conclusions (e.g., 

Whitlock & McCauley 1999). Fortunately, methods based on coalescent simulation and 

maximum likelihood analysis (e.g., Hey & Nielsen 2007) make fewer assumptions and are better 

suited for the analysis of genetic data when evolutionary history is complex. Application of both 

statistical phylogeography and multilocus phylogenetic inference to systems that involve 

relatively old divergences may be particularly powerful for inferring mechanisms of population 

differentiation and speciation, but has rarely been done to date. 

The evolutionary history of some tropical seabird species is likely to be complex. Many 

species exhibit high natal philopatry (e.g., Huyvaert & Anderson 2004) and have fragmented 

geographic distributions because nesting habitats on remote islands may be separated from other 

suitable breeding habitat by hundreds or thousands of kilometers (e.g., Nelson 1978). As a result, 

population genetic differentiation within tropical seabird species is often high (Friesen et al. 

2007). However, seabirds are strong fliers and have prolonged juvenile stages, so individuals may 

visit non-natal colonies before their first breeding attempt (Reed et al. 1999). Rare dispersal by 

juveniles may disrupt the accumulation of genetic differences between populations, even if 
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philopatry is high, because few migrants per generation are needed to prevent population 

differentiation (Wright 1931). These opposing forces can result in complex evolutionary histories 

involving periods of isolation followed by gene flow upon secondary contact. Non-equilibrium 

population genetic models are not only more appropriate in these situations, but may also allow 

novel insight into marine speciation. 

Brown boobies (Sula leucogaster) are tropical seabirds that breed in all major ocean 

basins, including the Caribbean Sea, and Atlantic, Indian, and Pacific Oceans (Nelson 1978). 

Previous genetic analyses based on mitochondrial DNA (mtDNA) variation (cytochrome b, 

Steeves et al. 2003; control region, Morris-Pocock et al. 2010) suggested that the evolutionary 

history of brown booby populations was relatively simple compared to other tropical seabird 

species. For example, the evolutionary histories of both red-footed (S. sula) and masked boobies 

(S. dactylatra) appear to have involved gene flow among previously isolated genetic lineages 

(Steeves et al. 2005a; Morris-Pocock et al. 2010), whereas maternal gene flow among all sampled 

brown booby colonies appeared to be either low or zero (Steeves et al. 2003; Morris-Pocock et al. 

2010). In other words, the history of diversification of brown booby populations primarily 

involved fragmentation throughout the breeding range. Gene flow between these fragments 

appeared to be limited by major physical barriers to gene flow (e.g., the Isthmus of Panama) and 

by the inshore habitat preference of brown boobies, which acts to further reduce gene flow among 

geographically proximate colonies (Morris-Pocock et al. 2010). 

The Eastern Pacific Basin (EPB; Grigg & Hey 1992) is a large island-free tract of water 

that separates the Eastern Pacific from the Central Pacific and is among the major barriers to 

maternal gene flow identified in brown boobies (Steeves et al. 2003, Morris-Pocock et al. 2010). 

Indeed, the EPB appears to be a general barrier to gene flow in other marine species (sea urchins, 
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Echinometra spp., McCartney et al. 2000; bonefish, Albula spp, Colborn et al. 2001). In brown 

boobies, populations on either side of the barrier appear to have been genetically isolated for at 

least 100 000 years (Morris-Pocock et al. 2010) and exhibit striking plumage differentiation. 

Male brown boobies have dark brown head plumage throughout most of their range: however, 

males that breed east of the EPB have white heads (Nelson 1978). Despite this differentiation and 

apparent lack of gene flow among brown booby populations isolated by the EPB, recent 

observations suggest that dispersal across the barrier may occur and therefore that the 

evolutionary history of brown boobies may not be as simple as previously assumed. 

VanderWerf et al. (2008) documented 23 sightings of white-headed brown boobies in the 

Central Pacific Ocean. Most of these sightings represent single non-breeding birds and may not 

be indicative of realized gene flow between the Eastern and Central Pacific. In two instances 

white-headed males were observed incubating chicks, although the fate of these chicks was not 

documented (VanderWerf et al. 2008). Therefore, male-mediated gene flow from east to west 

across the EPB may have occurred. In the Eastern Pacific, brown-headed males, presumably from 

the central Pacific, have been documented breeding on Isla San Benedicto (Pitman & Balance 

2002). The presence of brown-headed males on Isla San Benedicto is particularly interesting 

because they appear to have re-colonized the island following a volcanic eruption in 1952 

(Pitman & Balance 2002). Unlike white-headed males in the central Pacific, brown-headed males 

on Isla San Benedicto are well documented breeders, and “hybrid” forms may exist (Pitman & 

Balance 2002). In our previous work, we found that all individuals sampled from Isla San 

Benedicto had mitochondrial haplotypes that grouped with other Eastern Pacific haplotypes on 

mtDNA gene trees (Steeves et al. 2003, Morris-Pocock et al. 2010). However, gene flow between 

the Central Pacific and Isla San Benedicto may still occur if, for example, it is mediated by males. 
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The general shortcomings of mtDNA-based analyses are well known (Edwards et al. 

2005) and the use of mtDNA alone in previous brown booby genetic analyses limited the scope of 

our conclusions. In addition to surveying only female-mediated gene flow, the high mutation rate 

of the mtDNA control region precluded us from estimating the evolutionary relationships among 

major global populations as we were unable to root the tree with an outgroup (e.g., we could not 

determine whether Atlantic Ocean populations were more closely related to Indian or to Pacific 

Ocean populations; Morris-Pocock et al. 2010). While more slowly evolving mitochondrial genes 

may help resolve these issues, our cytochrome b study did not include individuals from the Indian 

Ocean (Steeves et al. 2003). Because genetic divergences within brown boobies appear to be 

relatively old, our data span the interface between intraspecific population genetics and 

interspecific phylogenetics. Here, we bridge this gap by using recently developed methods that 

take advantage of coalescent population genetic models (IMA; Hey & Nielsen 2007) and 

phylogenetic models that use the multispecies coalescent to estimate phylogenetic relationships 

from multilocus sequence data (*BEAST; Heled & Drummond 2010). Specifically, we use 

microsatellite and nuclear intron variation to address the following questions:  

(1) Is the pattern of genetic isolation among brown booby colonies concordant across 

molecular marker types, including mitochondrial DNA? 

(2) What are the evolutionary relationships among brown booby populations? Has 

divergence occurred in the presence or absence of gene flow?  

(3) Is there evidence for contemporary gene flow across the Eastern Pacific Basin? In 

particular, do individuals from Isla San Benedicto have a genetic signature of mixed 

ancestry (Eastern Pacific and Central Pacific)? 
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4.3 Materials and Methods 

4.3.1 Sample collection 

We collected 215 brown booby DNA samples from across their global range, including eight 

from Isla San Benedicto (Fig. 4.1; Table 4.1). All of the samples, except one from Christmas 

Island and four from Clipperton, were included in previous phylogeographic analyses of 

mitochondrial variation (Steeves et al. 2003; Morris-Pocock et al. 2010). The sampled individuals 

include representatives of all described brown booby subspecies, except for etesiaca which was 

included in our previous mitochondrial DNA analysis (Morris-Pocock et al. 2010) but was not 

included in the present analysis due to permit limitations. All samples were collected from 

breeding adults or chicks on nests and most were blood samples (Table 4.1). We did not sample 

the presumed mothers or fathers of chicks that were included in the analysis and we did not 

sample more than a single chick from the same nest. We extracted DNA using either a standard 

phenol-chloroform technique (Sambrook & Russell 2001) or a DNeasy Tissue Kit (Qiagen, 

Mississauga, Ontario). 

4.3.2 Laboratory methods: microsatellites 

We genotyped all brown booby samples at eight dinucleotide microsatellite loci that were 

originally isolated from blue-footed (S. nebouxii) and Peruvian boobies (S. variegata; Taylor et 

al. 2010). We genotyped samples in four multiplex PCR reactions of two loci each (MP1: Sn2b-

83 and Sv2a-53; MP2: Sv2a-2 and Sv2a-26; MP3: Sn2a-123 and Sv2a-57; MP4: Sn2b-100 and 

Sv2b-138). PCR reactions, sizing of PCR products, and genotype scoring were performed 

following methods identical to Taylor et al. (2010).  
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Figure 4.1 Approximate geographic location of brown booby sampling sites. See Table 4.1 for 
exact longitudinal/latitudinal coordinates and abbreviations. 
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Table 4.1 Brown booby sampling site locations*, the number of individuals analyzed and indices of genetic variation. Clipperton and Piedra 

Blanca (Eastern Tropical Pacific), and Farallón de San Ignacio and San Pedro Mártir (Gulf of California) were treated as single populations in all 

analyses. Subspecies designations are taken from Nelson (1978). See Table 3.1 for longitude and latitude of sampling locations. 

        Microsatellites   Introns 

Colony Abbreviation Subspecies Head colour N R Ho He   N h π Ho He 

Isla Monito Mon leucogaster brown 28 3.40 ± 1.96 0.43 ± 0.23 0.49 ± 0.25 20 0.26 ± 0.30 0.0012 ± 0.0016 0.27 ± 0.31 0.26 ± 0.30 

Cape Verde Cvd leucogaster brown 25 3.04 ± 1.63 0.46 ± 0.22 0.50 ± 0.19 20 0.37 ± 0.34 0.0013 ± 0.0015 0.38 ± 0.40 0.37 ± 0.34 

Ascension Asn leucogaster brown 23 3.30 ± 1.5 0.52 ± 0.17 0.55 ± 0.18 20 0.26 ± 0.24 0.0008 ± 0.0010 0.28 ± 0.30 0.26 ± 0.24 

Christmas Island Chr plotus brown 30 4.04 ± 2.25 0.53 ± 2.89 0.57 ± 0.29 22 0.50 ± 0.10 0.0017 ± 0.0011 0.48 ± 0.05 0.49 ± 0.11 

Palmyra Atoll Pal plotus brown 26 4.59 ± 2.29 0.61 ± 0.21 0.64 ± 0.25 22 0.47 ± 0.27 0.0015 ± 0.0013 0.48 ± 0.30 0.49 ± 0.27 

Johnston Atoll Jon plotus brown 30 4.71 ± 2.13 0.62 ± 0.23 0.64 ± 0.25 20 0.52 ± 0.14 0.0021 ± 0.0017 0.42 ± 0.18 0.53 ± 0.13 

Isla San Benedicto Isb brewsteri brown/white 8 4.54 ± 2.17 0.62 ± 0.19 0.68 ± 0.21 7 0.27 ± 0.35 0.0008 ± 0.0011 0.24 ± 0.30 0.27 ± 0.35 

Eastern Tropical Pacific ETP 3.96 ± 2.72 0.45 ± 0.25 0.57 ± 0.24 0.15 ± 0.17 0.0003 ± 0.0003 0.10 ± 0.10 0.15 ± 0.17 

        Clipperton     Clp brewsteri white 4 4 

        Piedra Blanca     Pbl brewsteri white 6 6 

Gulf of California GoC 3.5 ± 2.28 0.54 ± 0.26 0.52 ± 0.24 0.03 ± 0.06 0.0001 ± 0.0002 0.10 ± 0.00 0.10 ± 0.00 

        Farallón de San Ignacio     Fsi brewsteri white 28 14 

        San Pedro Mártir     Spm brewsteri white 7 6 

Total       215         161         

*All samples were blood samples with the following exceptions: (i) six samples from Isla San Benedicto were growing feathers collected from chicks; (ii) two samples from Isla 
San Benedicto were unhatched eggs; and (iii) all samples from San Pedro Martir were heart, liver, or breast tissue. 
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4.3.3 Laboratory methods: nuclear introns 

We also sequenced three nuclear intron loci in a subset of brown booby individuals. The three 

introns were α-enolase intron eight (Friesen et al. 1999), β-fibrinogen intron five (Driskell & 

Christidis 2004), and ornithine decarboxylase introns six and seven (Patterson et al. 2011). We 

subsampled individuals using the following strategy. First, for populations where we had 

collected fewer than ten individuals, all individuals were included. Second, we randomly selected 

20 individuals from all other genetic populations (as determined by microsatellite data). Because 

the Farallón de San Ignacio and San Pedro Mártir populations were not genetically different from 

each other at microsatellite loci, we treated them as a single population (Gulf of California). 

Finally, we included two additional individuals from Christmas Island because we were 

specifically interested in the genetic affinities of these individuals: the multilocus microsatellite 

genotypes of those individuals did not cluster with other Christmas Island individuals in the 

STRUCTURE analysis (see Results). In total, we sequenced introns for 159 individuals. 

All intron PCR reactions were performed in 25 μL reaction volumes [~5ng DNA, 1x 

Multiplex Mix (Qiagen), 0.7 mM each forward and reverse primer]. Reaction mixtures were 

denatured at 95°C for 15 min, followed by 37 cycles of 94°C for 45 sec, annealing for 45 sec and 

72°C for 30 sec, and a final extension at 72°C for 3 min. Annealing temperatures were 60°C for 

α-enolase and ornithine decarboxylase and 50°C for β-fibrinogen. PCR products were sequenced 

with both forward and reverse primers using a 3730XL DNA Analyzer (Applied Biosystems, 

Foster City, CA). 

We manually verified chromatograms and identified heterozygous individuals based on 

the presence of two peaks of approximately equal height at a single nucleotide site. To determine 

the haplotypes of heterozygous individuals we used the following process: (1) For heterozygous 
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individuals with only one polymorphic site, gametic phase could be determined unambiguously. 

(2) For heterozygous individuals with two or more polymorphic sites we used the software PHASE 

(Version 2.1; Stephens et al. 2001) to infer the gametic phase statistically. We used all default 

settings of PHASE and included known haplotypes from both homozygotes and heterozygous 

individuals with alleles that differed at only one site. (3) If PHASE was unable to assign gametic 

phase with posterior probability greater than 0.95, we designed allele-specific primers to amplify 

each allele independently (Bottema et al. 1993). We aligned DNA sequences for each locus using 

CLUSTALW (Thompson et al. 1994) as implemented in BIOEDIT (Version 7.0.5.3; Hall 1999) and 

verified each alignment by eye. 

4.3.4 Tests of assumptions and estimates of genetic diversity 

We calculated observed (Ho) and expected (He) heterozygosities and tested for deviations from 

Hardy-Weinberg proportions for all loci in every population using ARLEQUIN (Version 3.1; 

Excoffier et al. 2005) and tested for the presence of null alleles and other amplification errors at 

microsatellite loci using MICRO-CHECKER (Version 2.2.3; van Oosterhout et al. 2004). We also 

used ARLEQUIN to test for gametic disequilibrium between all pairs of loci within each 

population. For all analyses we corrected for multiple tests using Benjamini-Yekutieli corrections 

(Narum 2006). We tested for the signature of recombination in our intron data using the four-

gamete test (Hudson & Kaplan 1985) as implemented in DNASP (Version 5.10; Rozas et al. 

2003). No recombination was detected for any locus and we used the entire sequence of each 

intron for all subsequent analyses. We estimated allelic richness for microsatellite and intron loci 

using FSTAT (Version 2.9.3.2; Goudet 2001), and haplotype (h, Nei 1987) and nucleotide 

diversities (π; Tajima 1983) for intron loci using ARLEQUIN. To test if DNA sequence data 
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deviated from neutral expectations we performed Ewens-Watterson (Ewens 1972; Watterson 

1978) and Chakraborty’s Amalgamation (Chakraborty 1990) tests in ARLEQUIN. 

4.3.5 Population genetic structure 

We used three types of analyses to estimate the degree of population genetic structure among 

brown booby populations. 

(1) Bayesian clustering of microsatellite genotypes: We used the program STRUCTURE 

(Version 2.3.1; Pritchard et al. 2000) to cluster individuals into genetic populations based 

on their multilocus microsatellite genotypes. We also performed STRUCTURE analyses 

with microsatellite and intron data together, with similar results, and report only the 

microsatellite analyses as they included a larger number of individuals (see Fig. C.1 for 

STRUCTURE results that included intron data). For each analysis, we performed 20 runs 

for every value of K between 1 and two more than the total number of colonies sampled 

(e.g., the maximum value of K that we evaluated when using the full data set was K=13, 

two more than the 11 included colonies). We used the admixture model with allele 

frequencies correlated among populations and each run consisted of 100 000 generations, 

with an extra 10 000 generations discarded as burnin. Location information was not used 

as prior information. We inferred the value of K that best fit the data by estimating ΔK, as 

suggested by Evanno et al. (2005). After determining the best value of K, we used 

CLUMPP (version 1.1.2; Jakobsson & Rosenberg 2007) to combine the results of each of 

the 20 replicates into a final result. We used the “Full Search” option in CLUMPP (M=1) 

with all other settings left as the default. Because Evanno’s method is specifically 

designed to capture only the highest hierarchical level of structure (Evanno et al. 2005), 

we re-ran STRUCTURE analyses, as above, but using subsets of the data determined in the 
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previous analysis to form single genetic populations. We repeated this process until no 

further population structure was found. 

(2) Analysis of molecular variance and pairwise comparisons: We used analysis of 

molecular variance (AMOVA) to estimate the proportion of genetic variation that was 

explained by differences among populations. Because preliminary analysis failed to 

detect genetic differentiation between two pairs of colonies (Piedra Blanca + Clipperton 

= “Eastern Tropical Pacific” and Farallón de San Ignacio + San Pedro Mártir = “Gulf of 

California”), we grouped these sets of populations to increase statistical power. We 

estimated global population genetic structure for the microsatellite data alone (FST) and 

for each intron alone (ФST). We estimated pairwise FST and ФST between all pairs of 

populations and performed hierarchical AMOVAS where we combined colonies into four 

groups based on the results from STRUCTURE (see Results). Grouping the colonies in this 

way allowed us to quantify the amount of the overall genetic variation due to differences 

between the major groups identified in structure (FCT, ΦCT) and also to determine whether 

further substructure existed within the major groups (FSC, ΦSC). All analyses were 

performed in ARLEQUIN. For microsatellite data we calculated genetic distances using the 

“number of different alleles” option and for intron analyses we used Kimura’s two-

parameter model of substitution (Kimura 1980) with a shape parameter (α) of the gamma 

distribution as determined in MRMODELTEST (Nylander 2004). We tested all results for 

significance using 10,000 random permutations of the data, used a significance level of 

0.05, and corrected for multiple tests using Benjamini-Yekutieli corrections.  

(3) Haplotype networks: We used the program TCS (Version 1.21; Clement et al. 2000) to 

estimate statistical parsimony networks of intron haplotypes for each locus. In these 
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analyses we treated insertion/deletion polymorphisms (gaps) as a 5th character and used 

all other default settings. 

4.3.6 Phylogenetic relationships among major genetic groups 

We used the *BEAST algorithm (Heled & Drummond 2010) implemented in the software BEAST 

(Version 1.6.1; Drummond & Rambaut 2007) to estimate a population tree for the four major 

genetic groups determined by STRUCTURE (see Results). *BEAST is similar to other recently 

developed species tree estimation methods in that it uses the multispecies coalescent (Degnan & 

Rosenberg 2009) to model the lineage sorting process among major taxonomic units. The most 

common application of these methods is determining phylogenetic relationships among species 

(species trees), but they are also appropriate for determining the evolutionary relationships among 

populations within species, as long as the populations are well defined and not connected by gene 

flow (Heled & Drummond 2010). With the exception of individuals collected at Isla San 

Benedicto and two individuals collected at Christmas Island, we found no evidence of recent gene 

flow between the major genetic clusters (see Results). Moreover, preliminary analyses based on 

the Isolation with Migration model and all pairwise comparisons of the major genetic groups 

indicated no evidence of historic gene flow, a conclusion also supported by previous studies of 

mtDNA variation (Morris-Pocock et al. 2010). Therefore, we believe that the use of *BEAST here 

is justified. To minimize the effect of recent gene flow on the *BEAST analysis, we excluded 

individuals from Isla San Benedicto and the two individuals from Christmas Island that were 

potentially recent migrants. 

 We used red-footed boobies as the outgroup for the *BEAST analysis. For each locus, 

sequence from one red-footed booby was obtained from Patterson et al. (2011) or using the same 

laboratory methods outlined above. To decrease computational time, we subsampled the intron 
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data to include 10 random alleles per genetic group for a total of 41 alleles per locus (4 x 10 

alleles for ingroup taxa + one outgroup allele). We repeated this subsampling three times to 

generate different data sets and ran all analyses on each data set. This repeated subsampling 

approach is similar to one advocated by Hird et al. (2010) that had a high probability of 

recovering the true species tree when applied to simulated data. The topology of the tree was 

identical among replicates and one is presented here. *BEAST was run for 1.0 x 108 generations, 

sampling every 1000 generations and with a burnin of 2.5 x 107 generations. Each intron had its 

own nucleotide substitution and molecular clock models. Nucleotide substitution models were 

determined by MRMODELTEST and we employed a strict molecular clock. A Yule speciation prior 

was applied to the species tree. We monitored convergence of the MCMC process using TRACER 

(Version 1.5; Drummond & Rambaut 2007) and ensured that the Effective Sample Sizes (ESSs) 

were all higher than 200. We re-ran every analysis three times to ensure that the MCMC process 

converged on the same stationary distribution. 

4.3.7 Coalescent estimates of gene flow and divergence times 

To estimate rates of gene flow and divergence times between major genetic groups we used the 

Isolation with Migration – analytic model (IMA, Hey & Nielsen 2007). This model estimates six 

parameters, all scaled by the neutral mutation rate, µ (mutations per locus per generation): the 

divergence time between the two populations (t = Tµ; where T is the divergence time in 

generations), two gene flow parameters (mij = Mij / µ; where Mij is the effective migration rate 

from population i to population j), and three population mutation rates: Θ1, Θ2, and ΘA (Θi = 

4Neiµ, where Nei is the effective population size of population i, and ΘA is the population mutation 

parameter for the ancestral population before divergence). The IMA model makes the following 

assumptions: (1) the populations included in an analysis are each other's closest relatives, (2) the 
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pair of populations does not exchange migrants with other populations, (3) no genetic structure 

exists within either population, (4) loci are selectively neutral, and (5) no intralocus 

recombination occurs. Although a recent simulation study showed that IMA analyses are robust to 

violations of many of these assumptions (Strasburg & Rieseberg 2010), we designed our analyses 

so that they resembled these situations as closely as possible, but allowed genetic substructure 

within populations. Importantly, Strasburg & Rieseberg (2010) found that genetic structuring 

within populations had little effect on demographic inference. We used the results from the 

*BEAST analysis to determine which major groupings were sister taxa on the population tree and 

then applied the IMA model to pairs of sister taxa. We also attempted to use IMA on pairs of 

colonies that were within the same major genetic cluster, but appeared to be genetically 

differentiated based on F-statistics. In these cases, however, the MCMC process failed to 

converge to a stable stationary distribution and we do not report the results. 

We used the intron data alone to estimate population parameters in IMA analyses because 

we could reliably calculate mutation rates for each intron (c.f., microsatellites) and, in our 

experience, IMA analyses achieve much better mixing of the Markov chain with sequence data 

compared to microsatellite data. All IMA analyses were first run in “M mode” and we applied the 

infinite sites mutation model to each locus and set priors on all parameters such that the posterior 

distributions peaked and then descended again. All analyses were performed with at least 20 

independent Markov chains with a geometric heating scheme (g1 = 0.96, g2 = 0.90). All runs 

included at least ten million generations with at least one million generations discarded as burnin. 

We ensured convergence by monitoring trend plots, requiring that all ESSs were greater than 50, 

and running each analysis three times. After M mode runs, we ran IMA in “L mode” to perform 

likelihood ratio tests comparing the fit of 24 nested models to that of the full model (see Carstens 
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et al. 2009). When results from IMA indicated that gene flow between populations peaked at zero, 

and likelihood ratio tests did not reject a simplified model with no gene flow (model ABC00), we 

re-ran the original M mode analysis but constrained gene flow to zero. For these simplified 

models, we were better able to estimate some parameters (e.g., divergence time). 

To convert the model parameters into demographic parameters, we estimated the 

generation time of brown boobies (G) using the formula G = α + (s / (1 – s)), where α is the age 

of maturity and s is the adult survival rate (Sæther et al. 2005). We used an age of first breeding 

of 3 years (Nelson 1978) and an estimate of adult survival derived for brown boobies breeding at 

Johnston Atoll (s = 0.90; Beadell et al. 2003) to estimate a generation time of 12 years. We 

calibrated mutation rates for intron loci using a previous estimate of the cormorant/sulid 

divergence time that was derived using a relaxed molecular clock and multiple fossil calibrations 

(35 million years; Patterson et al. 2011, S. Patterson et al. unpublished data). We obtained 

sequence for each locus from one red-faced cormorant (Phalacrocorax urile) and between three 

and eight other sulid species from Patterson et al. (2011) or using the laboratory methods outlined 

above. Next, following the methods outlined in Peters et al. (2008), we used BEAST to estimate 

the mean genetic distance between cormorants and boobies for each locus and then divided these 

distances by 35 million years to determine mutation rates for each locus in units of 

substitutions/site/year. The estimated substitution rates for all three loci were similar to 

previously estimated rates for autosomal introns in birds (Table 4.2; e.g., Axelsson et al. 2004, 

Peters et al. 2008).  



 

 

 

114

Table 4.2 Substitution rates, most likely nucleotide substitution models, and sequence lengths for 

nuclear intron loci. Substitution rates are given  in substitutions/site/year (s/s/y), 

substitutions/locus/year (s/l/y), and substitutions/locus/generation (s/l/g). 

    Length (bp)    Substitution rates 

Locus Intron 
With 
exon 

Without 
exon Substitution model s/s/y s/l/y s/l/g 

α-enolase 8 347 265 K2P 1.27 x 10-9 3.37 x 10-7 4.04 x 10-6 

β-fibrinogen 5 577 551 F81 1.18 x 10-9 6.50 x 10-7 7.80 x 10-6 

ornithine 
decarboxylase 

6 and 7 562 480 F81 1.07 x 10-9 5.14 x 10-7 6.16 x 10-6 
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4.4 Results 

4.4.1 Tests of assumptions and estimates of genetic diversity 

We found between four and 24 alleles per microsatellite locus and no significant evidence of null 

alleles (Table C.1). All microsatellite loci amplified successfully in every individual and appeared 

to follow the stepwise mutation model (Table C.1). Average Ho for microsatellite loci was similar 

among populations and was lowest at Isla Monito and highest at Johnston Atoll and Isla San 

Benedicto (Table 4.1). Average allelic richness was lowest at Cape Verde and highest at Johnston 

Atoll (Table 4.1). 

We obtained 347, 577, and 562 base pairs of sequence for α-enolase, β-fibrinogen, and 

ornithine decarboxylase, respectively (Table 4.2; Fig. C.2). All loci included short sequences 

from the flanking exons and exonic sequences were easily aligned with other avian sequence: no 

stop codons were observed. Twenty-six, 52, and 75 individuals were heterozygous at α-enolase, 

β-fibrinogen, and ornithine decarboxylase, respectively. In only one case the allelic phase could 

not be determined unambiguously. We designed two allele-specific primers to amplify β-

fibrinogen alleles for this individual separately. Specifically, we designed primers Fib5-256F-A 

(5’-TGGGACGGGATTGGTAGATA-3’) and Fib5-256F-G (5’-

TGGGACGGGATTGGTAGATG-3’) and paired them with Fib6 using the same PCR conditions 

as above. 

For α-enolase, seven variable sites (five transitions and two transversions) defined eight 

haplotypes (Fig. C.2, Fig. C.3). For β-fibrinogen, seven variable sites (four transitions, two 

transversions, and one insertion/deletion polymorphism [indel]) defined eight haplotypes (Fig. 

C.2, Fig. C.3). For ornithine decarboxylase, ten variable sites (three transitions, four 

transversions, three indels) defined nine haplotypes (Fig. C.2, Fig. C.3). All unique haplotype 
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sequences have been deposited in GenBank (Accession numbers: JF748040-JF748064). The most 

likely models of nucleotide substitution were the Kimura two-parameter model for α-enolase, and 

the F81 model (Felsenstein 1981) for both β-fibrinogen and ornithine decarboxylase. Average Ho 

for intron loci was lowest in the Gulf of California and highest at Christmas Island and Palmyra 

Atoll (Table 4.1). Average h and π were lowest in the Gulf of California and highest at Johnston 

Atoll (Table 4.1). 

We found very little evidence that microsatellite and intron loci deviated from Hardy-

Weinberg equilibrium. Of 99 tests performed (nine populations, 11 loci), only three were 

significant and these involved different loci and populations (Table C.1). Similarly, we found no 

consistent deviations from gametic disequilibrium for any locus across populations or for any 

population across loci. Chakraborty’s amalgamation tests and Ewens-Watterson tests were not 

significant for any intron locus. 

4.4.2 Population genetic structure: STRUCTURE analysis 

The best model of the number of genetic populations based on microsatellite variation, as 

determined by ΔK, was K=2 (Fig. 4.2). All individuals from populations in the Caribbean Sea and 

Central Atlantic Ocean were assigned to one population with posterior probability greater than 

0.85 (median = 1.00) and all individuals from the Indian and Pacific Oceans were assigned to the 

second population with posterior probability greater than 0.85 (median = 0.99). We re-ran 

STRUCTURE on two separate data sets: Caribbean Sea + Atlantic Ocean and Indian Ocean + 

Pacific Ocean. For each of these analyses, the best model for the number of genetic populations 

was again K=2, for a total of four genetic clusters. In the first analysis, all individuals from the 

Caribbean Sea were assigned to one population with posterior probability greater than 0.95 

(median = 0.99) and all individuals from Cape Verde and Ascension were assigned to the second 
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Figure 4.2 Bar plots from microsatellite-based STRUCTURE analyses. The plot on the left is from 
the analysis of all brown booby individuals. The plots on the right are from two subsequent 
analyses using only individuals from the Caribbean + Central Atlantic and Indo-Central Pacific + 
Eastern Pacific alone. For all analyses the inferred best value of K was 2. Population 
abbreviations are given in Table 4.1.  
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 population with posterior probability greater than 0.81 (median = 0.99; Fig 4.2). For the second 

analysis, the two populations corresponded roughly to the Indo-Central Pacific and to the Eastern 

Pacific (Fig. 4.2). In the second analysis, all individuals were assigned to their home populations 

with high posterior probability, with two exceptions: (1) two individuals from Christmas Island 

appear to have mixed ancestry (greater than 30% ancestry from each of at least two genetic 

populations), and (2) four of the eight individuals collected at Isla San Benedicto had mixed 

ancestry involving the Indo-Central Pacific and the Eastern Pacific (Fig. 4.2). We also ran 

STRUCTURE within each of the four major genetic clusters and in each case the most likely value 

of K appeared to be one. 

4.4.3 Population genetic structure: AMOVAs and haplotype networks 

Three of the eight microsatellite loci had alleles that were present in all populations at high 

frequency, and alleles private to a single population were relatively common (22% of all alleles; 

Table C.1). Additionally, many alleles were restricted to single ocean basins. Individuals that 

were collected at Isla San Benedicto had alleles that were not otherwise found in the Eastern 

Pacific at four of eight microsatellite loci. Global FST based on microsatellite variation was high 

and significant (FST=0.23, p<0.00001). Pairwise estimates of FST ranged between 0.03 and 0.43 

(average=0.22) and all were significant after Benjamini-Yekutieli corrections, with the exception 

of the comparisons between Isla San Benedicto and the Eastern Tropical Pacific (Table 4.3). 

Grouping colonies into the four major groups determined by STRUCTURE resulted in a high 

amount of genetic variation explained by differences among groups (FCT=0.22, p<0.00001); 

however, further differentiation between colonies within groups also existed (FSC=0.06, 

p<0.0001).  
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Table 4.3 Estimates of FST based on microsatellite variation between colonies of brown boobies. 

Results significant after Benjamini-Yekutieli corrections are indicated with **. Results significant 

only before correction are indicated with *. Population abbreviations are given in Table 4.1. 

  Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

Mon 

Cvd 0.36** 

Asn 0.28** 0.06** 

Chr 0.21** 0.33** 0.24** 

Pal 0.18** 0.28** 0.20** 0.03** 

Jon 0.21** 0.31** 0.22** 0.04** 0.04** 

Isb 0.26** 0.36** 0.30** 0.15** 0.13** 0.12** 

ETP 0.26** 0.40** 0.36** 0.21** 0.19** 0.20** 0.07* 

GoC 0.27** 0.43** 0.38** 0.18** 0.19** 0.19** 0.13** 0.10**   
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The geographic distribution of intron haplotypes was similar to the distribution of 

microsatellite alleles. For α-enolase, no haplotypes were shared between the Atlantic Ocean 

(including the Caribbean Sea) and either the Indian or Pacific Oceans (Fig. 4.3a). Three alleles 

were private to the Indo-Central Pacific (Christmas Island, Palmyra Atoll, Johnston Atoll), two 

were private to the Eastern Pacific (Isla San Benedicto, Eastern Topical Pacific, Gulf of 

California), and one was private to the Caribbean Sea (Isla Monito). For β-fibrinogen, four 

haplotypes were private to the Atlantic Ocean, and three haplotypes were restricted to the Indo-

Pacific. (Fig. 4.3b). For ornithine decarboxylase (Fig. 4.3c), two haplotypes were restricted to the 

central Atlantic Ocean and two haplotypes were restricted to the Eastern Pacific. Four haplotypes 

were restricted to the Indo-Central Pacific, except for the fact that these haplotypes were also 

found in three individuals from Isla San Benedicto that are known to have mixed ancestry (see 

STRUCTURE results, below). Global ΦST was high and significant for all intron loci (α-enolase, 

ΦST=0.74; β-fibrinogen, ΦST=0.56; ornithine decarboxylase, ΦST=0.45, all p<0.01). Grouping 

colonies into the four major genetic clusters identified by STRUCTURE resulted in significant 

estimates of ΦCT for all loci (α-enolase, ΦCT=0.77; β-fibrinogen, ΦCT=0.62; ornithine 

decarboxylase, ΦCT=0.41, all p<0.01); however, further differentiation between colonies within 

groups also existed (all FSC>0.02, p<0.0001). Pairwise estimates of ΦST varied among loci (Table 

4.4a-c), but the following general trends were apparent: (1) all comparisons between Atlantic 

Ocean colonies and other colonies were significant, (2) Isla Monito was significantly different 

from Central Atlantic colonies at two of three loci, and (3) all pairwise comparisons at ornithine 

decarboxylase were significant, except between Isla San Benedicto and the Eastern Tropical 

Pacific.
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Figure 4.3 Statistical parsimony networks for (a) α-enolase, (b) β-fibrinogen, and (c) ornithine 
decarboxylase. The sizes of the circles are proportional to the number of individuals with each 
haplotype. The colours in each circle are proportional to the number of individuals from each of 
the four major genetic clusters that possessed each haplotype. Black squares represent inferred 
missing haplotypes. 
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Table 4.4 Estimates of ΦST based on (a) α-enolase, (b) β-fibrinogen, and (c) ornithine 

decarboxylase variation. Results significant after Benjamini-Yekutieli corrections are indicated 

with **. Results significant only before correction are indiciated with *. Population abbreviations 

are given in Table 4.1. 

(a)                   
  Mon Cvd Asn Chr Pal Jon Isb ETP GoC 
Mon 
Cvd 0.08 
Asn 0.08 0.00 
Chr 0.77** 0.81** 0.81** 
Pal 0.83** 0.90** 0.90** -0.01 
Jon 0.77** 0.83** 0.83** 0.01 0.07* 
Isb 0.85** 0.97** 0.97** 0.03 0.01 0.12* 
ETP 0.87** 0.97** 0.97** 0.04 0.01 0.14* -0.06 
GoC 0.88** 0.95** 0.95** 0.06** 0.02 0.18** -0.02 -0.02   

(b)            

  Mon Cvd Asn Chr Pal Jon Isb ETP GoC 
Mon 
Cvd 0.43** 
Asn 0.50** 0.03 
Chr 0.30** 0.67** 0.76** 
Pal 0.33** 0.70** 0.78** -0.01 
Jon 0.30** 0.67** 0.76** -0.02 -0.01 
Isb 0.32** 0.79** 0.88** 0.11* 0.06 0.12* 
ETP 0.35** 0.81** 0.89** 0.14* 0.08* 0.14* 0.00 
GoC 0.43** 0.85** 0.92** 0.19** 0.13** 0.20** 0.00 0.00   

(c) 
  Mon Cvd Asn Chr Pal Jon Isb ETP GoC 
Mon 
Cvd 0.37** 
Asn 0.57** 0.10* 
Chr 0.15** 0.20** 0.33** 
Pal 0.47** 0.30** 0.32** 0.16** 
Jon 0.41** 0.30** 0.34** 0.13** 0.08* 
Isb 0.82** 0.47** 0.47** 0.42** 0.32** 0.34** 
ETP 0.95** 0.62** 0.61** 0.59** 0.49** 0.51** 0.03 
GoC 1.00** 0.71** 0.70** 0.67** 0.58** 0.60** 0.23** 0.25**   
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4.4.4 Phylogenetic relationships among the four major genetic clusters 

In our *BEAST analysis, all nodes on the phylogeny were moderately or strongly supported (Fig. 

4.4). Briefly, the topology of the tree describes the Caribbean Sea and Central Atlantic clusters as 

sister taxa (posterior probability = 0.98), the Indo-Central Pacific cluster as sister to the Atlantic 

clade (Caribbean Sea + Central Atlantic; posterior probability = 0.82), and the Eastern Pacific 

cluster basal to all other clusters (Fig. 4.4). Although the sister relationship between the Indo-

Central Pacific and the Atlantic was only moderately supported by Bayesian phylogenetic 

standards, the credible set of trees included only two other rooted topologies, and each of these 

was represented by less than 10% of the total trees. Therefore, we consider the tree in Figure 4.4 

to be the best estimate of brown booby phylogenetic history. 

4.4.5 Coalescent estimates of gene flow and divergence times 

We performed three IMA analyses that corresponded to the major nodes of the *BEAST tree:  

(1) Caribbean Sea vs. Central Atlantic Ocean: Under the full IMA model, we found that the 

posterior distributions of both migration parameters peaked at zero (Table C.2) and that 

runs in L Mode could not reject a model with no gene flow (2*Log Likelihood Ratio 

[2LLR]=2.49, p=0.29). After constraining migration rates to be zero (isolation model), 

the posterior distribution of the divergence time parameter, t, peaked at 0.09 (90% highest 

posterior density [hpd]: 0.02 – 0.37; Fig. C.4a), corresponding to a divergence time of 

approximately 190 000 years before present (see Table C.2 for all parameter estimates 

and hpds under the full model and the isolation model). The posterior distributions for 

ΘCaribbean and ΘCentral Atlantic peaked at 0.22 (hpd: 0.05 – 0.73) and 0.11 (hpd: 0.02 – 0.37), 

resulting in estimates of Ne(Caribbean) and Ne(C.Atlantic) of 9 500 and 4 700 individuals, 

respectively (Fig. C.4b). The posterior distribution of ancestral Θ peaked at 0.19,  
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Figure 4.4 Majority-rule consensus tree from the *BEAST analysis. The tips of the tree correspond 
to the four major genetic clusters that were identified in the STRUCTURE analyses. Nodal support 
is indicated with Bayesian posterior probability. Numbers in open circles correspond to node 
labels that are used to refer to IMA analyses.  
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equivalent to an ancestral Ne of 8 200 individuals; however, the peak of the posterior 

distribution for ancestral Θ was less well defined than for the other parameters (Table 

C.2; Fig. C.4b). 

(2) Atlantic vs. the Indo-Central Pacific: Similar to the intra-Atlantic analysis, both 

migration parameters peaked at zero under the full model (Table C.2) and we could not 

reject a model with no gene flow (2LLR=4.12, p=0.12). Under the isolation model, the 

posterior distribution of t peaked at 0.17 (hpd: 0.02 – 0.37), or approximately 350 000 

years ago (Fig. C.4a). The posterior distributions for ΘAtlantic, ΘIndo-Central Pacific, and ΘAncestral 

peaked at 0.26 (hpd: 0.32 – 1.19), 0.66 (hpd: 0.11 – 0.57), and 0.79 (hpd: 0.18-2.24) 

resulting in estimates of Ne(Atlantic), Ne(Indo-Central Pacific) and Ne(Ancestral) of 11 000, 28 000, and 

34 100 individuals, respectively (Fig. C.4c).  

(3) Atlantic/Indo-Central Pacific vs. Eastern Pacific: Again, both migration parameters 

peaked at zero under the full model (Table C.2) and we could not reject a model with no 

gene flow (2LLR=0.0008, p=1.00). Under the isolation model, the posterior distribution 

of t peaked at 0.48 (hpd: 0.16 – 0.98), or approximately 990 000 years ago (Fig. C.4a). 

The posterior distributions for ΘAtlantic/Indo-Central Pacific and ΘEastern Pacific peaked at 0.93 (hpd: 

0.56 – 1.50) and 0.21 (hpd: 0.06 – 0.54) resulting in estimates of Ne(Atlantic/Indo-Central Pacific) 

and Ne(Eastern Pacific) of 40 000 and 9 100 individuals, respectively (Fig. C.4d). The posterior 

distribution of ancestral Θ was not estimated well but appeared to peak at 0 (Fig. C.4d). 

4.5 Discussion 

4.5.1 Major genetic groups of brown boobies correspond to geographic populations 

The pattern of nuclear DNA variation documented here is generally consistent with patterns of 

mtDNA variation previously reported in brown boobies (Steeves et al. 2003; Morris-Pocock et al. 
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2010). In the present analysis, all brown booby colonies were differentiated from each other, with 

two exceptions: (i) San Pedro Mártir and Farallón de San Ignacio in the Gulf of California, and 

(ii) Clipperton and Piedra Blanca in the Eastern Pacific. In the first case, the colonies were 

significantly differentiated on the basis of mtDNA control region variation (Morris-Pocock et al. 

2010), consistent with the population genetic expectation that relatively recent divergences will 

be easier to detect using mtDNA than with nuclear DNA (Zink & Barrowclough 2008). 

Alternatively, the contrasting nuclear and mtDNA patterns may be the result of male-mediated 

gene flow between the geographically proximate San Pedro Mártir and Farallón de San Ignacio 

colonies. However, sample sizes were small in both cases, potentially precluding the detection of 

significant population genetic structure. Pairwise estimates of ΦST based on mtDNA and nuclear 

intron variation were generally higher than estimates of FST derived from microsatellites; 

however, high levels of microsatellite variation can set a limit on the maximum possible value of 

FST (Hedrick 2005). Regardless, our results suggest that high levels of genetic differentiation 

among brown booby populations exist for both maternally inherited and bi-parentally inherited 

molecular markers. 

Our results support the division of global brown booby populations into four major 

genetic groups that correspond to major oceanographic areas: the (1) Caribbean Sea, (2) Central 

Atlantic Ocean, (3) Indian and Central Pacific Oceans, and (4) Eastern Pacific Ocean. These 

clusters also closely match previously defined subspecies within brown boobies (Nelson 1978): S. 

l. leucogaster in the Caribbean and Central Atlantic (clusters 1 and 2, which are sister taxa on the 

population tree; Fig. 4.4), S. l. plotus in the Indo-Central Pacific (cluster 3), and S. l. brewsteri in 

the Eastern Pacific (cluster 4). Excluding individuals from Isla San Benedicto, recent gene flow 

(last few generations) between any of the major groups appears to be absent or limited. Our 
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STRUCTURE analysis suggests that 205 of 207 individuals not collected at Isla San Benedicto 

(>99%) were assigned to their home cluster with posterior probability greater than 0.70 (Fig. 4.2). 

Both individuals that did not assign to their home cluster with high probability were collected at 

Christmas Island and appeared to assign to the Eastern Pacific cluster or to have mixed ancestry. 

However, both also had mtDNA haplotypes that grouped with other Christmas Island haplotypes 

(Morris-Pocock et al. 2010), suggesting that neither is a first generation migrant from the Eastern 

Pacific. Therefore, these individuals may represent the descendants of relatively recent migrants 

from the Eastern Pacific. 

4.5.2 The global diversification of brown booby populations occurred in the absence of gene 

flow 

The inference of a rooted population history is often difficult due to high levels of homoplasy in 

molecular markers such as microsatellites (Goldstein & Pollack 1997) and/or contrasting gene 

genealogies due to incomplete lineage sorting (Degnan & Rosenberg 2009). Nuclear introns have 

lower substitution rates than do microsatellites and will exhibit less homoplasy, but single nuclear 

introns often do not provide enough resolution to reconstruct a complete evolutionary history, 

even in interspecific phylogenetic contexts (e.g., Patterson et al. 2011). On the other hand, the 

*BEAST population tree from our study was well resolved and well supported (Fig. 4.4), and, 

together with our IMA analyses (Fig. C.4; Table C.2), suggested the following diversification 

history for brown boobies. Eastern Pacific populations diverged from all other populations 

approximately one million years ago (hpd: 330 000 – 2 000 000 years ago; Fig C.4a; Table C.2), 

followed by the divergence of Indo-Central Pacific populations and Central Atlantic/Caribbean 

Sea populations approximately 350 000 years ago (hpd: 145 000 – 700 000 years ago; Fig. C.4a; 

Table C.2), and most recently, the divergence of Central Atlantic and Caribbean Sea populations 
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approximately 190 000 years ago (hpd: 41,000 – 770 000 years ago; Fig. C.4a; Table C.2). 

Consistent with the assumptions of the *BEAST model, our IMA analyses suggested that each 

divergence occurred in the absence of gene flow (Table C.2). The divergence history is consistent 

with either a vicariant speciation model (brown boobies were widely distributed before 

divergence occurred) or a dispersal model (divergences were caused by the colonization of new 

habitat and subsequent isolation of nascent colonies), but our data cannot distinguish between 

these options at the present time. 

The lack of historic gene flow among the four major genetic clusters suggests that major 

physical barriers to gene flow have influenced the diversification process. Major physical barriers 

also appear to have been important in the diversification of other tropical seabirds (reviewed in 

Friesen et al. 2007), marine mammals (e.g., Hoelzel et al. 2007), and marine turtles (reviewed in 

Bowen & Karl 2007). In brown boobies, the geographic distribution of the major populations 

suggests that at least three major barriers to gene flow exist: the Isthmus of Panama between the 

Eastern Pacific and Caribbean, the Eastern Pacific Basin between the Eastern Pacific and Indo-

Central Pacific, and the presumably inhospitable (for tropical seabirds) cold water Benguela 

current between the Indo-Central Pacific and Central Atlantic. While no obvious physical barrier 

to gene flow isolates Caribbean Sea and central Atlantic Ocean populations, other seabird species 

are genetically structured in the same way (Steeves et al. 2005a, b; Morris-Pocock et al. 2010), 

suggesting that either an unrecognized physical barrier to gene flow or non-physical barriers such 

as natal philopatry or habitat preference isolate these populations. Although we were unable to 

estimate rates of gene flow among brown booby colonies within major genetic clusters, 

significant FST and ΦST estimates (Table 4.3; Table 4.4) as well as previous analyses based on 
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mtDNA (Morris-Pocock et al. 2010) suggest that these colonies are also isolated by non-physical 

barriers to gene flow and may not exchange any migrants. 

The emerging picture of the evolutionary history of brown booby populations therefore 

closely resembles classical allopatric divergence (Coyne & Orr 2004). In addition to major 

physical barriers to gene flow, isolation on a local scale may also be caused by a combination of 

high philopatry (Friesen et al. 2007) and the disjunct distribution of breeding colonies in the 

tropics. Moreover, the inshore habitat preference of brown boobies may further act to restrict 

gene flow among geographically proximate populations by limiting the opportunity for 

individuals to encounter and subsequently breed at non-natal colonies (Morris-Pocock et al. 

2010). Philopatry and disjunct breeding distributions are common to many other marine taxa 

(e.g., sea turtles; Bowen & Karl 2007) and divergence via isolation in the absence of gene flow 

may be common in pelagic tropical animals. However, the evolution of complete post-zygotic 

reproductive isolation in birds appears to take an average of 10.5 million years (Price & Bouvier 

2002). Therefore, although isolated populations of tropical seabirds may be highly divergent at 

neutral molecular markers and appear to have been isolated for long periods of time, reproductive 

isolating barriers may not have had time to evolve, and any rare gene flow between previously 

isolated lineages may disrupt the process of differentiation. 

4.5.3 Secondary contact at Isla San Benedicto 

A detailed genetic analysis of eight individuals from Isla San Benedicto was motivated by the fact 

that all eight had Eastern Pacific mtDNA haplotypes (Morris-Pocock et al. 2010), despite 

evidence of hybridization on the island (e.g., two of the individuals included in our study were 

chicks that appeared to have brown-headed fathers; Pitman & Balance 2002). At least three 

explanations exist for why no central Pacific mtDNA haplotypes were found among these 
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individuals: (1) the presence of brown-headed males at Isla San Benedicto is the result of a de 

novo mutation, not migration, (2) dispersal from the Indo-Central Pacific to Isla San Benedicto 

occurs, but only by males, and (3) dispersal by both males and females occurs, but realized gene 

flow is only mediated by males (i.e., Indo-Central Pacific females do not successfully produce 

offspring in the Eastern Pacific). Our nuclear DNA results clearly rule out option 1 and suggest 

that hybridization between the two forms occurs at Isla San Benedicto. Results from the 

STRUCTURE analysis suggest that four out of the eight individuals have microsatellite genotypes 

that are admixed between the Indo-Central Pacific and Eastern Pacific. To distinguish between 

option 2 and option 3, it would be necessary to identify first generation female migrants at Isla 

San Benedicto. While we did not identify any apparent first generation migrants (i.e., none of the 

sampled birds had non-Eastern Pacific mtDNA; Morris-Pocock et al. 2010), our sample size was 

small; a more detailed genetic study of the resident brown booby population at Isla San Benedicto 

is necessary to address this question. Perhaps most revealing among our results is that one brown 

booby chick had a white-headed father and Eastern Pacific mtDNA (Morris-Pocock et al. 2010), 

yet approximately 85% of its genome was assigned to the central Pacific (first Isla San Benedicto 

individual in Fig. 4.3). This suggests not only that hybridization between the two forms occurs at 

Isla San Benedicto, but that introgression beyond the F1 generation occurs. 

 While Eastern Pacific brown boobies have been isolated from other brown booby 

populations for approximately one million years (Fig. 4.4a) and have evolved a unique male 

plumage, hybridization between these forms and Indo-Central Pacific forms still occurs and 

hybrids are apparently fertile. Male plumage colouration is often a target of sexual selection and 

is one of the most often cited pre-mating reproductive isolating barriers in birds (Price 2008). 
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However, our results suggest that the fixed plumage difference is not a strong pre-mating, 

prezygotic isolating barrier in brown boobies. 

Another interesting aspect of our results is that gene flow upon secondary contact 

between the Indo-Central Pacific and Eastern Pacific lineages appears to have followed a 

catastrophic volcanic eruption at Isla San Benedicto despite apparently not occurring over one 

million years of evolution previous to the eruption. One mechanism that may prevent gene flow 

across the Eastern Pacific Basin is strong selection against immigrants or potential immigrants at 

established colonies (i.e., “immigrant inviability”; Nosil et al. 2005). Such a situation may occur 

if brown boobies in the Indo-Central Pacific and Eastern Pacific are subject to divergent natural 

selection based on habitat differences between breeding sites. Selection pressures at Isla San 

Benedicto may have been relaxed following the eruption, allowing the re-colonization of the 

island by individuals from both the Indo-Central Pacific and Eastern Pacific Oceans, although this 

conclusion is speculative. 

4.5.4 Conclusions and Limitations 

We found that brown booby populations are highly differentiated and that colonies can be 

grouped into four major genetic populations that correspond closely to geography and to 

described subspecies. These genetic populations diverged from each other in the absence of gene 

flow over a period of approximately one million years and exchange few to no migrants 

presently. On the other hand, Isla San Benedicto is a site of secondary contact between two highly 

differentiated populations, and “hybrids” of the two forms are apparently viable and fertile, 

suggesting that approximately one million years of isolation concomitant with the evolution of 

fixed plumage differences is not sufficient to prevent gene flow. Evolutionary histories that 

involve long term isolation followed by gene flow facilitated by rare dispersal may also be 
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common in other philopatric, yet highly mobile, marine organisms (e.g., sea turtles and marine 

mammals) and our study highlights advantages of a multilocus population genetic approach in 

these cases. Moreover, our study demonstrates that the combined use of statistical 

phylogeographic and of species tree estimation methods can reveal evolutionary histories that 

may be inaccessible otherwise. To our knowledge, this is one of the first studies to use this 

approach in a single, highly differentiated species (but see Tavares et al. 2010). 

Our approach assumes that gene flow has not been important in the divergence history of 

the taxonomic units under consideration (here, the four major genetic clusters of brown boobies; 

Heled & Drummond 2010). However, given the accumulating evidence that population 

divergence and speciation may occur despite high levels of gene flow (e.g., Niemiller et al. 2008; 

Carling et al. 2010), this simplistic assumption is unlikely to be met in many empirical systems. 

Unfortunately, no full-likelihood, coalescent method can yet estimate population or species trees 

in the presence of both incomplete lineage sorting and introgressive hybridization between the 

diverging taxa (Kubatko 2009). Therefore, the use of coalescent approaches that do not consider 

introgression, especially in an intraspecific setting, needs to be carefully considered. In our case, 

we applied the *BEAST model to our data only after (i) making every attempt to validate the 

assumption of no gene flow among the four major genetic populations, and (ii) removing 

individuals that were identified by traditional population genetic methods (i.e., STRUCTURE) to be 

recent migrants or descendants of recent migrants. Although the application of the *BEAST model 

to our data may be a simplification of the evolutionary history of brown boobies, we believe that 

it captures much of the biological reality of the system. 



 

 

 

133

4.6 Acknowledgements 

We would like to thank L. Braun, A. Castillo, M. Chaib, C. Depkin, E. Gómez Díaz, J. González 

Solís, L. Hayes, J. Hennicke, D. O’Daniel, B. Pitman, M. Schiffler, T. Steeves, S. Taylor, B. 

Tershie, J. Zamudio, and C. Zavalaga for assistance with sample collection. Funding was supplied 

by the National Sciences and Engineering Research Council of Canada (NSERC) Discovery 

Grant (V.L.F.), NSERC Alexander Graham Bell Canada Graduate Scholarship (J.A.M.P) and the 

US National Science Foundation grant DEB9629539 (D.J.A). Logistical support was provided by 

the US Fish and Wildlife Service, US Coast Guard, Puerto Rico Department of Natural 

Resources, Christmas Island National Park, and the Royal Society for the Protection of Birds. T. 

Birt, P. Deane, G. Ibarguchi, L. Ott, Z. Sun, S. Taylor, and S. Wallace provided lab support 

and/or helpful discussion. Technical assistance was provided by Corine Zotti of the sequencing 

platform at the McGill University and Genome Quebec Innovation Centre. 

4.7 Literature Cited 

Axelsson E, Smith NGC, Sundström H, Berlin S, Ellegren H (2004) Male-biased mutation rate 
and divergence in autosomal, Z-linked, and W-linked introns of chicken and turkey. 
Molecular Biology and Evolution, 21, 1538-1547. 

Beadell JS, Schreiber EA, Schreiber RW, Schenk GA, Doherty Jr. PF (2003) Survival of brown 
boobies (Sula leucogaster) at Johnston Atoll: a long-term study. The Auk, 120, 811-817. 

Bottema CDK, Sarkar G, Cassady JD et al. (1993) Polymerase chain reaction amplification of 
specific alleles: a general method of determination of mutations, polymorphisms, and 
haplotypes. Methods in Enzymology, 218, 388-402. 

Bowen BW, Karl SA (2007) Population genetics and phylogeography of sea turtles. Molecular 
Ecology, 16, 4886-4907. 

Carling MD, Lovette IJ, Brumfield RT (2010) Historical divergence and gene flow: coalescent 
analyses of mitochondrial, autosomal and sex-linked loci in Passerina buntings. 
Evolution, 64, 1162-1172. 



 

 

 

134

Carstens BC, Stoute HN, Reid NM (2009) An information-theoretical approach to 
phylogeography. Molecular Ecology, 18, 4270-4282. 

Chakraborty R (1990) Mitochondrial DNA polymorphism reveals hidden heterogeneity within 
some Asian populations. American Journal of Human Genetics, 47, 87-94. 

Clement M, Posada D, Crandall KA (2000) TCS: a computer program to estimate gene 
genealogies. Molecular Ecology, 9, 1657-1659. 

Colborn J, Crabtree RE, Shaklee JB, Pfeiler E, Bowen BW (2001) The evolutionary enigma of 
bonefishes (Albula spp.): cryptic species and ancient separations in a globally distributed 
shorefish. Evolution, 55, 807-820. 

Coyne JA, Orr HA (2004) Speciation. Sinauer Associates, Sunderland, Massachusets. 

Degnan JH, Rosenberg NA (2009) Gene tree discordance, phylogenetic inference and the 
multispecies coalescent. Trends in Ecology and Evolution, 24, 332-340. 

Driskell AC, Christidis L (2004) Phylogeny and evolution of the Australo-Papuan 
honeyeaters (Passeriformes, Meliphagidae). Molecular Phylogenetics and 
Evolution, 31, 943-960. 

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by sampling trees. 
BMC Evolutionary Biology, 7, 214-221. 

Edwards SV, Kingman SB, Calkins JD et al. (2005) Speciation in birds: genes, 
geography, and sexual selection. Proceedings of the National Academy of 
Sciences USA, 102, 6550-6557. 

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using the 
sortware structure: a simulation study. Molecular Ecology, 14, 2611-2620. 

Ewens WJ (1972) Sampling theory of selectively neutral alleles. Theoretical Population Biology, 
3, 87-112. 

Excoffier L, Laval G, Scneider S (2005) Arlequin (version 3.0): an integrated software package 
for population genetics data analysis. Evolutionary Bioinformatics Online, 1, 47-50. 

Felsenstein J (1981) Evolutionary trees from DNA sequences: a maximum likelihood approach. 
Systematic Zoology, 27, 401-410. 

Friesen VL, Congdon BC, Kidd MG, Birt TP (1999) Polymerase chain reaction (PCR) primers 
for the amplification of five nuclear introns in vertebrates. Molecular Ecology, 8, 2147-
2149.  



 

 

 

135

Friesen VL, Burg TM, McCoy KD (2007) Mechanisms of population differentiation in seabirds. 
Molecular Ecology, 16, 1765-1785. 

Goldstein DB, Pollack DD (1997) Launching microsatellites: a review of mutation processes and 
methods of phylogenetic inference. Journal of Heredity, 88, 335-342. 

Goudet J (2001) FSTAT: A program to estimate and test gene diversities and fixation indices 
(version 2.9.3.2). Available from http://www2.unil.ch/popgen/softwares/fstat.htm 

Grigg RW, Hey R (1992) Paleoceanography of the tropical eastern Pacific Ocean. Science, 255, 
172-178. 

Hall TA (1999) BioEdit: a user friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 95-98. 

Hedrick PW (2005) A standardized genetic differentiation measure. Evolution, 59, 1633-1638. 

Heled J, Drummond AJ (2010) Bayesian inference of species trees from multilocus data. 
Molecular Biology and Evolution, 27, 570-580. 

Hey J, Nielsen R (2007) Integration within the Felsenstein equation for improved Markov chain 
Monte Carlo methods in population genetics. Proceedings of the National Academy of 
Sciences USA, 104, 2785-2790. 

Hird S, Kubatko L, Carstens B (2010) Rapid and accurate species tree estimation for 
phylogeographic investigations using replicated subsampling. Molecular Phylogenetics 
and Evolution, 57, 888-898. 

Hoelzel AR, Hey J, Dahleim ME et al. (2007) Evolution of population structure in a highly social 
top predator, the killer whale. Molecular Biology and Evolution, 24, 1407-1415. 

Hudson RR, Kaplan NL (1985) Statistical properties of the number of recombination events in 
the history of a sample of DNA sequences. Genetics, 111, 147-164. 

Huyvaert KP, Anderson DJ (2004) Limited natal dispersal in Nazca boobies Sula granti. Journal 
of Avian Biology, 35, 46-53. 

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and permutation program for 
dealing with label switching and multimodality in analysis of population structure. 
Bioinformatics, 23, 1801-1806. 

Kimura M (1980) A simple method for measuring evolutionary rates of base substitutions 
through comparative studies of nucleotide sequences. Journal of Molecular Evolution, 
16, 111-120. 



 

 

 

136

Kubatko LS (2009) Identifying hybridization events in the presence of coalescence via model 
selection. Systematic Biology, 58, 478-488. 

McCartney MA, Keller G, Lessios HA (2000) Dispersal barriers in tropical oceans and speciation 
in Atlantic and eastern Pacific sea urchins or the genus Echinometra. Molecular Ecology, 
9, 1391-1400. 

Morris-Pocock JA, Steeves TE, Estela FA, Anderson DJ, Friesen VL (2010) Comparative 
phylogeography of brown (Sula leucogaster) and red-footed boobies (S. sula): The 
influence of physical barriers and habitat preference on gene flow in pelagic seabirds. 
Molecular Phylogenetics and Evolution, 54, 883-896. 

Narum SR (2006) Beyond Bonferroni: less conservative analyses for conservation genetics. 
Conservation Genetics, 7, 783-787. 

Nei M (1987) Molecular Evolutionary Genetics. Columbia University Press, New York. 

Nelson JB (1978) The Sulidae: gannets and boobies. Oxford University Press, Oxford. 

Niemiller ML, Fitzpatrick BM, Miller BT (2008) Recent divergence with gene flow in Tennessee 
cave salamanders (Plethodontidae: Gyrinophilus) inferred from gene genealogies. 
Molecular Ecology, 17, 2258-2275. 

Nosil P, Vines TH, Funk DJ (2005) Reproductive isolation caused by natural selection against 
immigrants from divergent habitats. Evolution, 59, 705-719.  

Nylander J (2004) MrModelTest v2. Program distributed by the author. Evolutionary Biology 
Centre, Uppsala Univesity, Uppsala. Available at http://www.abc.se/~nylander. 

Patterson SA, Morris-Pocock JA, Friesen VL (2011) A multilocus phylogeny of the Sulidae 
(Aves: Pelecaniformes). Molecular Phylogenetics and Evolution, 58, 181-191.  

Peters JL, Zhuravlev YN, Fefelov I, Humphries EM, Omland KE (2008) Multilocus 
phylogeography of a holarctic duck: colonization of North America from Eurasia by 
gadwall (Anas strepera). Evolution, 62, 1469-1483. 

Pitman RL, Balance LT (2002) The changing status of marine birds at San Benedicto Island, 
Mexico. The Wilson Bulletin, 114, 11-19. 

Price TD (2008) Speciation in Birds. Roberts and Company Publishers, Greenwood Village, 
Colorado. 

Price TD, Bouvier MM (2002) The evolution of F1 postzygotic incompatibilities in birds. 
Evolution, 56, 2083-2089. 



 

 

 

137

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using multilocus 
genotype data. Genetics, 155, 945-959. 

Reed JM, Bouliner T, Danchin E, Oring LW (1999) Informed dispersal: prospecting by birds for 
breeding sites. Current Ornithology, 15, 189-259. 

Rozas J, Sánchez-DelBarrio JC, Messeguer Z, Rozas R (2003) DnaSP: DNA polymorphism 
analyses by the coalescent and other methods. Bioinformatics, 19, 2496-2497. 

Sæther B-E, Lande R, Engen S et al. (2005) Generation time and temporal scaling of bird 
population dynamics. Nature, 436, 99-102. 

Salzburger W, Baric S, Sturmbauer C (2002) Speciation via introgressive hybridization in East 
African cichlids? Molecular Ecology, 11, 619-625. 

Sambrook JD, Russel W (2001) Molecular cloning: a laboratory manual, 3rd edn. Cold Spring 
Harbor Laboratory Press, New York. 

Steeves TE, Anderson DJ, McNally H, Kim MH, Friesen VL (2003) Phylogeography of Sula: the 
role of physical barriers to gene flow in the diversification of tropical seabirds. Journal of 
Avian Biology, 34, 217-223. 

Steeves TE, Anderson DJ, Friesen VL (2005a) The Isthmus of Panama: a major physical barrier 
to gene flow in a highly mobile pantropical seabird. Journal of Evolutionary Biology, 18, 
1000-1008. 

Steeves TE, Anderson DJ, Friesen VL (2005b) A role for nonphysical barriers to gene flow in the 
diversification of a highly vagile seabird, the masked booby (Sula dactylatra). Molecular 
Ecology, 14, 3877–3887. 

Stephens M, Smith NJ, Donnelly P (2001) A new statistical methods for haplotype reconstruction 
from population data. The American Journal of Human Genetics, 68, 978-989. 

Strasburg JL, Rieseberg LH (2010) How robust are “Isolation with Migration” analyses to 
violations of the IM model? A simulation study. Molecular Biology and Evolution, 27, 
297-310. 

Tajima F (1983) Evolutionary relationships of DNA sequences in finite populations. Genetics, 
105, 437-460. 

Tavares E, de Kroon GHJ, Baker AJ (2010) Phylogenetic and coalescent analysis of three loci 
suggest that the Water Rail is divisible into two species, Rallus aquaticus and R. indicus. 
BMC Evolutionary Biology, 10, 226. 



 

 

 

138

Taylor SA, Morris-Pocock JA, Sun Z, Friesen VL (2010) Isolation and characterization of ten 
microsatellite loci in Blue-footed (Sula nebouxii) and Peruvian Boobies (S. variegata). 
Journal of Ornithology, 151, 525-528.  

Thompson JD, Higgins DG, Gibson TJ (1994) ClustalW: improving the sensitivity of progressive 
multiple sequence alignment through sequence weighting, position-specific gap penalties 
and weight matrix choice. Nucleic Acids Research, 22, 4673-4680.  

VanderWerf EA, Becker BL, Eijzenga J, Eijzenga H (2008) Nazca booby Sula granti and 
Brewster’s brown booby Sula leucogaster brewsteri in the Hawaiian Islands and 
Johnston and Palmyra Atolls. Marine Ornithology, 36, 67-71. 

van Oosterhout C, Hutchinson WF, Wills DPM, Shipley, P (2004) MICRO-CHECKER: software 
for identifying and correcting genotyping errors in microsatellite data. Molecular Ecology 
Notes, 4, 535-538. 

Watterson GA (1978) Homozygosity test of neutrality. Genetics, 88, 405-417. 

Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and migration: FST ≠ 1 / 
(4Nm + 1). Heredity, 82, 117-125. 

Wright S (1931) Evolution in Mendelian population. Genetics, 16, 97-159.  

Zink RM, Barrowclough GF (2008) Mitochondrial DNA under siege in avian phylogeography. 
Molecular Ecology, 17, 2107-2121. 

  



 

 

 

139

Chapter 5 : Dynamic barriers to gene flow influence population 

differentiation in a pelagic seabird 

5.1 Abstract 

Recent research suggests that gene flow may play a much larger role in population differentiation 

and speciation than previously assumed. Pelagic seabirds exhibit high natal philopatry but can 

disperse long distances, potentially leading to evolutionary histories that involve long periods of 

genetic isolation followed by gene flow upon secondary contact. We genotyped 282 red-footed 

boobies (Sula sula) at microsatellite, nuclear intron and mitochondrial markers, and applied 

statistical phylogeographic methods to investigate the history of isolation and gene flow in this 

species. Results indicate red-footed boobies can be divided into four major genetic populations 

that correspond to oceanographic regions. However, recent gene flow appears to occur between 

these populations. Further differentiation was found within ocean basins, with gene flow among 

these sub-populations also. Most barriers to gene flow in red-footed boobies appear to be 

dynamic, generally restricting gene flow throughout evolutionary history, but porous to 

contemporary gene flow. 

5.2 Introduction 

Evaluating the relative roles of genetic isolation and gene flow during intraspecific population 

differentiation is fundamental to understanding many aspects of evolution, such as the process of 

speciation. Recent theoretical research suggests that processes of population differentiation and 

speciation can sometimes involve substantial gene flow among populations (e.g., Gavrilets 2004; 

Bolnick & Fitzpatrick 2007; Nosil 2008), an assertion supported by several empirical studies of 

divergence in birds (e.g., Carling et al. 2010; de León et al. 2010; Yeung et al. 2011). Gene flow 
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can play a role in population divergence in several ways. For example, gene flow may occur 

throughout the divergence process (e.g., Niemiller et al. 2008), or following long periods of 

genetic isolation (gene flow following secondary contact; e.g., Salzburger et al. 2002; Grant & 

Grant 2008). Gene flow following secondary contact may be particularly important in population 

divergence if hybrids of the previously isolated lineages are less fit than their parents. In these 

cases, reinforcement can increase pre-mating reproductive isolation between the two forms, 

promoting divergence (Schluter 2001; Hoskin et al. 2005). 

The importance of gene flow during divergence depends, in part, on the barriers that 

restrict dispersal among populations. For example, major physical barriers such as mountain 

ranges or ice sheets appear to restrict gene flow in many avian species (Weir & Schluter 2004). 

While population divergence in terrestrial birds is well understood, comparatively little is known 

about divergence in marine birds. The barriers to gene flow and mechanisms of population 

differentiation in seabirds likely differ from those that are important in terrestrial ecosystems 

(Friesen et al. 2007). Pelagic seabirds are strong fliers able to disperse very long distances from 

their breeding colony (Schreiber & Burger 2002). Dispersal and gene flow between pelagic 

seabird colonies may also be high because some species have prolonged juvenile stages during 

which individuals can visit and potentially settle to breed at non-natal colonies (Reed et al. 1999). 

On the other hand, many seabird species exhibit strong natal philopatry (e.g., Huyvaert & 

Anderson 2004) and breed on isolated oceanic islands, minimizing gene flow between some 

colonies (e.g., Hailer et al. 2010; Morris-Pocock et al. 2011). However, if individuals are usually 

philopatric, but sometimes disperse a long distance (e.g., Milot et al. 2008), gene flow between 

previously isolated lineages may be common. The apparent paradox of high dispersal potential of 
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seabirds and little realized gene flow among colonies is well appreciated in the literature (e.g., 

Friesen et al. 2007; Milot et al. 2008). 

Continental land masses, such as the Isthmus of Panama, clearly influence patterns of 

gene flow in tropical seabirds (Avise et al. 2000; Steeves et al. 2003, 2005; Friesen et al. 2007; 

Morris-Pocock et al. 2010a, 2011); however, features of the marine environment itself may also 

be important. Seabirds depend on the marine environment for food (Schreiber & Burger 2002), 

and many species rely on other top predators, such as tuna and dolphins, to drive prey to the 

surface (Au & Pitman 1986; Weimerskirch et al. 2005). Moreover, geographic positioning system 

(GPS) tracking of breeding and non-breeding seabirds has revealed that their at-sea distributions 

are strongly influenced by marine features such as fronts and eddies (e.g., Raymond et al. 2010; 

Weimerskirch et al. 2010). Despite the close association between the marine environment and the 

at-sea distributions of seabirds, relatively little is known about the influence of these marine 

features on population differentiation and gene flow. However, recent evidence suggests that the 

Almeria-Oran Oceanic Front at the interface between the Atlantic Ocean and Mediterranean Sea 

restricts gene flow in Calonectris shearwaters (Gómez-Díaz et al. 2006), and differences in 

salinity and sea surface temperature between the Gulf of California and Eastern Tropical Pacific 

may restrict gene flow among brown booby (Sula leucogaster) populations (Morris-Pocock et al. 

2010a). Importantly, oceanographic features may not be stable over evolutionary (e.g., Stott et al. 

2004) or even ecological time scales (Curry et al. 2003). This instability may lead to repeated 

bouts of genetic isolation followed by gene flow upon secondary contact among populations. 

Such “dynamic barriers” have been suggested to influence tropical seabird divergence (Steeves et 

al. 2003) and may be an important factor in population differentiation, particularly in pelagic 

species that are highly associated with the marine environment. 



 

 

 

142

Boobies (Aves: Suliformes) are a group of seven mostly tropical seabird species (Nelson 

1978; Pitman & Jehl 1998). While major physical barriers appear to have influenced genetic 

differentiation within sulid species (Steeves et al. 2003, 2005; Morris-Pocock et al. 2010a), 

marine barriers to gene flow may also have been important. Red-footed boobies (Sula sula) are 

the most pelagic species in the group (Nelson 1978), and may interact with marine barriers most 

often. In previous studies of mitochondrial DNA (mtDNA) variation in red-footed boobies, we 

found evidence of strong matrilineal genetic structure both between and within ocean basins 

(Steeves et al. 2003; Morris-Pocock et al. 2010a). Despite high genetic structure, our analyses 

suggested that maternal gene flow among genetically differentiated populations may have 

occurred within ocean basins, either throughout divergence or following secondary contact of 

previously isolated lineages. However, several of the conclusions of our study were limited by the 

fact that we used only mtDNA molecular markers. For example, we surveyed only matrilineal 

population genetic structure and gene flow, yet recent observational and phylogeographic data 

suggest that gene flow among brown booby colonies may be mediated through males 

(VanderWerf et al. 2008; Morris-Pocock et al. 2011). Moreover, sophisticated analyses of gene 

flow between genetically differentiated lineages (e.g., assignment tests; Wilson & Rannala 2003) 

were not possible as we only surveyed variation at a single locus. Such tests could, for example, 

determine if gene flow occurred in recent ecological time (i.e., the last few generations), and 

identify apparent migrants. 

Here we expand upon our previous work by using a multilocus population genetic 

approach to characterize genetic differentiation and gene flow in red-footed boobies. Specifically, 

we test whether marine barriers to gene flow influence population differentiation and use 
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assignment tests and coalescent theory-based methods to determine if gene flow occurs across 

these barriers. 

5.3 Materials and Methods 

5.3.1 Sample collection 

We collected blood and/or feather samples from 282 red-footed boobies at 11 colonies from 

across their global breeding distribution (Fig. 5.1; Table 5.1). All samples were included in a 

previous genetic analysis of mitochondrial control region variation (Morris-Pocock et al. 2010a), 

with the exception of two individuals from Fernando de Norhona, one from Isla Genovesa 

(Galápagos), and 18 from Christmas Island (Indian Ocean; Fig. 5.1; Table 5.1). Samples were 

either blood collected from confirmed breeding adults or chicks on nests, or growing feathers 

collected from chicks. To avoid including closely related individuals in our analysis, we sampled 

only one chick per nest and did not sample either of the presumed parents of chicks. We extracted 

DNA from each sample using either a standard phenol/chloroform procedure (Sambrook & 

Russell 2001) or the DNeasy extraction kit (Qiagen, Mississauga, ON). We determined the sex of 

each individual molecularly using the methods of Fridolfsson and Ellegren (1999). 

5.3.2 Microsatellites: laboratory methods 

We genotyped every individual at 10 polymorphic microsatellite loci specifically developed for 

red-footed boobies (Molecular Ecology Resources Primer Development Consortium et al. 2010). 

We grouped these loci into four multiplex PCR reactions of either two or three loci each 

(Multiplex 1: Ss2b-71, Ss2b-138; Multiplex 2: Ss2b-110, Ss2b-2; Multiplex 3: Ss2b-35, Ss1b-98, 

Ss2b-153; Multiplex 4: Ss2b-48, Ss1b-51, Ss1b-142). PCR reactions, sizing of PCR products, and 

genotype scoring were performed exactly as in Taylor et al. (2010). 
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Figure 5.1 Approximate geographic location of red-footed booby sampling sites. See 
Table 5.1 for exact longitudinal/latitudinal coordinates and abbreviations. Potential marine 
barriers to gene flow are shown in grey: the Eastern Pacific Basin in the Pacific Ocean and an 
unidentified cryptic barrier between Christmas Island and North-Keeling Island in the Indian 
Ocean. 
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Table 5.1 Red-footed booby sampling site locations and abbreviations, the number of individuals sampled for microsatellite and nuclear intron 

analyses, and indices of variation. All genetic variation indices are averaged over loci (with standard deviation) and were not calculated for 

Ascension due to small sample size. Subspecies designations are taken from Nelson (1978). 

Microsatellites   Nuclear Introns 

Colony Abbreviation Subspecies Latitude Longitude n Ho He n h π Ho He 

Isla Monito Mon sula 18°15' N 67°95' W 31 0.37 ± 0.24 0.38 ± 0.22 20 0.46 ± 0.33 0.0012 ± 0.0004 0.62 ± 0.16 0.47 ± 0.07 

Fernando de Norhona Fer sula 03°52'N 32°24'W 18 0.42 ± 0.30 0.47 ± 0.19 18 0.32 ± 0.25 0.0007 ± 0.0002 0.35 ± 0.27 0.32 ± 0.19 

Ascension Asn sula 07°56' S 14°22' W 1 NA NA 1 NA NA NA NA 

Aldabra Atoll Ald rubripes 09°24'S 46°22'E 29 0.61 ± 0.16 0.65 ± 0.12 20 0.62 ± 0.40 0.0019 ± 0.0011 0.55 ± 0.26 0.62 ± 0.14 

North-Keeling Island Nki rubripes 12°07' S 96°54'E 34 0.63 ± 0.21 0.68 ± 0.12 25 0.55 ± 0.37 0.0018 ± 0.0008 0.40 ± 0.07 0.55 ± 0.15 

Christmas Island Chr rubripes 10°29' S 105°38'E 18 0.64 ± 0.22 0.67 ± 0.09 18 0.59 ± 0.39 0.0018 ± 0.0009 0.67 ± 0.15 0.59 ± 0.12 

Herald Cays Her rubripes 16°56' S 149°13'E 27 0.63 ± 0.15 0.67 ± 0.13 20 0.42 ± 0.30 0.0014 ± 0.0005 0.45 ± 0.22 0.42 ± 0.19 

Palmyra Atoll Pal rubripes 05°33' N 162°50' W 32 0.62 ± 0.22 0.63 ± 0.22 20 0.48 ± 0.33 0.0014 ± 0.0005 0.48 ± 0.16 0.48 ± 0.04 

Johnston Atoll Jon rubripes 16°45' N 169°31' W 29 0.65 ± 0.18 0.61 ± 0.11 28 0.43 ± 0.30 0.0012 ± 0.0004 0.42 ± 0.05 0.43 ± 0.06 

Tern Island Trn rubripes 23°52'N 166°17'W 31 0.60 ± 0.18 0.58 ± 0.14 20 0.35 ± 0.26 0.0009 ± 0.0003 0.33 ± 0.13 0.35 ± 0.05 

Isla Genovesa Gen websteri 00°20' N 89°57' W 32 0.34 ± 0.15 0.36 ± 0.15 31 0.25 ± 0.21 0.0006 ± 0.0001 0.25 ± 0.04 0.25 ± 0.01 

Total 282 221 
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5.3.3 Nuclear introns: laboratory methods 

We also sequenced three nuclear intron loci (α-enolase intron eight, Friesen et al. 1999; β-

fibrinogen intron five, Driskell & Christidis 2004; ornithine decarboxylase introns six and seven, 

Patterson et al. 2011) in a subset of red-footed booby individuals. We subsampled individuals 

using the following strategy. First, we included 20 randomly selected individuals from every 

identified genetic population (based on pairwise FST analysis of microsatellite genotypes; see 

Results) and the single individual from Ascension. If fewer than 20 individuals were sampled, we 

included all of them. Second, we included five individuals from North-Keeling Island that were 

genetically divergent from all other North-Keeling Island individuals in our previous mtDNA-

based analysis (Morris-Pocock et al. 2010a). Similarly, we included all individuals from Isla 

Genovesa and Johnston Atoll because we were specifically interested in the genetic ancestry of 

these individuals (see Results). In total, 221 individuals were included in the subsample and all 

three loci were sequenced for these individuals using protocols as in Morris-Pocock et al. (2011). 

PCR products were sequenced with both forward and reverse primers on a 3730XL DNA 

Analyzer (Applied Biosystems, Foster City, CA) at the McGill University and Genome Quebec 

Innovation Centre (Montreal, QC). 

We verified chromatograms manually and identified heterozygous individuals by the 

presence of two peaks of approximately equal size at the same nucleotide site. We inferred the 

gametic phase of heterozygous individuals that had more than one polymorphic site using the 

software PHASE (Version 2.1; Stephens et al. 2001). We used the “recombination model” 

implemented by the program (“- MR” flag) and all other default settings. If the phase could not be 

determined with posterior probability greater than 0.95, we designed allele-specific primers to 

amplify each allele within an individual separately (Bottema et al. 1993; Table D.1). We aligned 
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phased intron sequences using CLUSTALW (Thompson et al. 1994) as implemented in BIOEDIT 

(Version 7.0.5.3; Hall 1999). 

5.3.4 Nuclear DNA: tests of assumptions and estimates of genetic diversity 

We calculated observed (Ho) and expected heterozygosity (He) for each nuclear locus at each 

colony, except Ascension. Ascension was excluded from all population-level analyses due to 

small sample size. We tested for deviations from Hardy-Weinberg and gametic equilibrium and 

corrected for multiple tests using Benjamini-Yekutieli corrections (Narum 2006). We tested for 

deviations from selective neutrality at each intron locus using Ewens-Watterson (Ewens 1972; 

Watterson 1978) and Chakraborty’s amalgamation tests (Chakraborty 1990), and characterized 

genetic variation at these loci by estimating haplotype (h; Nei 1987) and nucleotide diversity (π; 

Tajima 1983). All of the above analyses were performed in ARLEQUIN (Version 3.1; Excoffier et 

al. 2005). We also estimated allelic richness (R) for all nuclear loci in FSTAT (Version 2.9.3.2; 

Goudet 2001). Finally, we tested for a signal of recombination in intron loci by performing four-

gamete tests (Hudson & Kaplan 1985). 

5.3.5 Nuclear DNA: population genetic structure 

We quantified the extent and pattern of differentiation in nuclear DNA among red-footed booby 

populations using three complementary approaches: 

(1) Analysis of Molecular Variance: We used Analysis of Molecular Variance (AMOVA; 

Excoffier et al. 1992) to calculate global estimates of population genetic differentiation. 

We estimated global FST for three datasets (13 locus dataset - microsatellites and introns 

together; 10 locus data set - microsatellites only; three locus data set - introns only). In all 

three cases, we also estimated FST between all pairs of colonies. We also estimated ΦST 

values between all pairs of colonies for each intron alone. All AMOVA analyses were 
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performed in ARLEQUIN. We calculated genetic distances using the “number of different 

alleles” method for FST based analyses, and Kimura’s two-parameter nucleotide 

substitution model (K2P; Kimura 1980) for ΦST analyses. The K2P model was 

parameterized using the shape parameter of the gamma distribution that was determined 

in JMODELTEST to best fit our data (Guindon & Gascuel 2003; Posada 2008). We tested 

all results for significance using 10,000 random permutations of the data, and corrected 

for multiple tests using Benjamini-Yekutieli corrections. 

(2) Gene genealogies: We used TCS (Version 1.21; Clement et al. 2000) to estimate 

statistical parsimony networks of haplotypes for each intron locus. For all TCS analyses, 

we treated alignment gaps (indels) as a 5th character and used all other default settings. 

(3) Individual-based clustering approach: We used STRUCTURE (Version 2.3.1; Pritchard et 

al. 2000) to group individuals into genetic clusters based on their multilocus nuclear 

genotype. We performed STRUCTURE analyses on both the 13 locus (microsatellites + 

introns) and 10 locus (microsatellites alone) data sets. We used the admixture model with 

correlated allele frequencies and did not incorporate any prior knowledge about the 

sampling location of individuals into the analysis. Each run was 110,000 generations 

long, with the first 10,000 generations discarded as burnin. For both data sets, we 

performed 20 individual STRUCTURE runs for every value of K between 1 and 13 (two 

more than the total number of sampled colonies). We inferred the value of K (the number 

of major genetic clusters) that best fit our data using the ΔK method of Evanno et al. 

(2005). We combined the 20 independent runs of this best-fit value of K into a final result 

using CLUMPP (Version 1.1.2; Jakobsson & Rosenberg 2007). We used the “Full Search” 

option in CLUMPP (M=1) with all other settings left as the default. Because Evanno’s 
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method can sometimes underestimate the true number of genetic clusters if populations 

are structured hierarchically (Evanno et al. 2005), we also ran STRUCTURE analyses using 

subsets of the data consisting only of individuals that appeared to form a single genetic 

cluster (i.e., if we initially inferred that K=4, we performed four additional analyses to 

determine if further substructure existed within clusters). We repeated this process until 

no further sub-structure was found. 

5.3.6 Nuclear DNA: estimates of gene flow and identification of migrants 

We estimated rates of recent gene flow (i.e., within the last few generations) between major 

genetic populations of red-footed boobies using BAYESASS (Version 1.3; Wilson & Rannala 

2003). This method estimates the parameters mij, the proportion of population i that is the result 

of gene flow from population j in the last few generations. Populations were defined based on the 

results of the STRUCTURE analyses and we used all nuclear data (microsatellites + introns). We 

ran the program for 6,000,000 generations, sampling every 2,000 generations, and discarding the 

first 1,000,000 generations as burnin. All other settings were left as their default values. We 

evaluated the convergence of the Markov chain Monte Carlo (MCMC) process by monitoring the 

plot of log likelihood values versus MCMC generation, to ensure that a stationary distribution 

was reached. We ran the analysis three times with different random starting seeds: all results were 

consistent across runs and only one is presented here. We also used BAYESASS to estimate the 

genetic ancestries of each red-footed booby, allowing for a statistical evaluation of which 

individuals were recent migrants from, or descendants of recent migrants from, other genetic 

populations. Finally, we tested whether individuals could be identified as recent migrants between 

predefined populations using the software BAPS (Version 5.2; Corander & Marttinen 2006; 

Corander et al. 2008). Our predefined populations were those identified in the STRUCTURE 
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analysis, and we applied the admixture model implemented in BAPS. As suggested by the authors 

of the software, results were based on 100 iterations to estimate the admixture coefficients of 

individuals, 200 reference individuals per population, and 20 iterations to estimate the admixture 

coefficients for reference individuals. 

 We used MIGRATE (Version 3.2.6; Beerli & Felsenstein 2001, Beerli 2006) to evaluate 

the relative fit of three different models of long-term gene flow among the four major genetic 

populations identified by STRUCTURE: 

1. Full Gene Flow Model: In this model, MIGRATE estimates four population mutation rates, 

Θi (Θi = 4 Nei μ; where Nei is the effective population size of population i, and μ is the 

mutation rate per generation) and 12 rates of gene flow Mij (Mij = mij / μ; where mij is the 

rate of gene flow from population i into population j). 

2. Isolation Model: In this model, MIGRATE estimates the four population mutation rates 

only. As MIGRATE cannot accommodate true values of zero gene flow among 

populations, we fixed the rate of gene flow among populations to be very low (all Mij = 

0.000001). 

3. Partial Gene Flow Model: In this model, MIGRATE estimates the four population mutation 

rates and only gene flow rates in directions suggested by other analyses (STRUCTURE, 

BAPS, BAYESASS). Specifically, we allowed gene flow from the Atlantic Ocean into the 

Indian Ocean, and from Isla Genovesa into the Central/Western Pacific (see Results). 

For these analyses, we used the microsatellite data alone and each analysis was run in Bayesian 

mode for 5,000,000 generations, sampling trees every 100 generation with 50,000 trees discarded 

as burnin. We used four statically heated chains (temperatures: 1000000, 3.00, 1.50, 1.00) and 

swapped between chains every 10 generations. Uniform priors were placed on theta values [0,6] 
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and on gene flow rates [0,100]. We monitored convergence of the MCMC process by tracking 

Effective Sample Sizes, ensuring that the posterior distributions of all parameters were unimodal, 

and by running each analysis three times. The best fit model of gene flow was chosen by 

calculating Bezier approximation-based Log Bayes Factors (LBF; Kass & Raftery 1995; Beerli & 

Palczewski 2010). 

 We also attempted to estimate gene flow among Atlantic colonies that appeared to be 

genetically differentiated based on estimates of pairwise FST using a suite of coalescent theory-

based models (e.g., MIGRATE; IMA, Hey and Nielsen 2007; LAMARC, Kuhner 2006); however, 

each of these analyses failed due to a lack of convergence in the MCMC process, probably due to 

low levels of genetic variation in the Atlantic (see Results). 

5.3.7 Mitochondrial DNA: laboratory methods 

We previously sequenced approximately 500 base pairs (domains I and II) of the mitochondrial 

control region in most of the individuals included in the present study (Morris-Pocock et al. 

2010a). Additionally, we PCR amplified and sequenced the same control region fragment from 

18 newly sampled individuals from Christmas Island, using the methods outlined in Morris-

Pocock et al. (2010a, b). We aligned the new sequences with previously generated red-footed 

booby control region sequences (GenBank Accession nos. GU059721-GU059861) using 

CLUSTALW, as above. All 18 new individuals had haplotypes that grouped on an mtDNA gene 

tree with other red-footed booby haplotypes found only in the Indian Ocean (i.e., to the exclusion 

of all haplotypes from other oceans; data not shown). Because we analyzed global red-footed 

booby mtDNA population genetic structure previously (Morris-Pocock et al. 2010a), we focus 

our attention here on mtDNA substructure within the Indian Ocean, including the new samples 

from Christmas Island. We created an alignment of red-footed booby mitochondrial control 
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region haplotypes from Aldabra Atoll, North-Keeling Island, and Christmas Island and performed 

all subsequent analysis on this alignment. 

5.3.8 Mitochondrial DNA: Indian Ocean data analysis 

We tested if mtDNA control region variation deviated from neutral expectations using Ewens-

Watterson and Chakraborty’s amalgamation tests. We estimated global ΦST among Indian Ocean 

red-footed booby colonies and pairwise ΦST between all pairs of Indian Ocean colonies in 

ARLEQUIN. We calculated genetic distances using the K2P model, parameterized using the shape 

parameter of the gamma distribution that was determined in JMODELTEST. We used TCS to 

estimate a statistical parsimony network of mtDNA haplotypes found in the Indian Ocean, and 

used the same settings for TCS as for intron analyses. 

Five individuals sampled at North-Keeling Island had mtDNA haplotypes that could be 

the result of gene flow from Christmas Island to North-Keeling Island, or may simply reflect 

incomplete lineage sorting of mitochondrial control region variation (see Results for more 

details). We used an Isolation with Migration model implemented in the software IMA (Hey & 

Nielsen 2007) to test whether a divergence model that included gene flow fit our data better than 

a model that included only isolation (i.e., the presence of the aberrant mtDNA haplotypes at 

North-Keeling Island can be explained by lineage sorting alone). 

IMA models a situation where two populations (here Aldabra Atoll + North Keeling 

Island and Christmas Island, see Results) descend from a common ancestral population in either 

the presence or absence of gene flow. Six parameters are estimated, all of which are scaled by the 

neutral mutation rate, μ, the number of mutations per generation per locus: the divergence time 

parameter (t = T μ; where T is the divergence time in generations), two gene flow parameters (mij 

= Mij / μ; where Mij is the effective gene flow rate from population j into population i, moving 
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forward in time), and three population mutation rate parameters, Θ1, Θ2, and ΘA (where Θi = 2 Nfi 

μ; Nfi is the female effective population size of population i and ΘA is the parameter for the 

ancestral population). We were interested primarily in the effective number of female migrants 

per generation and the divergence time. We calculated the average number of effective female 

migrants per generation as Nfi M = (mij Θi) / 2. The mutation rate of the mitochondrial control 

region is not well characterized in birds and probably varies among taxa (Ho et al. 2005). 

Therefore, we assumed a range of mutation rates that spanned those that have previously been 

estimated in birds (as in Morris-Pocock et al. 2010a). We used these mutation rates to calculate a 

rough estimate of the divergence time between Aldabra Atoll/North-Keeling Island and 

Christmas Island, in years. Isolation with Migration models make several assumptions (e.g., that 

loci are selectively neutral, that no intralocus recombination exists, and that the two included 

populations are sister taxa; Hey & Nielsen 2007); however, we believe that our IMA analysis 

closely fits with these assumptions. 

5.4 Results 

5.4.1 Nuclear DNA: characteristics of variation and tests of assumptions 

We found between 4 and 14 alleles per nuclear locus. Every microsatellite locus except one 

appeared to follow a stepwise mutation model (Ohta & Kimura 1973; Table D.2). Locus Ss1b-51 

had a few alleles that differed by only a single base pair and we ran all analyses both with and 

without the locus: results were consistent and we present the results that included the locus. We 

found very little evidence that microsatellite or intron loci deviated from Hardy-Weinberg 

equilibrium. Of 130 tests performed (10 colonies x 13 loci), only five were significant and no 

colonies or loci were consistently out of Hardy-Weinberg equilibrium (Table D.2). Similarly, we 

found no consistent deviations from gametic equilibrium among nuclear loci. Chakraborty’s 
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amalgamation and Ewens-Watterson tests were not significant for any intron locus. Detailed 

summaries of nuclear variation can be found in Tables 5.1 and D.1 and in Figures D.1 and D.2. 

All DNA sequence data have been deposited in GenBank (accession nos. JQ989237-JQ989265). 

Some individuals were heterozygous for intron alleles that differed by two or more 

substitutions. In all but six of these cases the program PHASE was able to resolve the haplotypes. 

Allele-specific priming resolved the gametic phase in the remaining six cases. We did not detect 

recombination in either the α-enolase or β-fibrinogen fragment, but found evidence of at least one 

recombination site in the ornithine decarboxylase fragment. Therefore, we pruned the ornithine 

decarboxylase alignment to the largest non-recombining block (394 base pairs), and used this 

fragment for all subsequent analysis. Each intron locus also contained sequence from flanking 

exon(s); however, all variable sites were located in intronic sequence, with one exception in 

ornithine decarboxylase (Figure D.1). 

5.4.2 Nuclear DNA: population genetic structure 

Relatively few microsatellite alleles were private to a single colony (11% of all alleles; Table 

D.2), and none of the private alleles were found in more than one individual. Moreover, few 

microsatellite alleles were restricted to major geographic areas such as ocean basins (Table D.2). 

Each intron locus had one or two haplotypes that were in high frequency in most colonies. Many 

intron haplotypes were private to single colonies (35% of all alleles; Table D.2); however, 

relatively few individuals had these haplotypes. No geographic clades were obvious on the intron 

haplotype networks (Fig. 5.2). 

AMOVA analyses revealed strong population genetic structure among red-footed booby 

populations. Global estimates of FST based on the microsatellite, intron, and combined data sets 

were all high and significant (microsatellite FST=0.24, P<10-5; intron FST=0.14, P<10-5; combined 
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Figure 5.2 Statistical parsimony networks for (a) α-enolase, (b) β-fibrinogen, and (c) 
ornithine decarboxylase. The sizes of the circles are proportional to the number of 
individuals with each haplotype. The colours in each circle are proportional to the 
number of individuals from each of the four major genetic clusters that possessed each 
haplotype   
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FST=0.23, P<10-5). Global estimates of FST based on each nuclear locus alone were all significant, 

suggesting that the pattern of differentiation is not being driven by one or a few outlier loci. 

Estimates of pairwise FST between colonies were similar among all three data sets, and we only 

present the analysis of the combined data set (see Table D.3 for results from the microsatellite 

alone and intron alone analyses). All pairwise estimates of FST were significant except for the 

comparison between Aldabra Atoll and North-Keeling Island (Table 5.2). Generally, estimates of 

FST between colonies within the Indian Ocean or within the Western/Central Pacific (Herald 

Cays, Palmyra Atoll, Johnston Atoll, and Tern Island) were low compared to other comparisons 

(average FST=0.04 vs. FST=0.27, respectively). 

STRUCTURE results were broadly consistent between the combined 13 locus data set 

(microsatellites + introns) and the 10 locus data set (microsatellites only). Therefore, we present 

only the results from the 13 locus analysis (see Fig. D.3 for the results from the 10 locus 

STRUCTURE analysis). The average ln likelihood of the data reached a plateau at K=4 and the best 

model for the number of genetic clusters, as determined by Evanno’s ΔK method, was also K=4 

(Fig. 5.3). The clusters corresponded to four major oceanographic areas: (1) the Atlantic Ocean, 

including the Caribbean Sea, (2) the Indian Ocean, (3) the Western and Central Pacific Ocean, 

and (4) Isla Genovesa in the Eastern Pacific Ocean. All individuals assigned to the area where 

they were collected with posterior probability higher than 0.85 (median: 0.99; Fig. 5.3), with 

three exceptions: (i) one female sampled at Christmas Island appeared to have mixed ancestry 

from the Indian and Atlantic Ocean clusters, (ii) one male sampled at Herald Cays appeared to 

have mixed ancestry from the Western/Central Pacific and Indian Ocean clusters, and (iii) several 

individuals (both males and females) collected in the Western or Central Pacific (particularly at 

Johnston Atoll) appeared to have mixed ancestry involving the Western/Central Pacific and Isla 



 

 

 

157

Table 5.2 Estimates of FST based on combined microsatellite and intron variation between 

colonies of Red-footed Boobies. Results significant after Benjamini-Yekutieli corrections are 

indicated with *. Population abbreviations are given in Table 5.1. 

Mon Fer Ald Nki Chr Her Pal Jon Trn Gen 

Mon 

Fer 0.09* 

Ald 0.30* 0.30* 

Nki 0.28* 0.27* 0.01 

Chr 0.27* 0.27* 0.02* 0.02* 

Her 0.36* 0.30* 0.16* 0.14* 0.16* 

Pal 0.31* 0.25* 0.15* 0.13* 0.15* 0.03* 

Jon 0.37* 0.32* 0.18* 0.16* 0.21* 0.06* 0.06* 

Trn 0.38* 0.32* 0.19* 0.17* 0.21* 0.05* 0.05* 0.03* 

Gen 0.54* 0.49* 0.36* 0.35* 0.37* 0.27* 0.26* 0.25* 0.25* 
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Figure 5.3 Bar plot from the 13 locus (microsatellites + introns) STRUCTURE analysis. The 
inferred best value of K was four. Population abbreviations are given in Table 5.1 and 
Nki (Clade B) refers to the five individuals collected at North-Keeling Island that had 
Christmas Island-type mitochondrial DNA.  
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Genovesa. Further STRUCTURE analyses based on subsets of individuals that were part of a single 

genetic cluster (e.g., only birds from the Atlantic Ocean) each found the most likely number of 

genetic clusters to be K=1. 

5.4.3 Nuclear DNA: estimates of recent gene flow among major genetic groups 

BAYESASS inferred low rates of recent gene flow among the four major genetic clusters identified 

by STRUCTURE (Table 5.3). With one exception, all estimated rates had 95% confidence intervals 

that included values very close to zero. The rate of recent gene flow from Isla Genovesa into the 

Western/Central Pacific was substantially higher, and the confidence interval excluded values 

close to zero. 

Five individuals were assigned to their “home” population with probability less than 0.90 

in BAYESASS, and three of these had a high probability of being descendants of recent migrants 

from another genetic population (Table D.4). These included one female from Christmas Island 

that appeared to have ancestry in the Atlantic Ocean and one individual of each sex from 

Johnston Atoll that appeared to have ancestry at Isla Genovesa (Table D.4). Each of these 

individuals was also identified in our STRUCTURE analysis as having mixed ancestry. Two of 

these individuals were identified by BAPS as being significantly admixed: the female from 

Christmas Island (admixture coefficients: Atlantic Ocean = 0.42, Indian Ocean = 0.58; p<0.05), 

and the female from Johnston Atoll (admixture coefficients: Western/Central Pacific = 0.45, Isla 

Genovesa = 0.55; p<0.05). 

The MIGRATE analysis strongly suggested that the Isolation Model fit the data much 

better than either the Full Gene Flow Model (LBF = 357,500) or the Partial Gene Flow Model 

(LBF = 3500).  
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Table 5.3 Estimates of recent gene flow rates (mij) among the four major genetic populations of 

red-footed boobies inferred by BAYESASS. 95% confidence intervals are given in brackets. Atl = 

Atlantic Ocean, Ind = Indian Ocean, WCPac = Western/Central Pacific Ocean, Gen = Isla 

Genovesa. 

  Into 

From Atl Ind WCPac Gen 

Atl 
0.004 

[0.000007 - 0.018] 
0.002 

[0.00001 - 0.009] 
0.003 

[0.000005 - 0.018] 

Ind 
0.003 

[0.000005 - 0.014] 
0.002 

[0.000007 - 0.009] 
0.003 

[0.000006 - 0.017] 

WCPac 
0.003 

[0.000005 - 0.016] 
0.002 

[0.000006 - 0.010] 
0.003 

[0.000005 - 0.018] 

Gen 
0.003 

[0.000004 - 0.013] 
0.002 

[0.000008 - 0.011] 
0.009 

[0.0001 - 0.027] 
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5.4.4 mtDNA: characteristics of variation and tests of assumptions 

We obtained 477 base pairs of mitochondrial control region sequence from each of the 18 

Christmas Island individuals (GenBank accession nos. JQ989223 –JQ989236). All of the 

sequence features that previously allowed us to conclude that the amplified fragment was 

mitochondrial DNA rather than a nuclear pseudo-gene were present again (Fig. D.4; see Morris-

Pocock et al. 2010a, b for complete details). Chakraborty’s amalgamation and Ewens-Watterson 

tests did not detect any deviations from selective neutrality. 

5.4.5 mtDNA: population genetic structure 

Fourteen of the 15 mitochondrial control region haplotypes found at Christmas Island were not 

uncovered in our previous analysis of red-footed booby control region variation (i.e., they are 

private to Christmas Island). One bird from Christmas Island had a haplotype that was previously 

found in a single individual from North-Keeling Island (Morris-Pocock et al. 2010a). In our 

previous study, five individuals that were sampled at North-Keeling Island had haplotypes that 

did not group with other Indian Ocean haplotypes on a Bayesian gene tree (Fig. 3.4). The control 

region haplotype network that we estimated in the present study contained many loops (perhaps 

due to a high level of homoplasy, itself a function of a relatively high control region mutation 

rate); however, all 14 private Christmas Island haplotypes grouped with the divergent North-

Keeling Island clade (hereafter referred to as Clade B). The one haplotype that was shared 

between Christmas Island and North-Keeling Island also grouped with Clade B haplotypes (Fig. 

D.5).  

The estimate of ΦST based on Indian Ocean control region variation was high and 

significant (ΦST=0.36, P<10-5). Estimates of pairwise ΦST between the three Indian Ocean 

colonies were all significant; however, comparisons involving Christmas Island were an order of 
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magnitude higher than the comparison between Aldabra Atoll and North-Keeling Island 

(Christmas Island vs. North Keeling Island: ΦST=0.44; Christmas Island vs. Aldabra Atoll: 

ΦST=0.56; North-Keeling Island vs. Aldabra Atoll: ΦST=0.04; all P<0.05). 

5.4.6 mtDNA: Isolation with Migration analysis 

The posterior distribution of the divergence time parameter, t, estimated by IMA for 

Aldabra/North-Keeling Island versus Christmas Island peaked at 1.89 (90% highest posterior 

density [hpd] = 1.31 – 2.81; Fig. D.6a). This estimate corresponds to approximately 42,000 years 

[hpd: 29,000 – 62,000 years] if a relatively high control region mutation rate is used (0.1 

substitutions per site per million years; Quinn 1992), or 169,000 years [hpd: 117,000 – 251,000 

years] if a low rate is used (0.025 substitutions per site per million years; Wenink et al. 1994). 

While the rate of female-mediated gene flow into Christmas Island appeared to be zero (Fig. 

D.6b), the posterior distribution of the gene flow parameter from Christmas Island into Aldabra 

Atoll/North-Keeling Island peaked at 0.05 (hpd: 0.003 – 0.18; Fig. D.6c), corresponding to a rate 

of 1.55 effective female migrants per generation. Importantly, the hpd of this parameter excluded 

the lowest bin of the posterior distribution, indicating that the data fit a model with gene flow 

better than a model without gene flow. 

5.5 Discussion 

5.5.1 Continental barriers restrict gene flow in red-footed boobies and other seabirds 

Consistent with our previous studies of mtDNA genetic variation (Steeves et al. 2003; Morris-

Pocock et al. 2010a), we found that red-footed boobies exhibit strong population genetic structure 

throughout their global range. Red-footed booby individuals can be grouped into four major 

genetic populations that are generally consistent with defined sub-species (Nelson 1978): (i) 



 

 

 

163

Atlantic Ocean including the Caribbean Sea, S. s. sula, (ii) Indian Ocean, S. s. rubripes, (iii) 

Western and Central Pacific Ocean, S. s. rubripres, and (iv) Isla Genovesa in the Eastern Pacific 

Ocean, S. s. websteri). This geographical distribution suggests that historical differentiation in 

Red-footed boobies has been driven by continental barriers to gene flow, a pattern common with 

other seabirds (Avise et al. 2000; Steeves et al. 2003, 2005; Friesen et al. 2007; Morris-Pocock et 

al. 2008, 2010a, 2011; but see Hailer et al. 2010). 

Red-footed booby colonies on opposite sides of the Isthmus of Panama (i.e., Isla 

Genovesa and Isla Monito) were more genetically differentiated than any other pair of colonies, 

inferred rates of recent gene flow across the Isthmus did not significantly differ from zero, and no 

individuals were identified as potential migrants from across the Isthmus (Fig. 5.3; Table 5.2; 

Table 5.3; Table D.4). The Isthmus of Panama is one of the most well-known barriers to gene 

flow to marine taxa, effectively eliminating gene flow in taxa that disperse through the water 

(e.g., Lessios 1998; Hurt et al. 2009). Among seabirds, the Isthmus of Panama appears to restrict 

gene flow in red-footed, brown, and masked boobies (Sula dactylatra), as well as sooty terns 

(Onychoprion fuscatus), despite the potential for these species to fly across a barrier that is only 

50km across at its narrowest (Avise et al. 2000; Steeves et al. 2003, 2005; Morris-Pocock et al. 

2011). This lack of gene flow is likely attributable to these species’ tendency not to fly across 

land, and potentially also the height of the Isthmus (Schreiber & Burger 2002; Steeves et al. 

2003, 2005; Friesen et al. 2007). Importantly, however, the Isthmus of Panama may not be an 

absolute barrier to gene flow in all seabirds. For example, trans-Isthmus gene flow does appear to 

occur within magnificent frigatebirds (Fregata magnificens; Hailer et al. 2010).  

The barriers that restrict red-footed booby gene flow between the Indian Ocean and both 

the Atlantic and Pacific Oceans are less obvious than the Isthmus of Panama, and appear to be 
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somewhat porous. We suggested previously that historical divergence between Atlantic and 

Indian Ocean red-footed boobies was caused by the combined barriers of the African landmass 

and habitat unsuitable for red-footed boobies in the cold water Benguela Current that separates 

the Atlantic and Indian Oceans. Similarly, we suggested that historical divergence between the 

Indian and Pacific Oceans was due to periodic emergence of the Sunda and Sahul shelves in 

Southeast Asia (Morris-Pocock et al. 2010a). Our current results suggest that rare and recent gene 

flow does occur between these populations, despite significant high genetic differentiation 

between them (Fig. 5.3; Table 5.2). One female sampled at Christmas Island was identified as a 

descendent of a recent migrant from the Atlantic Ocean (Table D.4), and one male sampled at 

Herald Cays may have ancestry in the Indian Ocean (Fig. 5.3), although BAYESASS did not 

classify this individual as a migrant (Fig. 5.3; Table D.4). Therefore, while the Benguela Current 

and Sunda/Sahul shelves have clearly restricted gene flow throughout red-footed booby 

evolutionary history, they may act as “dynamic” contemporary barriers to gene flow (Steeves et 

al. 2003), allowing rare dispersal and gene flow at some times. Interestingly, both barriers do 

appear to restrict contemporary gene flow in brown boobies (Morris-Pocock et al. 2011); 

however, the inshore marine habitat preference of brown boobies may further act to restrict 

contemporary gene flow between ocean basins (Morris-Pocock et al. 2010a). 

5.5.2 The Eastern Pacific Basin: a dynamic marine barrier to gene flow 

The most striking genetic pattern in the Pacific Ocean was the high level of differentiation 

between Isla Genovesa and all other colonies (Fig. 5.3; Table 5.2). Although the magnitude of 

pairwise FST estimates involving Isla Genovesa may be inflated due to low levels of genetic 

variation, our MIGRATE analysis also supports the conclusion that Isla Genovesa has had a history 

of genetic isolation from other Pacific Ocean colonies. Isla Genovesa is separated from the other 
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Pacific Ocean colonies by a large island-free tract of water, the Eastern Pacific Basin (EPB; Grigg 

& Hey 1992). The EPB appears to restrict gene flow in several marine taxa, including brown 

boobies (McCartney et al. 2000; Colborn et al. 2001; Morris-Pocock et al. 2011), and has 

probably restricted red-footed booby gene flow in the past, as well. However, despite high genetic 

differentiation between populations on either side of the EPB, we documented high recent gene 

flow across the barrier, particularly from Isla Genovesa to Johnston Atoll. This result is 

surprising, given the high level of genetic differentiation between these colonies, and suggests 

that gene flow from Isla Genovesa into the Central Pacific probably occurred following 

secondary contact between these populations. The inferred rate of recent gene flow from Isla 

Genovesa to the Western/Central Pacific was 0.009, and significantly different from zero (Table 

5.3). In other words, close to 1% of the contemporary Western/Central Pacific population is 

inferred to be either migrants from or descendants of migrants from Isla Genovesa. While it is 

difficult to convert this rate of gene flow into an estimate of number of migrants per generation 

without an estimate of the effective population size of red-footed boobies in the Western/Central 

Pacific, even an extremely small Ne (e.g., 500 individuals) would translate into an effective gene 

flow rate of more than four individuals per generation, more than enough to prevent the 

accumulation of genetic differentiation (Wright 1931). In a previous study, we documented gene 

flow following secondary contact between brown booby populations that were isolated for 

approximately one million years by the EPB (Morris-Pocock et al. 2011). Therefore, although the 

EPB has clearly restricted gene flow among tropical seabird populations throughout evolutionary 

history (as supported by our MIGRATE analysis), it does not appear to be an absolute barrier like 

the Isthmus of Panama, and we suggest that it is a dynamic marine barrier to gene flow that 

currently allows rare dispersal. 
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5.5.3 Gene flow among red-footed booby populations in the Indian Ocean 

As in the Pacific Ocean, significant red-footed booby population genetic structure exists in the 

Indian Ocean, despite apparent gene flow between populations. Our microsatellite, intron, and 

mitochondrial control region data all suggest that two genetic lineages exist in the Indian Ocean: 

(i) Aldabra Atoll + North-Keeling Island, and (ii) Christmas Island. Evidence of two major 

genetic lineages in the Indian Ocean is provided by pairwise ΦST estimates based on mtDNA 

variation, pairwise FST estimates based on the combined intron and microsatellite data (Table 

5.2), pairwise FST based on the microsatellites alone (Table D.3), and the mtDNA statistical 

parsimony network (Fig. D.5). The two populations are not apparent in either our STRUCTURE 

analysis or on nuclear DNA parsimony networks. However, STRUCTURE often does not detect 

shallow divergence, and intron parsimony networks will often not reveal recent divergence due to 

a combined effect of high effective population size and low mutation rate. These two genetic 

populations appear to have started diverging at least 29,000 years ago (Fig. D.6a). Despite this 

differentiation, our IMA analysis suggests that the five individuals sampled at North-Keeling 

Island with Christmas Island-type mtDNA probably represent post-divergence gene flow, rather 

than incomplete lineage sorting (Fig. D.6c). Unfortunately, due to weak differentiation, we were 

unable to use our nuclear DNA data to determine whether the presence of these haplotypes at 

North-Keeling Island was the result of recent gene flow (last few generations) or a more ancient 

genetic interchange between the colonies. STRUCTURE analyses grouped all Indian Ocean 

colonies into a single genetic cluster and attempts to estimate gene flow in BAYESASS were not 

successful (data not shown), probably because of limited genetic resolution at this geographic 

scale for nuclear markers. 
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The geographic partitioning of genetic variation in the Indian Ocean is surprising, given 

that approximately 5,500 kilometers separate Aldabra Atoll and North-Keeling Island whereas 

less than 1,000 kilometers separate North-Keeling Island and Christmas Island (Fig. 5.1). For 

mtDNA, ΦST is an order of magnitude higher when comparing Christmas Island to Aldabra Atoll 

or North-Keeling Island, than when comparing Aldabra Atoll to North-Keeling Island. While 

pairwise nuclear FST estimates were more comparable, they were not statistically significant 

between Aldabra Atoll and North-Keeling Island. The lack of strong mtDNA and nuclear genetic 

differentiation between Aldabra Atoll and North-Keeling Island is indicative of either complete 

panmixia over 5,500 km of ocean or very recent divergence that is not yet reflected in genetic 

markers. The barrier to gene flow between North-Keeling Island and Christmas Island is 

unknown, but one possibility is that the Christmas Island red-footed booby population is 

descended from individuals that were isolated from the rest of the Indian Ocean during sea-level 

changes throughout southeast Asia in the Pleistocene (Voris 2000), and these individuals are now 

coming into secondary contact with individuals from other Indian Ocean populations. This 

inference is necessarily speculative, but it is supported by three lines of evidence: the proximity 

of Christmas Island to Indonesia (where the geography of exposed land barriers changed 

dramatically during the Pleistocene; Voris 2000), the divergence time between Christmas Island 

and the other Indian Ocean colonies (clearly within the Pleistocene; Fig. D.6a), and the fact that 

the seas between North-Keeling Island and Christmas Island are a hotspot for secondary contact 

between lineages that were previously isolated during the Pleistocene, particularly in fish (Hobbs 

et al. 2009). While we did not detect any evidence for gene flow into Christmas Island, a red-

footed booby from either the Western Indian or Pacific Ocean (identified from diagnostic 
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plumage differences) was recently observed on Christmas Island during the breeding season, 

although its breeding status was unclear (Hennicke 2009). 

5.5.4 Genetic differentiation in the Atlantic Ocean and Caribbean Sea 

Red-footed boobies breed at many large and small colonies in the Caribbean Sea. In contrast, 

only three major breeding sites occur within the Atlantic Ocean: Fernando de Norhona and 

Trinidade off the coast of Brazil, and Ascension in the south-central Atlantic (Nelson 1978). We 

sampled Red-footed Boobies from one Caribbean colony (Isla Monito), and two of the three 

South Atlantic colonies (Fernando de Norhona and Ascension; however, conclusions regarding 

Ascension are limited by the fact that we only sampled a single bird). Consistent with our 

previous mtDNA results (Morris-Pocock et al. 2010a), we found that Isla Monito in the 

Caribbean Sea and Fernando de Norhona in the south Atlantic were genetically differentiated 

(FST=0.09; Table 5.2). Compared to red-footed booby divergence in the Pacific or Indian Oceans, 

we could infer much less about divergence in the Atlantic due to a lack of convergence in the 

MCMC process of the models that we used to estimate gene flow. The Atlantic/Caribbean basin 

contains no obvious physical barriers to gene; however, a more detailed study of gene flow that 

includes more red-footed booby colonies and has more genetic power is needed to address exactly 

where the genetic break occurs. Although no obvious barrier exists, the break does seem common 

to many tropical seabird species: brown and masked booby populations in the Caribbean and 

Atlantic Oceans also differ genetically (Steeves et al. 2003, Morris-Pocock et al. 2011), and 

white-tailed tropicbird (Phaethon lepturus) populations in the Caribbean and Atlantic differ 

morphologically and belong to separate sub-species (Lee & Walsh-Mcgehee 1998). 
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5.5.5 Conclusions 

Our study is relatively novel among avian phylogeographic studies for its combined use 

mtDNA, microsatellite, and nuclear intron variation (but see Friesen et al. 2005; Morris-Pocock 

et al. 2011; Sonsthagen et al. 2011 for other notable examples). Due to the typically high 

information content of intron sequence data, introns are often viewed as ideal markers for 

statistical phylogeographic analyses such as Isolation with Migration models (e.g., Morris-Pocock 

et al. 2011). However, the results from our current study highlight a distinct disadvantage of 

intron markers: they may often exhibit markedly lower genetic variation compared to other 

sequence-based markers such as mtDNA (Table 5.1, Table D.2). In red-footed boobies, levels of 

genetic variation in introns and microsatellites were similar; however, the proportion of alleles 

private to single colonies was much higher for introns than for microsatellites (Table D.2). This 

pattern of genetic variation may explain why our intron data were not very informative for some 

analyses. For example, MIGRATE analyses based on intron data failed due to a lack of 

convergence of the MCMC process, likely due to low information content within intron loci. 

Moreover, if population divergence has occurred relatively recently, statistical parsimony 

networks of intron haplotypes may not reveal an obvious signature of population differentiation 

due to the low mutation rate of intron loci. Therefore, although intron markers were highly 

informative for our previous phylogeographic analysis of brown boobies (Morris-Pocock et al. 

2011), they were less so in the current study. These results suggest that introns may not be 

appropriate for all phylogeographic questions, particularly for populations with relatively low 

effective population sizes and with relatively recent divergences times from other populations. 

Our study had two major conclusions: (1) Red-footed boobies exhibit remarkable 

intraspecific population genetic differentiation (FST=0.24; Fig. 5.3; Table 5.2). This 
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differentiation appears to have been driven by major continental barriers between ocean basins 

and obvious barriers to gene flow within oceans, and perhaps also by undetected barriers within 

oceans. (2) Despite evidence that red-footed booby populations have evolved primarily in genetic 

isolation, recent gene flow appears to have occurred between major genetic populations, both 

between and within ocean basins (Table 5.3; Table D.4). Therefore, the effectiveness of the 

barriers to gene flow between these genetic populations (e.g., the Benguela current between the 

Indian and Atlantic Oceans, the Eastern Pacific Basin between the eastern and central Pacific 

Ocean) appears to be dynamic through time. Several red-footed boobies that we sampled 

appeared to be the descendants of recent migrants across these barriers; however, we did not 

sample any individuals that were migrants themselves. As a result, it is difficult to comment on 

any potential sex-biases in dispersal. 

While substantial debate exists about the role of gene flow in avian population 

differentiation and speciation (Mayr 1963; Price 2008; Carling et al. 2010), we argue that the 

history of population divergence will often be much more complex than simple allopatric or 

sympatric divergence, a claim that is increasingly supported in the literature (e.g., Jacobsen & 

Omland 2011). Recent empirical studies suggest that secondary contact of previously allopatric 

taxa can have several possible outcomes (e.g., the hybrid origin of a new species of warbler, 

Brelsford et al. 2011; the collapse of previously distinct cryptic genetic populations in common 

ravens Corvus corax, Webb et al. 2011; continued divergence due to reinforcement of partial 

reproductive isolating barriers that evolved in allopatry, Hoskin et al. 2005). Therefore, an 

understanding of the temporal dynamics of gene flow and secondary contact is crucial to 

understanding the process of speciation. Many marine taxa in addition to pelagic seabirds (e.g., 

sea turtles, superfamily Chelonioidea; Bowen & Karl 2007) share the suite of traits that may 
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make gene flow following secondary contact of previously isolated lineages common (high 

philopatry to isolated natal colonies, pelagic at-sea distributions, and high mobility). Moreover, 

these taxa are highly associated with the marine environment and gene flow may be influenced by 

dynamic barriers to gene flow. A further, yet underexplored, factor that may influence gene flow 

in the marine environment is wind. Seabird movements can be highly dependent on wind 

direction (Spear & Ainley 1997; Weimerskirch et al. 2000), and rare dispersal across barriers to 

gene flow may be faciliatated by storms (Friesen et al. 2007). Although non specifically 

addressed by our study, the dynamic nature of marine winds may also contribute to gene flow 

following secondary contact in seabirds, and this influence warrants further investigation. In 

conclusion, we suggest that complex evolutionary histories involving periods of isolation and of 

gene flow may be common in the marine realm. 

5.6 Acknowledgements 

We would like to thank J. Anderson, J. Awkerman, B. Baker, P. Baião, M. Betts, C. Depkin, L. 

Hayes, J. Hennicke, W. Murray, D. O’Daniel, P. Parker, and T. Steeves for assistance with 

sample collection. Funding was supplied by the National Sciences and Engineering Research 

Council of Canada (NSERC) Discovery Grant (V.L.F.), NSERC Alexander Graham Bell Canada 

Graduate Scholarship (J.A.M.P) and the US National Science Foundation grant DEB9629539 

(D.J.A). Logistical support was provided by the US Fish and Wildlife Service, US Coast Guard, 

Puerto Rico Department of Natural Resources, Christmas Island National Park, and the Royal 

Society for the Protection of Birds. T. Birt, P. Deane, G. Ibarguchi, L. Ott, Z. Sun, S. Taylor, and 

S. Wallace provided lab support and/or helpful discussion. Technical assistance was provided by 

Corine Zotti at the McGill University and Genome Quebec Innovation Centre. 



 

 

 

172

5.7 Literature cited 

Au DWK, Pitman RL (1986) Seabird interactions with dolphins and tuna in the Eastern Tropical 
Pacific. The Condor, 88, 304-317. 

Avise JC, Nelson WS, Bowen BW, Walker D (2000) Phylogeography of colonially nesting 
seabirds, with special reference to global matrilineal patterns in the sooty tern (Sterna 
fuscata). Molecular Ecology, 9, 1783-1792.  

Beerli, P. 2006. Comparison of Bayesian and maximum likelihood inference of population 
genetic parameters. Bioinformatics 22:341-345. 

Beerli, P., and J. Felsenstein. 2001. Maximum-likelihood estimation of a migration matrix and 
effective population sizes in n subpopulations by using a coalescent approach. 
Proceedings of the National Academy of Sciences of the USA 98:4563-4568. 

Beerli, P., and M. Palczewski. 2010. Unified framework to evaluate panmixia and migration 
direction among multiple sampling locations. Genetics 185:313-326. 

Bolnick DI, Fitzpatrick BM (2007) Sympatric speciation: models and empirical evidence. Annual 
review of Ecology, Evolution, and Systematics, 38, 459-487. 

Bottema CDK, Sarkar G, Cassady JD et al. (1993) Polymerase chain reaction amplification of 
specific alleles: a general method of determination of mutations, polymorphisms, and 
haplotypes. Methods in Enzymology, 218, 388-402. 

Bowen BW, Karl SA (2007) Population genetics and phylogeography of sea turtles. Molecular 
Ecology, 16, 4886-4907. 

Brelsford A, Milá B, Irwin D (2011) Hybrid origin of Audubon’s warbler. Molecular Ecology, 
20, 2380-2389. 

Carling MD, Lovette IJ, Brumfield RT (2010) Historical divergence and gene flow: coalescent 
analyses of mitochondrial, autosomal and sex-linked loci in Passerina buntings. 
Evolution, 64, 1162-1172. 

Chakraborty R (1990) Mitochondrial DNA polymorphism reveals hidden heterogeneity within 
some Asian populations. American Journal of Human Genetics, 47, 87-94. 

Clement M, Posada D, Crandall KA (2000) TCS: a computer program to estimate gene 
genealogies. Molecular Ecology, 9, 1657-1659. 

Colborn J, Crabtree RE, Shaklee JB, Pfeiler E, Bowen BW (2001) The evolutionary enigma of 
bonefishes (Albula spp.): cryptic species and ancient separations in a globally distributed 
shorefish. Evolution, 55, 807-820.  



 

 

 

173

Corander J, Marttinen P (2006) Bayesian identification of admixture events using multi-locus 
molecular markers. Molecular Ecology, 15,2833-2842 

Corander J. Marttinen P, Sirén J, Tang J (2008) Enhanced Bayesian modeling in BAPS software 
for learning genetic structures of populations. BMC Bioinformatics, 9, 539. 

Curry R, Dickson B, Yashayaev I (2003) A change in the freshwater balance of the Atlantic 
Ocean over the past four decades. Nature, 426, 826-829. 

de León LF, Bermingham E, Podos J, Hendry AP (2010) Divergence with gene flow as facilitated 
by ecological differences: within-island variation in Darwin’s finches. Philosophical 
Transactions of the Royal Society B, 365, 1041-1052. 

Driskell AC, Christidis L (2004) Phylogeny and evolution of the Australo-Papuan honeyeaters 
(Passeriformes, Meliphagidae). Molecular Phylogenetics and Evolution, 31, 943-960. 

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using the 
software STRUCTURE: a simulation study. Molecular Ecology, 14, 2611-2620. 

Ewens WJ (1972) Sampling theory of selectively neutral alleles. Theoretical Population Biology, 
3, 87-112. 

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance inferred from metric 
distances among DNA Haplotypes: application to human mitochondrial DNA restriction 
data. Genetics, 131, 479-491.  

Excoffier L, Laval G, Schneider S (2005) ARLEQUIN (version 3.0): an integrated software 
package for population genetics data analysis. Evolutionary Bioinformatics Online, 1, 47-
50. 

Fridolfsson A-K, Ellegren H (1999). A simple and universal methods for sexing non-ratite birds. 
Journal of Avian Biology, 30, 116-121.  

Friesen VL, Congdon BC, Kidd MG, Birt TP (1999) Polymerase chain reaction (PCR) primers 
for the amplification of five nuclear introns in vertebrates. Molecular Ecology, 8, 2147-
2149.  

Friesen, V.L., T.P. Birt, J.F. Piatt, R.T. Golightly, S.H., Newmann, P.N. Hébert, B.C. Congdon, 
and G. Gissing. 2005. Population genetic structure and conservation of marbled murrelets 
(Brachyramphus marmoratus). Conservation Genetics 6:607-614. 

Friesen VL, Burg TM, McCoy KD (2007) Mechanisms of population differentiation in seabirds. 
Molecular Ecology, 16, 1765-1785. 



 

 

 

174

Gavrilets S (2004) Fitness landscapes and the origin of species. Princeton University Press, 
Princeton, New Jersey. 

Gómez-Díaz E, González-Solís J, Peinado MA, Page RDM (2006) Phylogeography of the 
Calonectris shearwaters using molecular and morphometric data. Molecular 
Phylogenetics and Evolution, 41, 322-332. 

Goudet, J. 2001. FSTAT: a program to estimate and test gene diversities and fixation indices 
(version 2.9.3.2). Available from http://www2.unil.ch/popgen/softwares/fstat.htm. 

Grant BR, Grant PR (2008) Fission and fusion of Darwin’s finches populations. Philosophical 
transactions of the Royal Society of London B, 363, 2821-2829. 

Grigg RW, Hey R (1992) Paleoceanography of the tropical eastern Pacific Ocean. Science, 255, 
172-178. 

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate large 
phylogenies by maximum likelihood. Systematic Biology, 52, 696-704. 

Hailer F, Schreiber EA, Miller JM, Levin II, Parker PG, Chesser RT, Fleischer RC (2010) Long-
term isolation of a highly mobile seabird on the Galapagos. Proceedings of the Royal 
Society B, 278, 817-825. 

Hall TA (1999) BIOEDIT: a user friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 95-98. 

Hennicke J (2009) First record of a white-tailed brown morph red-footed booby Sula sula on 
Christmas Island, Indian Ocean. Marine Ornithology, 37, 179-180. 

Hey J, Nielsen R (2007) Integration within the Felsenstein equation for improved Markov chain 
Monte Carlo methods in population genetics. Proceedings of the National Academy of 
Sciences USA, 104, 2785-2790. 

Ho SYM, Phillips MJ, Cooper A, Drummond AJ (2005) Time dependency of molecular rate 
estimates and systematic overestimation of recent divergent times. Molecular Biology 
and Evolution, 22, 1561-1568. 

Hobbs J-PA, Frisch AJ, Allen GR, Van Herwerden L (2009) Marine hybrid hotspot at Indo-
Pacific biogeographic border. Biology Letters, 5, 258-261.  

Hoskin CJ, Higgie M, McDonald KR, Moritz C (2005) Reinforcement drives rapid allopatric 
speciation. Nature, 437, 1353-1356. 

Hudson RR, Kaplan NL (1985) Statistical properties of the number of recombination events in 
the history of a sample of DNA sequences. Genetics, 111, 147-164. 



 

 

 

175

Hurt C, Anker A, Knowlton N (2009) A multilocus test of simultaneous divergence across the 
Isthmus of Panama using shrimp of the genus Alpheus. Evolution, 63, 514-530. 

Huyvaert KP, Anderson DJ (2004) Limited natal dispersal in Nazca boobies Sula granti. Journal 
of Avian Biology, 35, 46-53. 

Jacobsen F, Omland KE (2011) Increasing evidence of the role of gene flow in animal evolution: 
hybrid speciation in the yellow-rumped warbler complex. Molecular Ecology, 20, 2236-
2239. 

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and permutation program for 
dealing with label switching and multimodality in analysis of population structure. 
Bioinformatics, 23, 1801-1806. 

Kass, R.E., and A.E. Raftery. 1995. Bayes Factors. Journal of the American Statistical 
Association 90:773-795. 

Kimura M (1980) A simple method for measuring evolutionary rates of base substitutions 
through comparative studies of nucleotide sequences. Journal of Molecular Evolution, 
16, 111-120. 

Kuhner MK (2006) LAMARC 2.0: maximum likelihood and Bayesian estimation of population 
parameters. Bioinformatics, 22, 768-770. 

Lee DS, Walsh-Mcgehee M (1998) White-tailed tropicbird (Phaethon lepturus), ), The Birds of 
North America Online (A. Poole, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved 
from the Birds of North America Online: http://bna.birds.cornell.edu/bna/species/241 
doi:10.2173/bna.353.  

 Lessios HA (1998) The first stage of speciation as seen in organisms separated by the Isthmus of 
Panama. In: Endless Forms: Species and Speciation (eds Howard DJ, Berlocher SH).pp. 
186-201, Oxford University Press, Oxford. 

Mayr E (1963) Animal species and evolution. Harvard University Press, Cambridge, 
Massachusetts. 

McCartney MA, Keller G, Lessios HA (2000) Dispersal barriers in tropical oceans and speciation 
in Atlantic and eastern Pacific sea urchins of the genus Echinometra. Molecular Ecology, 
9, 1391-1400. 

Milot E, Weimerskirch H, Bernatchez L (2008) The seabird paradox: dispersal, genetic structure 
and population dynamics in a highly mobile, but philopatric albatross species. Molecular 
Ecology, 17, 1658-1673. 



 

 

 

176

Molecular Ecology Resources Primer Development Consortium (Morris-Pocock JA, Taylor SA, 
Sun Z, Friesen VL) (2010). Permanent genetic resources added to Molecular Ecology 
Resources Database 1 October 2009-30 November 2009. Molecular Ecology Resources, 
10, 404-408.  

Morris-Pocock JA, Taylor SA, Birt TP, Damus M, Piatt JF, Warheit KI, Friesen VL (2008) 
Population genetic structure in Atlantic and Pacific Ocean common murres (Uria aalge): 
natural replicate tests of post-Pleistocene evolution. Molecular Ecology, 17, 4859-4873. 

Morris-Pocock JA, Steeves TE, Estela FA, Anderson DJ, Friesen VL (2010a) Comparative 
phylogeography of brown (Sula leucogaster) and red-footed boobies (S. sula): The 
influence of physical barriers and habitat preference on gene flow in pelagic seabirds. 
Molecular Phylogenetics and Evolution, 54, 883-896. 

Morris-Pocock JA, Taylor SA, Birt TP, Friesen VL (2010b) Concerted evolution of duplicated 
mitochondrial control regions in three related seabird species. BMC Evolutionary 
Biology, 10, 14. 

Morris-Pocock JA, Anderson DJ, Friesen VL (2011) Mechanisms of global diversification in the 
brown booby (Sula leucogaster) revealed by uniting statistical phylogeographic and 
multilocus phylogenetic methods. Molecular Ecology, 20, 2835-2850. 

Narum SR (2006) Beyond Bonferroni: less conservative analyses for conservation genetics. 
Conservation Genetics, 7, 783-787. 

Nei M (1987) Molecular Evolutionary Genetics. Columbia University Press, New York. 

Nelson JB (1978) The Sulidae: gannets and boobies. Oxford University Press, Oxford. 

Niemiller ML, Fitzpatrick BM, Miller BT (2008) Recent divergence with gene flow in Tennessee 
cave salamanders (Plethodontidae: Gyrinophilus) inferred from gene genealogies. 
Molecular Ecology, 17, 2258-2275. 

Nosil P (2008) Speciation with gene flow could be common. Molecular Ecology, 17, 2103-2106. 

Ohta T, Kimura M (1973) A model of mutation appropriate to estimate the number of 
electrophoretically detectable alleles in a finite population. Genetical Research, 22, 201-
204. 

Patterson SA, Morris-Pocock JA, Friesen VL (2011) A multilocus phylogeny of the Sulidae 
(Aves: Pelecaniformes). Molecular Phylogenetics and Evolution, 58, 181-191.  

Pitman RL, Jehl JR Jr (1998) Geographic variation and reassessment of species limits in the 
“masked” boobies of the eastern Pacific Ocean. The Wilson Bulletin, 110, 155-170. 



 

 

 

177

Posada D (2008) JMODELTEST: phylogenetic model averaging. Molecular Biology and Evolution, 
25, 1253-1256. 

Price TD (2008) Speciation in Birds. Roberts and Company Publishers, Greenwood Village, 
Colorado. 

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using multilocus 
genotype data. Genetics, 155, 945-959. 

Quinn TW (1992) The genetic legacy of mother goose: phylogeographic patterns of lesser snow 
goose Chen caerulescens caerulescens maternal lineages. Molecular Ecology, 1, 105-
117. 

Raymond B, Shaffer SA, Sokolov S, Woehler EJ, Costa DP, Einoder L, Hindell M, Hosie G, 
Pinkerton M, Sagar PM, Scott D, Smith A, Thompson DR, Vertigan C, Weimerskirch H 
(2010) Shearwater foraging in the southern ocean: the roles of prey availability and 
winds. PLoS One, 5, 6. 

Reed JM, Boulinier T, Danchin E, Oring LW (1999) Informed dispersal: prospecting by birds for 
breeding sites. Current Ornithology, 15, 189-259. 

Salzburger W, Baric S, Sturmbauer C (2002) Speciation via introgressive hybridization in East 
African cichlids? Molecular Ecology, 11, 619-625. 

Sambrook JD, Russell W (2001) Molecular cloning: a laboratory manual, 3rd edn. Cold Spring 
Harbor Laboratory Press, New York. 

Schreiber EA, Burger J (2002) Biology of marine birds. CRC Press, Boca Raton, FL. 

Schluter D (2001) Ecology and the origin of species. Trends in Ecology and Evolution, 16, 372-
280. 

Sonsthagen, S.A., Talbot, S.L., Scribner, K.T., and K.G. McCracken. 2011. Multilocus 
phylogeography and population structure of common eiders breeding in North America 
and Scandinavia. Journal of Biogeography 38:1368-1380. 

Spear, L.B., and D.G. Ainley. 1997. Flight behavior of seabirds in relation to wind direction and 
wing morphology. Ibis 139:221-233. 

Steeves TE, Anderson DJ, McNally H, Kim MH, Friesen VL (2003) Phylogeography of Sula: the 
role of physical barriers to gene flow in the diversification of tropical seabirds. Journal of 
Avian Biology, 34, 217-223. 



 

 

 

178

Steeves TE, Anderson DJ, Friesen VL (2005) The Isthmus of Panama: a major physical barrier to 
gene flow in a highly mobile pantropical seabird. Journal of Evolutionary Biology, 18, 
1000-1008. 

Stephens M, Smith NJ, Donnelly P (2001) A new statistical methods for haplotype reconstruction 
from population data. The American Journal of Human Genetics, 68, 978-989. 

Stott L, Cannariato K, Thunell R, Haug GH, Koutavas A, Lund S (2004) Decline of surface 
temperature and salinity in the western tropical Pacific Ocean in the Holocene epoch. 
Nature, 431, 56-59. 

Tajima F (1983) Evolutionary relationships of DNA sequences in finite populations. Genetics, 
105, 437-460. 

Taylor SA, Morris-Pocock JA, Sun Z, Friesen VL (2010) Isolation and characterization of ten 
microsatellite loci in Blue-footed (Sula nebouxii) and Peruvian Boobies (S. variegata). 
Journal of Ornithology, 151, 525-528.  

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position-specific 
gap penalties and weight matrix choice. Nucleic Acids Research, 22, 4673-4680.  

VanderWerf EA, Becker BL, Eijzenga H (2008) Nazca booby Sula granti and Brewster’s brown 
booby Sula leucogaster brewsteri in the Hawaiian Islands and Johnston and Palmyra 
Atolls. Marine Ornithology, 36, 67-71. 

Voris HK (2000) Maps of Pleistocene sea levels in Southeast Asia: shorelines, river systems and 
time durations. Journal of Biogeography, 27, 1153-1167. 

Watterson GA (1978) Homozygosity test of neutrality. Genetics, 88, 405-417. 

Webb WC, Marzluff JM, Omland KE (2011) Random interbreeding between cryptic lineages of 
the common raven: evidence for speciation in reverse. Molecular Ecology, 20, 2390-
2402. 

Weimerskirch, H., Guionnet, T., Martin, J., Shaffer, S.A., and D.P. Costa. 2000. Fast and fuel 
efficient? Optimal use of wind by flying albatrosses. Proceedings of the Royal Society of 
London, Series B 267:1869-1874. 

Weimerskirch H, Le Corre M, Jaquemet S, Marsac F (2005) Foraging strategy of a tropical 
seabird, the red-footed booby, in a dynamic marine environment. Marine Ecology 
Progress Series, 288, 251-261. 



 

 

 

179

Weimerskirch H, Le Corre M, Kai ET, Marsac F (2010) Foraging movements of great 
frigatebirds from Aldabra Island: Relationships with environmental variables- and 
interactions with fisheries. Progress in Oceanography, 86, 204-213. 

Weir JT, Schluter D (2004) Ice sheets promote speciation in boreal birds. Proceedings of the 
Royal Society of London B, 271, 1881-1887. 

Wenink PW, Baker AJ, Tilanus MGJ (1994) Mitochondrial control-region sequences in two 
shorebird species, the turnstone and dunlin, and their utility in population genetic studies. 
Molecular Biology and Evolution, 11, 22-31. 

Wilson GA, Rannala B (2003) Bayesian inference of recent migration rates using multilocus 
genotypes. Genetics, 163, 1177-1191. 

Wright S (1931) Evolution in Mendelian populations. Genetics, 16, 97-159. 

Yeung CKL, Tsai P-W, Chesser RT, Lin R-C, Yao C-T, Tian X-H, Li S-H (2011) Testing 
founder effect speciation: divergence population genetics of the spoonbills Platalea regia 
and Pl. minor (Threskiornithidae, Aves). Molecular Biology and Evolution, 28, 473-482. 

  



 

 

 

180

Chapter 6 : General Discussion 

Studies of population differentiation within species are effective ways to learn about the early 

stages of speciation (Mayr 1963). In this thesis, I presented a thorough exploration of the 

mechanisms that influence population differentiation and gene flow in brown and red-footed 

boobies. Populations within both species are strongly differentiated, an emerging pattern in 

studies of widely distributed tropical seabirds (Avise et al. 2000; Steeves et al. 2003, 2005a, b; 

Smith et al. 2007; Hailer et al. 2011). The population differentiation process in both species has 

also been complex, as revealed by analyses of long-term and contemporary gene flow (chapters 3, 

4, and 5). These conclusions are interesting in their own right; however, stronger inferences about 

the factors that influence population differentiation may be reached by comparing within and 

across taxonomic groups to identify common trends (e.g., Avise 2000; Taberlet et al. 2002; 

Klicka et al. 2011). The purpose of this general discussion is to place the results of the previous 

chapters (particularly chapters 3, 4, and 5) into a broader framework. I elaborate on three specific 

themes: (1) the comparative phylogeography of booby species; (2) the prevalence of gene flow 

following secondary contact in seabirds; and (3) prospects for future research. 

6.1 Comparative phylogeography of boobies 

Population genetic studies of six out of seven booby species are now complete (chapters 3, 4, and 

5; Steeves et al. 2003, 2005a,b; Taylor et al. 2011a,b; Morris-Pocock et al. submitted). 

Additionally, a recent molecular phylogenetic analysis has clarified the evolutionary relationships 

among the boobies (Patterson et al. 2011). Therefore, ample opportunity exists for a comparative 

evaluation of the factors involved in booby diversification. 
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Booby species can be split into two groups based on their breeding distributions: those 

with pantropic distributions that are fragmented by continental barriers, and those with restricted 

geographic distributions that are not fragmented by continental barriers. This division is not 

motivated by a natural phylogenetic grouping of species (Patterson et al. 2011), but rather 

because the factors that influence population differentiation are likely to differ depending on the 

presence of land barriers (Friesen et al. 2007). The three species with pantropic distributions 

(masked, brown, and red-footed boobies) breed on many of the same islands and are collectively 

referred to as the “blue-water boobies” (Nelson 1978). Three of the four species with restricted 

ranges (blue-footed, Peruvian, and Nazca boobies [Sula grantii]) breed only in the Eastern Pacific 

Ocean. The fourth, Abbott’s booby, is endemic to Christmas Island in the Indian Ocean. An in 

depth population genetic analysis of Nazca boobies has not been completed, and they are omitted 

from the following discussion. 

Major continental barriers to gene flow appear to be a strong determinant of population 

structure in boobies. All three blue-water boobies exhibit strong population genetic structure, and 

much of this structure is attributable to genetic breaks between the Atlantic, Pacific, and Indian 

Oceans (Steeves et al. 2005a,b; Chapters 3, 4, and 5). These results suggest that both 

contemporary (e.g., the Isthmus of Panama) and Pleistocene land barriers (e.g., the Sunda and 

Sahul Shelves) have influenced diversification. In contrast, blue-footed and Peruvian booby 

distributions are not fragmented by continental barriers and little to no population genetic 

structure exists within species (Taylor et al. 2011a, b). Abbott’s boobies currently breed only on 

Christmas Island and therefore share more in common with blue-footed and Peruvian boobies, 

with respect to the absence of continental barriers to gene flow. Remarkably though, they exhibit 

cryptic intra-island population genetic structure (Morris-Pocock et al., unpublished). However, 
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Abbott’s boobies previously bred on other islands within the Indian and Pacific Oceans (Nelson 

1978; Stoddart 1981; Steadman 1989), and cryptic structure on Christmas Island may be the 

result of secondary contact of previously isolated populations following the extirpation of the 

breeding populations from other islands. Marine barriers also appear to restrict gene flow within 

ocean basins in both brown and red-footed boobies (e.g., the Eastern Pacific Basin; Chapters 4 

and 5). While continental barriers to gene flow like the Isthmus of Panama appear to have been 

never breached by the blue-water boobies (Steeves et al. 2005a; Chapters 3, 4, 5), marine barriers 

may be permeable to at least some gene flow, leading to secondary contact of previously isolated 

populations.  

6.2 Gene flow and secondary contact in pelagic seabirds 

Population differentiation has often been thought to occur only in the absence of gene flow (Mayr 

1963); however, recent theoretical and empirical results suggest that divergence with gene flow 

may be common (Gavrilets 2004; Nosil 2008; Pinho & Hey 2010). The results of this thesis 

suggest gene flow may have been important in the population differentiation of both brown and 

red-footed boobies. In particular, gene flow following secondary contact of previous isolated 

populations appears to have occurred in both species (Chapters 4 and 5). Secondary contact can 

have several evolutionary outcomes (e.g., hybrid speciation, Brelsford et al. 2011; reinforcement, 

Hoskin et al. 2005), and is increasingly recognized as an important component of avian 

population differentiation and speciation (Grant & Grant 2008; Brelsford et al. 2011). Gene flow 

following secondary contact may be a particularly common phenomenon in seabirds due to their 

unique life history: natal philopatry to isolated breeding colonies can lead to genetic 

differentiation in allopatry, but strong flight capabilities can promote rare long distance dispersal 

and gene flow.  
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Until recently, gene flow following secondary contact was an underexplored concept in 

the seabird literature (but see Liebers & Helbig 2002; Steeves et al. 2003, 2005a). However, the 

tools of multilocus statistical phylogeography now make complex population genetic histories 

more accessible (Knowles 2009). Several recent multilocus studies have identified gene flow 

following secondary contact in seabirds (e.g., Larus gulls, Gay et al. 2007; Pterodroma petrels; 

Brown et al. 2010; Macronectes petrels, Techow et al. 2010). Moreover, the phenomenon may 

often escape detection in mtDNA-based studies, especially if partial reproductive isolation 

between populations evolved during isolation. Females are the heterogametic sex in birds, and 

therefore are less likely to be viable or fertile in “hybrids” of two lineages exhibiting partial 

reproductive isolation (i.e., Haldane’s rule; Haldane 1922). As mtDNA is transmitted through the 

maternal line only, mtDNA introgression may be less pronounced following secondary contact 

than nuclear introgression. 

Approximate Bayesian computation (ABC) is an emerging population genetic paradigm 

that may help detect gene flow following secondary contact (Pritchard et al. 1999; Beaumont et 

al. 2002). Most coalescent theory-based demographic models involve the computationally 

intensive evaluation of likelihood functions. ABC, on the other hand, is based on summary 

statistics calculated from the data, does not involve the evaluation of likelihood functions, and as 

a result, can incorporate more complex demographic models (Pritchard et al. 1999; Beaumont et 

al. 2002). For example, an important limitation of programs based on coalescent models, such as 

LAMARC or IM, is that inferred rates of gene flow are averaged over the time since divergence 

(Soussa et al. 2011; Strasburg & Rieseberg 2011). In other words, determining if rates of gene 

flow varied over time is not possible. In contrast, an ABC analysis can explicitly test the fit of, for 

example, a model with no gene flow between populations, a model with a constant rate of gene 
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flow between populations, and a model with gene flow only after some amount of time. Such an 

approach has recently been used to detect gene flow following secondary contact in mice 

(Duvaux et al. 2011), and a similar approach could be equally applied to seabird populations. 

6.3 Prospects for future research 

The results of this thesis can be extended in several directions, and suggest new questions that 

warrant further investigation. First, the conclusion that marine habitat preference influences gene 

flow in pelagic seabirds is admittedly based only on a single pair of species. More concrete 

confirmation of this hypothesis could be obtained by comparing other closely related seabird 

species with varying habitat preferences or by directly correlating habitat preference to dispersal 

and gene flow within single species. For example, GPS tracking at multiple breeding colonies 

within a species could be used to determine if intraspecific variation for habitat preference exists. 

If so, patterns of gene flow among colonies may be explained by population specific non-

breeding habitat preferences. GPS tracking of non-breeding sulids has only recently become 

possible (Montevecchi et al. 2012; J. Hennicke, unpublished data), and this is therefore a 

promising avenue for future research.  

Two further extensions of this thesis warrant further discussion. I elaborate on each, 

below. 

6.3.1 Composition of the Isla San Benedicto brown booby population 

In chapter 4, I demonstrated that Isla San Benedicto (ISB) in the Eastern Pacific Ocean is a site of 

secondary contact between two highly divergent brown booby lineages. These lineages appear to 

have been genetically isolated for approximately one million years and, during that time, evolved 

diagnostic male plumages (Chapter 4). Detailed study of the brown booby population at ISB 

offers a unique opportunity to observe an important phase in the speciation process. 
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Unfortunately, the results of chapter 4 were based on a sample of only eight individuals. This 

work can be extended in at least three directions. First, the brown booby population on ISB 

should be sampled more thoroughly. Analysis of these samples would allow a more detailed 

evaluation of the extent of hybridization on the island, and of the prevalence of different hybrid 

classes (i.e., parentals, F1 hybrids, backcross hybrids). More thorough sampling may also reveal 

whether the recolonization of ISB from the Central Pacific is ongoing. The analyses in chapter 4 

did not detect any first generation migrants, but this may have been due to low sample size. A 

second extension to this research is to perform an in depth field study of ISB brown boobies. The 

island is rarely visited by biologists (Pitman & Ballance 2002), and no recent estimates of the 

number of breeding birds, the proportions of plumage morphs, or the extent of assortative mating 

among morphs exist. Finally, more thorough sampling of brown boobies from other Eastern 

Pacific breeding colonies could allow insight into the broader implications of secondary contact. 

For example, is secondary contact limited to ISB, or have Central Pacific genotypes introgressed 

further into the Eastern Pacific. Although brown boobies from other islands in the Eastern Pacific 

were included in the analyses of chapters 3 and 4, sample sizes were again small, limiting the 

ability to detect introgression. 

6.3.2 Red-footed booby plumage polymorphism 

Red-footed boobies exhibit substantial plumage variation throughout their range (Nelson 1978). 

This variation includes a melanic morph that is found predominantly in the Galápagos Islands, 

and at lower frequency throughout the central Pacific Ocean (Nelson 1978; Baião & Parker 

2008). Melanism in Pacific Ocean red-footed boobies is perfectly associated with genetic 

variation at the Melanocortin-1-receptor gene (MC1R; Baião et al. 2007). MC1R allele 

frequencies and adult plumage morph frequencies vary among colonies in the Pacific Ocean, and 
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this variation appears to be stable over ecological time (Nelson 1978; Baião & Parker 2008). For 

example, the composition of the Galápagos red-footed booby population has been estimated at 

90% melanic and 10% white, compared to 10% melanic and 90% white at Johnston Atoll (Baião 

& Parker 2008).  

Stable differences among populations in MC1R allele and plumage morph frequencies 

must be maintained by either a lack of gene flow among colonies or selection acting on MC1R (or 

a closely linked gene). The results of chapters 3 and 5 suggest that gene flow is occurring among 

Pacific Ocean populations, and in particular from Isla Genovesa to Johnston Atoll. Therefore, 

selection may be maintaining the plumage polymorphism, although identifying the exact agent of 

selection is difficult, and sexual selection based on plumage is unlikely as the plumage morphs 

mate randomly (Baião & Parker 2008). An intriguing alternative hypothesis is that the melanic 

morph evolved in the Galápagos during a period of isolation, but is being distributed throughout 

the Pacific following secondary contact. This hypothesis could potentially be tested by modeling 

the secondary contact process using ABC methods. Detailed studies of the fitness of plumage 

morphs in alternate environments could also clarify the role selection in maintaining 

polymorphism. 
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Summary of Data Chapters 

Chapter 2. The objective of this chapter was to characterize the structure of the mitochondrial 

genome in brown, red-footed, and blue-footed boobies. I sequenced approximately 5500 base 

pairs of the mitochondrial genome in one individual of each species. Each genome contained 

duplicated copies of the mitochondrial control region (CR1 and CR2), and I next sequenced CR1 

and CR2 in 21 individuals of each species. Finally, I used Bayesian and maximum likelihood 

methods to estimate phylogenetic trees of CR1 and CR2 haplotypes from each species. This 

chapter had three major conclusions/outcomes: 

1. The structure of the mitochondrial genome was similar in all three species, and each had 

a large duplicated region that included cytochrome b, tRNAPro, tRNAThr, ND6, tRNAGlu, 

and the control region. This gene order was similar to gene orders found in other seabird 

species. 

2. PCR primers were developed that could independently amplify CR1 and CR2 for each 

species. 

3. Phylogenetic trees suggested that CR1 and CR2 were predominantly evolving in concert 

due to frequent gene conversion; however, approximately 50 base pairs at the 5’ end of 

CR1 and CR2 were evolving independently.  

 

Chapter 3. The objectives of this chapter were to perform a comparative phylogeographic 

analysis of brown and red-footed boobies using mitochondrial control region variation, and to 

specifically test two hypotheses: (i) that major continental barriers restrict gene flow in each 

species, and (ii) that the divergent marine habitat preferences of brown and red-footed boobies 

influence population genetic structure and gene flow. To accomplish these objectives, I amplified 
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approximately 500 base pairs of CR2 in 242 brown and 271 red-footed boobies, and used 

traditional approaches analyses based on coalescent theory to estimate matrilineal population 

genetic structure and gene flow within each species. This chapter had three major conclusions: 

1. Both species exhibited strong matrilineal genetic structure: ΦST = 0.86, and ΦST = 0.80 in 

brown and red-footed boobies, respectively. 

2. Major physical barriers to maternal gene flow were similar in both species, and included 

the Isthmus of Panama and the periodically emerged Sunda and Sahul Shelves in 

southeast Asia. 

3. Brown boobies exhibited high population genetic structure and limited gene flow among 

colonies within ocean basins. In contrast, gene flow among red-footed booby colonies 

within ocean basins appeared to be much more prevalent, lending support to the habitat 

preference hypothesis.  

 

Chapter 4. There were three major objectives of this chapter: (i) to determine if the pattern of 

genetic isolation of brown booby colonies revealed by mtDNA was supported by an analysis of 

bi-parentally inherited nuclear markers, (ii) to estimate the global evolutionary relationships 

among global brown booby populations, and in particular, to determine whether they diverged in 

the presence or absence of gene flow, and (iii) to determine the genetic provenance of eight 

individuals collected at Isla San Benedicto (ISB) in the Eastern Pacific. To accomplish these 

objectives, I genotyped brown booby samples at eight microsatellite loci and three nuclear intron 

loci, and used a novel approach that combined multilocus statistical phylogeographic inference 

and phylogenetic species tree methods to unravel the evolutionary history of populations. This 

chapter had four major conclusions: 
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1. Brown boobies exhibited strong population genetic structure at all molecular marker 

types, and most colonies appear to be genetically isolated. 

2. Brown booby colonies grouped into four genetic clusters that corresponded to major 

oceanographic regions: the Caribbean Sea, Central Atlantic Ocean, Indian + Western 

Pacific Oceans, and Eastern Pacific Ocean. 

3. These four populations appear to have diverged in the absence of gene flow, and the 

Eastern Pacific population diverged from all other populations approximately one million 

years ago. 

4. Isla San Benedicto is a site of secondary contact between two genetic lineages (Indo-

Western Pacific and Eastern Pacific). We found molecular evidence of fertile hybrids 

between the two taxa on ISB, suggesting that one million years of isolation and the 

evolution of diagnostic male plumage traits are not sufficient to prevent interbreeding.  

 

Chapter 5. There were two major objectives of this chapter: (i) to determine if patterns of 

mtDNA genetic differentiation and maternal gene flow among red-footed booby colonies were 

also observed in bi-parentally inherited nuclear markers, and (ii) to specifically test the hypothesis 

that gene flow following secondary contact of previously isolated populations is widespread in 

red-footed boobies. To accomplish these objectives, I genotyped red-footed booby samples at ten 

microsatellite and three nuclear intron loci, and used clustering methods, assignment tests, and 

coalescent theory-based demographic modeling to characterize gene flow among populations. 

This chapter had three major conclusions: 

1. Red-footed booby individuals can be grouped into four major genetic clusters that 

correspond to major oceanographic regions: the Caribbean Sea + Atlantic Ocean, Indian 



 

 

 

193

Ocean, Western/Central Pacific Ocean, and Isla Genovesa in the Eastern Pacific. These 

major genetic populations are similar, but not identical, to those found in brown boobies 

(Chapter 4) 

2. Despite strong population genetic differentiation between ocean basins, some 

contemporary gene flow appears to have occurred from the Atlantic Ocean into the 

Indian Ocean, and from Isla Genovesa to the Central/Western Pacific. 

3. Two genetically differentiated sub-populations appeared to occur within the Indian Ocean 

cluster: (i) Aldabra Atoll + North-Keeling Island, and (ii) Christmas Island. Again, 

despite this strong population genetic structure, gene flow appears to occur between these 

populations. 

4. We suggest that gene flow following secondary contact may be common in seabirds, 

particularly those that have pelagic marine habitat preferences. 
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Appendix A: Supplementary Figures and Tables for Chapter 2 

 

 

(a) 
 
RF : ACAGGAGTAATTCTCCTACTGACACTAATAGCAACTGCCTTCGTAGGCTATGTCCTACCATGAGGACAAATATCCTTCTG 80 
pRF: -------------------------------------------------------------------------------- 
BR : ********************A********************************T**G*********************** 
pBR: -------------------------------------------------------------------------------- 
BF : ***********C********A*****T*****************************G*********************** 
pBF :-------------------------------------------------------------------------------- 
 
RF : AGGAGCCACAGTCATTACCAACCTATTCTCAGCCATTCCATACATTGGCCAAACCCTCGTAGAATGAGCTTGAGGCGGAT 160 
pRF: -------------------------------------------------------------------------------- 
BR : ***************C******T*******G*****C**C**************A************************* 
pBR: -------------------------------------------------------------------------------- 
BF : ***************C******T*******G*****C*****************A************************* 
pBF: -------------------------------------------------------------------------------- 
 
RF : TTTCAGTAGACAACCCTACCCTAACTCGATTCTTTGCTCTACACTTCCTCCTCCCATTCATTATCGCAGGTCTCGTCCTA 240 
pRF: -------------------------------------------------------------------------------- 
BR : *C**C*****T*****C********C********CA*C**************************T***A*C**T****** 
pBR: -------------------------------------------------------------------------------- 
BF : *C********T**T***********C********C**C*****T********************T*****C**T*****G 
pBF: -------------------------------------------------------------------------------- 
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RF : ATCCATCTCACATTCCTCCACGAATCAGGCTCAAACAACCCACTAGGAATCTCATCAAACTCCGACAAAATCCCATTCCA 320 
pRF: ----------********************************************************************** 
BR : G*T***********************G********T***********C**************T***************** 
pBR: ------------**************G********T***********C**************T***************** 
BF : *****C*****C***********************************C**************T**************T** 
pBF: -------------**********************************C**************T**************T** 
 
RF : CCCCTACTTCACCCTAAAAGACATACTAGGATTCATACTCCTTCTACTTCCACTAACAGCCATAGCCCTATTCTCCCCCA 400 
pRF: ******************************************************************************** 
BR : ***********************C*********T******A*G***************A********************* 
pBR: ***********************C*********T******A*G***************A********************* 
BF : ******T**************TG**********T******A*A***************A********************* 
pBF: ******T**************TG**********T******A*A***************A********************* 
 
RF : ACCTCCTCGGAGATCCAGAAAACTTCACCCCAGCAAACCCCCTCGTCACTCCCCCCCACATTAAACCAGAATGGTACTTC 480 
pRF: ******************************************************************************** 
BR : *******T*****C***********************T**T********C**A***********G*************** 
pBR: *******T*****C***********************T**T********C**A***********G*************** 
BF : *T*****T*****C**************************T********C**A*****************G********* 
pBF: *T*****T*****C**************************T********C**A*****************G********* 
 
RF : CTATTCGCATACGCCATTCTACGCTCAATCCCAAACAAACTAGGAGGAGTACTAGCCCTAGCAGCCTCCGTCCTAATCCT 560 
pRF: ******************************************************************************** 
BR : ***********T********************C***********G*********************************** 
pBR: ***********T********************C***********G*********************************** 
BF : **G**************************T**C*********************************************** 
pBF: **G**************************T**C*********************************************** 
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RF : CTTCCTCAGCCCCTTCCTCCACAAATCCAAACAACGTACAATAACCTTCCGTCCCCTCTCCCAACTCCTATTCTGAACCT 640 
pRF: ******************************************************************************** 
BR : ***************T********************************T**C********T**************G**TC 
pBR: ***************T********************************T**C********T**************G**TC 
BF : ***************T********************************************T**************AG**C 
pBF: ***************T********************************************T**************AG**C 
 
RF : TAGTCGCCAACCTCCTCATCCTAACATGAGTTGGTAGCCAACCTGTAGAGCACCCATTCATTATCATCGGCCAACTAGCC 720 
pRF: ******************************************************************************** 
BR : *************A*****T***********C**C**************A****************************** 
pBR: *************A*****T***********C**C**************A****************************** 
BF : **********T********T***********C**C**************A*****************T********T*** 
pBF: **********T********T***********C**C**************A*****************T********T*** 
 
RF : TCCCTTACCTACTTCACTATCCTCCTCATCCTCTTCCCCCTTATCGGAGCCCTAGAAAATAAAATACTCAATTACTAA 798 
pRF: ****************************************************************************** 
BR : *****C**T*****T**C*****************T*****C*****G***********C***********C****** 
pBR: *****C**T*****T**C*****************T*****C*****G***********C***********C****** 
BF : *****C***********C*****************T*****C*****************C***********C****** 
pBF: *****C***********C*****************T*****C*****************C***********C****** 
 
(b) 
 
RF : CTCTAATAGTTTACAAAAAACATTGGTCTTGTAAACCAAAGAATGAAGGCTACATCCCTTCTTAGAGTT 69 
RF2: ********************************************************************* 
BR : ***************G******C*******************GC**********C************** 
BR2: ***************G******C*******************GC**********C************** 
BF : ******************************************GC*****T*G**C************** 
BF2: ******************************************GC*****T*G**C************** 
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(c) 
 
RF : TCAGAGAAAAAGGGTTCAAACCTTCACCTCCAGCTCCCAAAGCTGATATTCTTCATTGAACTATCCTCTG 70 
RF2: ********************************************************************** 
BR : ********G****AC*************CT**********************A****A************ 
BR2: ********G****AC*************CT**********************A****A************ 
BF : ********G****AC**************T**********************A****A************ 
BF2: ********G****AC**************T**********************A****A************ 
 
(d) 
 
RF : CCTAACCGCCCGAATCGCCCCCCGCGACAACCCCCGTACAAGCTCCAACACAACAAACAAAGTCAACAACAACCCTCACC 80 
RF2: ******************************************************************************** 
BR : *TA***T********A**T*****************C********T********************************** 
BR2: *TA***T********A**T*****************C********T********************************** 
BF : *TA***T**T*****A*****************T**C********C*************************G******** 
BF2: *TA***T**T*****A*****************T**C********C*************************G******** 
 
RF : CAGCCAACACAAATAACCCCGCCCCCTGAGAATAAAACATCGCTACACCACCAAAATCCAACCGAACTAAAAACATCCCT 160 
RF2: ******************************************************************************** 
BR : *******T*****C*****T*****T**G***********A*****G****T*********T*****C*******CT**C 
BR2: *******T*****C*****T*****T**G***********A*****G****T*********T*****C*******CT**C 
BF : *************C*****T********G***********A*****G****T******T**T*****C*****T*CT**C 
BF2: *************C*****T********G***********A*****G****T******T**T*****C*****T*CT**C 
 
RF : CCACTATCAACAGTCACAACCCCTAACTTCCATCCTTCCACCAACCCACCAATCACAACCCCAACCCCAAGCACTAAAAT 240 
RF2: ******************************************************************************** 
BR : ***********G********************C**C*************T***AG**C*********************C 
BR2: ***********G********************C**C*************T***AG**C*********************C 
BF : ***********A********************C**C*************T***AG*GG****************C****C 
BF2: ***********A********************C**C*************T***AG*GG****************C****C 
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RF : AAACCCCACCCCATACCCCACAACCCCTCAATTATCCCAGGCTTCCGGAAACGGATCCGCAGCTAAAGCCACAGAGTATA 320 
RF2: ******************************************************************************** 
BR : **GT**************TG************C***T**AC*C**A*****************C*****T********C* 
BR2: **GT**************TG************C***T**AC*C**A*****************C*****T********C* 
BF : ******************TG*******C****C***T**AG*C**A*****************C**************C* 
BF2: ******************TG*******C****C***T**AG*C**A*****************C**************C* 
 
RF : CAAAAACCACCAACATCCCCCCCAAATAGACCATAAATAGTACCAACGCCACAAAAGACACCCCCAAACTCAACAACCAC 400 
RF2: ******************************************************************************** 
BR : ****************A**T*****G**C********C*AA***********************************T*** 
BR2: ****************A**T*****G**C********C*AA***********************************T*** 
BF : ****************G*****T*****C********C*AA****G******************************T*** 
BF2: ****************G*****T*****C********C*AA****G******************************T*** 
 
RF : CCGCATCCCGCCACAGACGCTAGCACCAACCCTACCACCCCATAATAAGGTGCAGGATTAGACCCAACCGCCAAAGCACC 480 
RF2: ******************************************************************************** 
BR : **A**C**T********T****AT*****A**C*****************************AG****T*********** 
BR2: **A**C**T********T****AT*****A**C*****************************AG****T*********** 
BF : **A**C****************AT*****A**C*****************C***********AG****T*********** 
BF2: **A**C****************AT*****A**C*****************C***********AG****T*********** 
 
RF : TAAAACAAAGCACACCCCCAAAACAATTACAAAGTAAGTCAT 522 
RF2: ****************************************** 
BR : ************T*********G***C*************** 
BR2: ************T*********G***C*************** 
BF : C********A************G******************* 
BF2: C********A************G******************* 
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(e) 
 
RF : AGTTCCTGCTTGGCCTCTCTCCAAGCTATGCGGCCTGAAATGCCGCCGTTGTAAACCTCAACCACAGGAAC 71 
RF2: *********************************************************************** 
BR : *********************************************************************** 
BR2: *********************************************************************** 
BF : ***************************G******************************************* 
BF2: ***************************G******************************************* 
 
 

Fig A.1 Sequence of the duplicated (a) cytochrome b, (b) tRNAThr, (c) tRNAPro, (d) ND6, and (e) tRNAGlu genes from one red-footed (RF), brown 

(BR), and blue-footed booby (BF) each. Identity to the red-footed booby sequence is shown with asterisks. RF2, BR2 and BF2 refer to the 2nd 

copy of the gene in each species (see Figure 2.1). pRF, pBR and pBF represent partial cytochrome b copies in each species. Dashes represent bases 

that were not found in the partial copy. Anticodons in tRNA genes are underlined. 
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RF-CR1: CTAGAAAGCCATATAATTCATGTAAGGATCACATAATACTTTCATG   TTTTCAACACATTACCATACCCTTCGGATAG 80  
RF-CR2: CTAGATTGATATTCACAATTCATGTACAACGGACTGTATACTTTCATG *******************************  
BR-CR1: CTAAGTCGACATACGTAAATTCATGTATGAAGGCTATCTCTATCATGT -G*CT*G****G*TT*T**AA*CC******A  
BR-CR2: CTAAAAAGACATGTCAATTCATGGAAACAAACACATTTCTATCATGTGT-G*CT*G****G*TT*T**AA*CC******A  
BF-CR1: CTAAGTCGACATACAAAATCCATGTATGAAGATTATCTTTCCATGA   -ACCT******A*C*T***AA*C*T**GC*A  
BF-CR2: CTAGAAAGGCATGACAATTCATGGAAACAATCGCATCAA          -ACCT******A*C*T***AA*C*T**GC*A  
 
RF-CR1: TAACCTA-TACCTCCCCTGCCAAACCTACTGACTAACTCTGTAATGCTCCTCCATCAGCAGAATTATCT----CTACCTT 160  
RF-CR2: ********************************************************************************  
BR-CR1: G*C*T*T-*AT********GT*****C*ACC*T****C***********TAT*--**A*****CCC*T**CTA**C****  
BR-CR2: G*C***T-*AT********GT*****C*ACC*T****C***********TAT*--**A*****CCC*T**CTA**C****  
BF-CR1: *CC*TCTGA**********A*****************************TAT*--**A***CTACC*TC-CAG**CT*C*  
BF-CR2: *CC*TCTGA**********A*****************************TAT*--**A***CTACC*TC-CAG**CT*C*  
 
RF-CR1: ACCCAAACCATTCCAA---AACAATCCTCTGTACAAGCTTCAAACTTTCCAGGATACGGAAGTG--TAACAGAACCAAAC 240  
RF-CR2: ********************************************************************************  
BR-CR1: ***********AA*CTATCCT*G*--*C****G***A*C*****T*CCT***************GCC*C-******C*C*  
BR-CR2: ***********AA*CTATCCT*G*--*C****G***A*C*****T*CCT***************GCC*C-******C*C*  
BF-CR1: ***********GA*CT*TGCT**----CT*A***CTCTC*****T**CG***************GC**C***G**A**CT  
BF-CR2: ***********GA*CT*TGCT**----CT*A***CTCTC*****T**CG***************GC**C***G**A**CT  
 
RF-CR1: C--TGCAATGGTAACAAGACATACCCTCTCAACTCACTCTCGAAGTACCGGTTTCTGAAGAACCAGGTTATCTATTAATC 320  
RF-CR2: ********************************************************************************  
BR-CR1: *AG**A*********C**G****A**********-G********A*G**A**********G*TT************G***  
BR-CR2: *AG**A*********C**G****A**********-G********A*G**A**********G*TT************G***  
BF-CR1: TCG**A*****************G**********-CT*********G****C********G*TT************G***  
BF-CR2: TCG**A*****************G**********-CT*********G****C********G*TT************G*** 
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RF-CR1: GGATTTCTCACGTGAAATCAGCAACGCACCGCACGAAAGATCCTACGTTACTAGCTTCAGGACCATTCATTCCCCCTACA 400  
RF-CR2: ********************************************************************************  
BR-CR1: *AGC***********************G*******G********G***********************************  
BR-CR2: *AGC***********************G*******G********G***********************************  
BF-CR1: *AGC***********************G******A*********************************************  
BF-CR2: *AGC***********************G******A*********************************************  
 
RF-CR1: CCCCTAGCCCAACTTGCTCTTTTGCGCCTCTGGTTCCTCGGTCAGGGCCATAACTCGATTGATATAG-CACTCCTCACTT 480  
RF-CR2: ********************************************************************************  
BR-CR1: ********A*************************************A****CC*CT****A**TC*AATGT*****G*C*  
BR-CR2: ********A*************************************A****CC*CT****A**TC*AATGT*****G*C*  
BF-CR1: ********A*************************************A****CC*CT****A*CTC*AATGT*T*****C*  
BF-CR2: ********A*************************************A****CC*CT****A*CTC*AATGT*T*****C*  
 
RF-CR1: TTCACAGAGTCATCTGGTAGGCTATTTATCAT-CATTCTCCCTCTTAATCGCGTCACCGTAA 542 
RF-CR2: **************************************************************  
BR-CR1: *******************T*******G***AA*************G***************     
BR-CR2: *******************T*******G***AA*************G***************     
BF-CR1: *******************T***********A-*T***************************  
BF-CR2: *******************T***********A-*T*************************** 
 

Fig A.2 Sequence of CR1 and CR2 from one red-footed (RF), brown (BR), and blue-footed booby (BF) each. Identity to the red-footed booby 

CR1 sequence is shown with asterisks. Dashes represent indel polymorphisms. The grey box represents the 5’ variable section that could not be 

easily aligned. Avian conserved sequence blocks F, D, and C (Baker and Marshall 1997) are underlined. Note that only domains I and II of the 

control region are shown. 
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Appendix B: Supplementary Figures and Tables for Chapter 3 

(a) 

 
catgtatcta acacagtctc ttaaaccttg gataagatcc ttaacttccc ctggtaaacc caacaactaa ctctgtaatg 80 
 
 
ctctatccaa cagaatccct tctactcttc ttacccaaac cataaactta tccttgactc tgtacaaacc ccaaattccc 160 
 
 
taggatacgg aagtggccac aggaccatat ccagtgaaat ggtaacaaga catagcctct caactgctct cgaaatgcca 240 
 
 
gcttctgaag gattaggtta tctattaatc GAGCTTCTCA CGTGAAATCA GCAACGcgcc gcacggaaga tcctgcgtta 320 
                   **            F Box 
 
ctagcttcag gaccattcat tccccctaca cccctagcac aacttgctct tttgcgCCTC TGGTTCCTCG GTCAGGACCA 400 
                                                                  D Box 
 
TCCcctgatt aattcaaatg ttccTCGCCT TTCACAGAGT CATCTGGTAT GCtatttgtc aaacattctc cctcttgatc 480 
                                 C Box 
 
gcgtcaccgt aa               492  
        
 
 

 

 

 



 

 

 

203

(b) 

 

ttcaacacat taccataccc atcggatagt aaccttatac ttcccctgcc aaacctactg actaactgtg taatgctcct 80 
 
 
ccatcagcag aattatctct accttaccca aaccattcca aaacgatccc ttatacaagc tccagacttt ccaggatacg 160 
 
 
gaagtgtaac agaaccaaac ctgcaatggt aacaagacat accctctcaa cttactctcg aagtaccggt ttctgaagaa 240 
 
 
ccaggttatc tattaatcGG ATTTCTCACG TGAAATCAGC AACGcaccgc acagaagatc ctacgttact agcttcagga 320 
      **              F Box 
 
ccattcattc cccctacacc cctagcccaa cttgctcttt tgcgCCTCTG GTTCCTCGGT CAGGGCCATa actcggttgg 400 
                                                D Box        
 
tatagcactc cTCACCTTTC ACAGAGTCAT CTGGTATGCt atttatcatc attctccctc ttaatcgcgt caccgtaa   478 
            C Box 
 

Fig. B.1 Consensus sequence of the fragment of the mitochondrial control region used in this study for (a) brown and (b) red-footed boobies. 

Conserved sequence blocks are in capitals. Asterisks mark the end of Domain I and the beginning of Domain II. Variable sites are in bold and 

underlined. Numbers along the right-hand column designate the nucleotide position relative the 3’ end of the L-strand amplification primer. 
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Table B.1 Sequence of all primers used to amplify the control region in brown and red-footed 

boobies. RFBO represents primers used for red-footed boobies and BRBO represents primers 

used for brown boobies. Source refers to the original source of the primer sequence (1 = J. 

Morris-Pocock et al. 2010, 2 = Steeves et al. 2005) 

 
Primer Species Sequence Source 

SsMCR-L143A RFBO 5'-ATTGCACATTARATTTAYTC-3' 1 

SsMCR-L143A2 RFBO 5'-ATTGCACATTAAATTTAGTC-3' 1 

SlMCR-L160A BRBO 5'-ATCCACATTGCACATTTAAA-3' 1 

SlMCR-L162A BRBO 5'-CATTGCACATTTAAATYCC-3' 1 

SdMCR-H750 RFBO and BRBO 5'-GGGAACCAAAAGAGGAAAACC-3' 2 
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Table B.2 Distribution and frequency of brown booby haplotypes. Colony abbreviations are given in Table 3.1. 

Haplotype Mon Cvd Asn Xch Pal Jon Gor Sbe Pbl Fsi Spm Total 
br Mon 01 3 3 
br Mon 02 1 1 
br Mon 03 1 1 
br Mon 04 1 1 
br Mon 05 1 1 
br Mon 06 5 5 
br Mon 07 1 1 
br Mon 08 5 5 
br Mon 09 1 1 
br Mon 10 1 1 
br Mon 11 2 2 
br Mon 12 2 2 
br Mon 13 1 1 
br Mon 14 1 1 
br Mon 15 1 1 
br Mon 16 1 1 
br Cvd 01 4 4 
br Cvd 02 2 2 
br Cvd 03 2 2 
br Cvd 04 7 7 
br Cvd 05 4 4 
br Cvd 06 2 2 
br Cvd 07 4 4 
br Asn 01 1 1 
br Asn 02 6 6 
br Asn 03 1 1 
br Asn 04 1 1 
br Asn 05 1 1 
br Asn 06 6 6 
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Haplotype Mon Cvd Asn Xch Pal Jon Gor Sbe Pbl Fsi Spm Total 
br Asn 07 1 1 
br Asn 08 4 4 
br Asn 09 2 2 
br Xch 01 2 2 
br Xch 02 1 1 
br Xch 03 1 1 
br Xch 04 1 1 
br Xch 05 1 1 
br Xch 06 1 1 
br Xch 07 1 1 
br Xch 08 1 1 
br Xch 09 1 1 
br Xch 10 2 2 
br Xch 11 1 1 
br Xch 12 1 1 
br Xch 13 1 1 
br Xch 14 1 1 
br Xch 15 1 1 
br Xch 16 3 3 
br Xch 17 1 1 
br Xch 18 1 1 
br Xch 19 1 1 
br Xch 20 1 1 
br Xch 21 1 1 
br Xch 22 1 1 
br Xch 23 1 1 
br Xch 24 1 1 
br Xch 25 1 1 
br Pal 01 16 16 
br Pal 02 2 2 
br Pal 03 3 3 
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Haplotype Mon Cvd Asn Xch Pal Jon Gor Sbe Pbl Fsi Spm Total 
br Pal 04 2 2 
br Pal 05 1 1 
br Pal 06 3 3 
br Pal 07 1 1 
br Jon 01 9 9 
br Jon 02 1 1 
br Jon 03 2 2 
br Jon 04 9 9 
br Jon 05 5 5 
br Jon 06 1 1 
br Jon 07 1 1 
br Jon 08 1 1 
br Jon 09 1 1 
br Gor 01 16 16 
br Gor 02 4 4 
br Gor 03 2 2 
br Gor 04 1 1 
br Gor 05 1 1 
br Gor 06 2 2 
br Gor 07 1 1 
br Gor 08 1 1 
br Etp 01 2 2 4 
br Sbe 01 1 1 
br Sbe 02 1 1 
br Sbe 03 1 1 
br Sbe 04 2 2 
br Sbe 05 1 1 
br Pbl 01 1 1 
br Pbl 02 1 1 
br Pbl 03 1 1 
br Pbl 04 1 1 
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Haplotype Mon Cvd Asn Xch Pal Jon Gor Sbe Pbl Fsi Spm Total 
br Pbl 05 1 1 
br Pbl 06 1 1 
br Fsi 01 1 1 
br Fsi 02 2 2 
br Fsi 03 1 1 
br Fsi 04 2 2 
br Fsi 05 1 1 
br Fsi 06 8 8 
br Fsi 07 1 1 
br Fsi 08 1 1 
br Fsi 09 1 1 
br Fsi 10 1 1 
br Fsi 11 1 1 
br Fsi 12 1 1 
br Fsi 13 1 1 
br Fsi 14 1 1 
br Fsi 15 1 1 
br Fsi 16 1 1 
br Fsi 17 1 1 
br Fsi 18 1 1 
br Fsi 19 1 1 
br Spm 01 1 1 
br Spm 02 1 1 
br Spm 03 2 2 
br Spm 04 1 1 
br Spm 05 1 1 
br Spm 06                     1 1 
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Table B.3 Distribution and frequency of red footed booby haplotypes. Colony abbreviations are given in Table 3.1. 

Haplotype Mon Fer Asn Ald Coc Her Pal Jon Trn Gen Total 
rf Mon 01 5 5 
rf Mon 02 1 1 
rf Mon 03 3 3 
rf Mon 04 2 2 
rf Mon 05 2 2 
rf Mon 06 1 1 
rf Mon 07 1 1 
rf Mon 08 1 1 
rf Mon 09 2 2 
rf Mon 10 1 1 
rf Mon 11 1 1 
rf Mon 12 2 2 
rf Mon 13 3 3 
rf Mon 14 1 1 
rf Mon 15 2 2 
rf Mon 16 1 1 
rf Mon 17 1 1 
rf Mon 18 1 1 
rf Fer 01 1 1 
rf Fer 02 4 4 
rf Fer 03 1 1 
rf Fer 04 2 2 
rf Atl 01 8 1 9 
rf Ald 01 1 1 
rf Ald 02 2 2 
rf Ald 03 2 2 
rf Ald 04 1 1 
rf Ald 05 1 1 
rf Ald 06 2 2 
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Haplotype Mon Fer Asn Ald Coc Her Pal Jon Trn Gen Total 
rf Ald 07 1 1 
rf Ald 08 1 1 
rf Ald 09 1 1 
rf Ald 10 1 1 
rf Ald 11 1 1 
rf Ald 12 1 1 
rf Ald 13 1 1 
rf Ald 14 2 2 
rf Ald 15 1 1 
rf Ald 16 1 1 
rf Ald 17 1 1 
rf Ald 18 1 1 
rf Ald 19 1 1 
rf Ald 20 1 1 
rf Ald 21 1 1 
rf Ind 01 1 4 5 
rf Ind 02 2 4 6 
rf Ind 03 2 1 3 
rf Coc 01 1 1 
rf Coc 02 1 1 
rf Coc 03 2 2 
rf Coc 04 1 1 
rf Coc 05 1 1 
rf Coc 06 2 2 
rf Coc 07 1 1 
rf Coc 08 1 1 
rf Coc 09 1 1 
rf Coc 10 1 1 
rf Coc 11 1 1 
rf Coc 12 1 1 
rf Coc 13 1 1 
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Haplotype Mon Fer Asn Ald Coc Her Pal Jon Trn Gen Total 
rf Coc 14 2 2 
rf Coc 15 1 1 
rf Coc 16 1 1 
rf Coc 17 1 1 
rf Coc 18 1 1 
rf Coc 19 1 1 
rf Coc 20 1 1 
rf Coc 21 1 1 
rf Coc 22 1 1 
rf Coc 23 1 1 
rf Her 01 6 6 
rf Her 02 2 2 
rf Her 03 2 2 
rf Her 04 5 5 
rf Her 05 1 1 
rf Her 06 3 3 
rf Her 07 1 1 
rf Her 08 1 1 
rf Her 09 1 1 
rf Her 10 1 1 
rf Her 11 1 1 
rf Pac 01 5 1 6 
rf Pac 02 1 1 2 
rf Pal 01 7 7 
rf Pal 02 1 1 
rf Pal 03 1 1 
rf Pal 04 2 2 
rf Pal 05 1 1 
rf Pal 06 2 2 
rf Pal 07 2 2 
rf Pal 08 1 1 
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Haplotype Mon Fer Asn Ald Coc Her Pal Jon Trn Gen Total 
rf Pal 09 1 1 
rf Pal 10 1 1 
rf Pal 11 1 1 
rf Pal 12 1 1 
rf Pal 13 1 1 
rf Pal 14 2 2 
rf Pal 15 1 1 
rf Pal 16 1 1 
rf Pal 17 1 1 
rf Pal 18 2 2 
rf Pal 19 1 1 
rf Jon 01 1 1 
rf Jon 02 3 3 
rf Jon 03 2 2 
rf Jon 04 1 1 
rf Jon 05 1 1 
rf Jon 06 3 3 
rf Jon 07 1 1 
rf Jon 08 1 1 
rf Jon 09 1 1 
rf Jon 10 1 1 
rf Pac 03 9 8 17 
rf Pac 04 2 2 4 
rf Pac 05 1 6 7 
rf Pac 06 2 4 6 
rf Pac 07 1 3 4 
rf Trn 01 2 2 
rf Trn 02 2 2 
rf Trn 03 1 1 
rf Trn 04 1 1 
rf Trn 05 1 1 
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Haplotype Mon Fer Asn Ald Coc Her Pal Jon Trn Gen Total 
rf Trn 06 2 2 
rf Trn 07 1 1 
rf Trn 08 1 1 
rf Trn 09 1 1 
rf Gen 01 9 9 
rf Gen 02 1 1 
rf Gen 03 2 2 
rf Gen 04 1 1 
rf Gen 05 2 2 
rf Gen 06 5 5 
rf Gen 07 1 1 
rf Gen 08 1 1 
rf Gen 09 2 2 
rf Gen 10 2 2 
rf Gen 11 1 1 
rf Gen 12 1 1 
rf Gen 13 1 1 
rf Gen 14 1 1 
rf Gen 15                   1 1 
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Appendix C: Supplementary Figures and Tables for Chapter 4 

 

 

 

Fig. C.1 Structure analyses that are based on (a) intron variation alone, and (b) intron and 

microsatellite variation together. Bar plots that are labeled K=2 are from the initial analysis that 

included every individual. Bar plots that are labeled K=4 are from the two sub-analyses (Atlantic 

individuals and Indo-Pacific individuals).
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(a) α-enolase 

 
AGATATATTT CTTCTGATCA GCTGGCTGAC CTCTACAAGG GCTTTGCCAA GAACTACCCC TGTAAGTTCT TTGTCAACAA 80 
********** ********** ********** ********** ********** ********** ** 
 
GAAGCATGGG AATAGTAGTG ACATGGGAAT AGCAGCGAAT ATGGGCTGAT AGCTAAAGGA AAGAGTTAGG GTGCAGCCTC 160 
 
 
CCCTGTAAGA GGGGTCAAGA GCAGAACAAA CAGCTAGCCT TTTACAGGGA TCTTGGGAAT ATTTTTTTGA GGTGGGTAGT 240 
 
 
ACTTGGCTGC AGCACTTTGG TACCACTGCT TTCAAACAAG ACCTTTCAGG GTGGCGTTGT CTTAATGCTC CTTGTATCCC 320 
 
 
TCTACAGTGG TGTCCATTGA AGATCCG                                                           347                
       *** ********** ******* 
 
 
(b) β-fibrinogen 
 
ACATGGAAAC AAATAATGGA GGTTAGTGTG AAATAACTAT GTTGTTATAA TATTAATTAA TGTGGATGCT CCAAAATTTC 80 
********** ********** * 
 
ATAATAGTAA TTTGCTTTTT ATACAAACCA ATATGGAGTT ATAACTTTTG TTATTACTTG AGAATTAAGT CTGATTGACT 160 
 
 
CATTCAGAAA AGTCTTGCT- GGTCATCTTC AGATGCACAG TAGGATACTT CTATAATGAA AATGGAAATA AATAGTTGGG 240 
 
 
ACGGGATTGG TAGATAAAAA TGTGTTTTAC TATGATGAAA ATGGACAATG TAGGAGTGGG AAGGCAAGGA GGGCCCAGCT 320 
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CATTTCTTAC TATGCTACTA TGCACTAGAC GAAAGACCAG GGCAGTCCTT CAAGTTCTGC TTTTTCCACC TTTCCTTATG 400 
 
 
AAGCAAGGCG CTACTTGAGT GTGAATAAAA ATGGCAAGGC TGGTAAGCAG TGAAACCAGT GGACCTGCTG CAAGGAAGCC 480 
 
 
ATATGCTCCG CTTGCCTTAA GATGAAGACA GAAGGGCTCT ATCTTAACAT TTCATGCTCC TTTCTCAATG GCAATTTAAT 560 
 
 
CTAAATACTG TCGCTCC                                                                      577   
             ***** 
 
 
(c) Ornithine decarboxylase 
 
GAGTTGATAA TACCAAACTA CAGTCATATT AAATAAGATT TCTTTAAATG GTCTACCTGA CAATAGAGAT GCT-GTTGCA 80 
 
 
TATGGTGACT TGAGTTTTGT ATAAACTTAT TGACTAGTTT GCCAAATAGC AACTGATATC TTGTATCTCT TCGTAGTTTC 160 
                                                                                   **** 
 
CATGTTGGAA GTGGATGTAC AGACCCAGAG ACCTTTGTCC AAGCCATTTC TGATGCCCGC TGTGTGTTTG ATATGGGAGT 240 
********** ********** ********** ********** ********** ********** ********** ******** 
 
AAGTCTAGTT TACTTTCTCT GGAACTCCTG CTTAACTGTT GTGGCAAAAC TGAATCAAGT GTAAACTGTT ACGGGTTTAA 320 
 
 
AAGCTAGCTA AGTTGCTAAC TTCTTGTTGG ATTTTTTTT- GAGGTCATGA TGGCTTACTT TGACCAGCTT TGCGAAACTC 400 
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ATCTACAGAT GCACTAAAAT CAGCAAGCTC AAACTCAAGA GACTATTACT TGAACGTGAT GAGCTAGCTC TGTTCCAAGT 480 
 
 
ATTAATGAAA TGACTTTATA TTACTACTGA AGCTCAAATG ATAAACTAAG AACTGTTTTC TTGACAGTGT TGTAATTAAT 560 
 
 
CT                                                                                      562 
 

Fig. C.2 Most common haplotype for intron loci. Flanking exons are shown with asterisks and variable sites are in boldface and underlined. 
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(a) α-enolase 

 158 

202 

243 

258 

295 

296 

317 

A C T T T C A T 
M . . . . . . C 
IP1 . A . . . G . 
IP2 . . . . . G . 
IP3 . . A . . G . 
IP4 T . . . . G . 
EP1 . . . C . G . 
EP2 . . . . T G . 
 

(b) β-fibrinogen 

 121 

122 

180 

242 

253 

256 

293 

A A T T C G A T 
M1 G . - . . . G 
M2 . . - T . . . 
AIP . . - . . . . 
CVD . C - . . . . 
IP1 . . - . . . G 
IP2 . . - . T . G 
C . . - . . G G 
 

(c) Ornithine decarboxylase 

 74 

298 

336 

339 

359 

360 

366 

373 

394 

398 

1 - A C A T - C G G C 
CA1 . . . . . T . . . . 
CA2 T . . . . . . . A . 
C . G . . . . . . . . 
IP1 . . T . . . . . A . 
IP2 . . . T - . G . A . 
IP3 . . . . . . . . A . 
EP1 . . . . . . . T A . 
EP2 . . . . . . . T A G 
 

Figure C.3 Variables sites for each intron haplotype. Dots represent identity to the first listed 

haplotype. 
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Figure C.4 Posterior probability distributions from IMA analyses for (a) divergence time 

estimates for all comparisons, (b) Θ estimates from the Caribbean vs. Central Atlantic analysis, 

(c) Θ estimates from the Atlantic vs. Indo-Central Pacific analysis, and (d) Θ estimates from the 

Atlantic/Indo-Central Pacific vs. Eastern Pacific analysis.  

(d)

P
os

te
ri

or
 p

ro
ba

bi
lit

y

Θ = 4Neμ

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3 3.5 4

Eastern Pacific

Atlantic/Indian/Central Pacific

Ancestral

(c)

Θ = 4Neμ
‐0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 1 2 3 4 5 6

Indo-Central Pacific

Caribbean Sea/Central Atlantic

Ancestral

P
os

te
ri

or
 p

ro
ba

bi
li

ty



 

 

 

221

Table C.1 Frequencies of alleles at eight microsatellite and three intron loci and estimates of 

allelic richness (R), and observed (Ho) and expected (He) heterozygosities at each locus. Boldface 

indicates loci that are not in Hardy-Weinberg equilibrium within populations after  Benjamini-

Yekutieli correction. 

Allele Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

Sn2b-83 

172 0.250 0.308 0.433 0.500 0.350 0.143 

174 0.804 0.140 0.130 0.450 0.442 0.133 0.438 0.650 0.843 

176 0.196 0.860 0.870 0.300 0.231 0.333 0.014 

180 0.100 0.063 

182 0.019 

R 1.971 1.916 1.903 2.987 3.254 3.710 2.875 2.000 2.110 

Ho 0.179 0.200 0.261 0.700 0.731 0.700 0.625 0.300 0.229 

He 0.321 0.246 0.232 0.656 0.676 0.685 0.592 0.479 0.273 

Sv2a-53 

296 0.188 0.450 0.371 

302 0.089 

304 0.033 0.077 0.150 0.014 

306 0.417 0.462 0.317 0.188 0.200 0.186 

308 0.050 0.192 0.117 0.125 0.100 0.200 

310 0.017 0.038 0.083 0.375 0.150 0.014 

312 0.120 0.043 0.167 0.058 0.133 0.125 0.100 0.214 

314 0.022 0.167 0.115 0.133 

316 0.180 0.196 0.050 0.058 0.017 

318 0.022 0.017 0.050 

320 0.260 0.457 0.083 

322 0.036 0.140 0.109 

324 0.304 0.080 0.087 

326 0.089 0.060 

328 0.036 0.060 

330 0.161 0.060 

332 0.179 

334 0.036 0.040 0.043 

336 0.071 
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Allele Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

346 0.022 

R 6.470 6.887 5.562 5.635 5.268 6.120 4.983 4.821 4.307 

Ho 0.714 0.920 0.739 0.767 0.654 0.800 0.750 0.700 0.829 

He 0.840 0.864 0.745 0.770 0.747 0.832 0.808 0.753 0.752 

Sv2a-2 

213 0.017 0.019 0.017 

233 0.800 0.609 

235 0.982 0.200 0.391 0.900 0.769 0.850 0.875 0.850 0.943 

237 0.018 0.083 0.212 0.133 0.125 0.150 0.057 

R 1.250 1.975 2.000 1.982 2.249 2.131 1.992 1.982 1.599 

Ho 0.036 0.240 0.522 0.133 0.462 0.300 0.250 0.100 0.057 

He 0.036 0.327 0.487 0.186 0.370 0.264 0.233 0.268 0.109 

 Sv2a-26 

334 0.054 

342 0.033 

344 0.014 

346 0.036 0.150 0.086 

348 0.054 0.022 0.067 0.115 0.017 0.500 0.629 

350 0.071 0.022 0.367 0.115 0.200 0.500 0.350 0.214 

352 0.196 0.760 0.543 0.250 0.269 0.233 0.125 0.057 

354 0.304 0.100 0.326 0.300 0.288 0.367 0.188 

356 0.017 0.135 0.033 0.063 

358 0.018 0.140 0.087 0.038 0.083 0.125 

360 0.038 0.033 

362 0.232 

364 0.036 

R 5.954 2.738 3.387 3.885 5.565 5.186 4.858 2.982 3.529 

Ho 0.643 0.440 0.478 0.700 0.885 0.867 0.875 0.400 0.657 

He 0.816 0.401 0.603 0.720 0.799 0.773 0.725 0.637 0.556 

Sv2a-123 

170 0.625 0.280 0.370 

174 0.375 0.420 0.587 0.367 0.519 0.317 0.063 

176 0.033 0.050 
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Allele Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

178 0.083 0.077 0.100 

180 0.067 0.192 0.050 0.125 

182 0.020 0.433 0.212 0.483 0.313 0.050 0.743 

184 0.280 0.043 0.017 0.375 0.900 0.243 

186 0.125 0.050 0.014 

R 2.000 3.272 2.520 4.062 3.678 3.924 4.858 2.400 2.188 

Ho 0.393 0.360 0.391 0.500 0.615 0.600 0.625 0.200 0.514 

He 0.477 0.680 0.529 0.676 0.655 0.662 0.775 0.195 0.395 

 Sv2a-47 

287 0.038 

289 0.180 0.391 0.058 0.071 

291 0.089 0.550 0.288 0.283 0.143 0.200 0.257 

293 0.020 0.133 0.071 

295 0.022 0.067 0.050 

297 0.036 0.043 0.038 0.017 

299 0.214 0.780 0.457 0.217 0.231 0.017 0.071 0.014 

301 0.607 0.020 0.087 0.033 0.096 0.167 0.214 0.450 0.386 

303 0.054 0.058 0.286 0.150 0.300 

305 0.083 0.017 0.071 0.050 0.043 

307 0.017 0.135 0.183 0.050 

309 0.033 

311 0.058 0.117 

313 0.071 0.050 

317 0.067 

R 3.784 2.522 3.605 4.459 6.490 6.027 8.000 5.779 3.681 

Ho 0.571 0.400 0.652 0.533 0.692 0.633 0.857 0.600 0.743 

He 0.584 0.366 0.643 0.647 0.841 0.836 0.890 0.763 0.703 

Sn2b-100 

216 0.017 

218 0.179 0.500 0.217 0.077 0.050 

220 0.821 0.500 0.783 1.000 0.923 0.900 0.375 0.600 0.614 

222 0.033 0.625 0.400 0.386 

R 1.959 2.000 1.984 1.000 1.727 2.205 2.000 2.000 2.000 

Ho 0.286 0.68 0.348 NA 0.154 0.2 0.5 0.400 0.486 
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Allele Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

He 0.299 0.51 0.348 NA 0.145 0.189 0.5 0.505 0.481 

Sv2b-138 

329 0.019 0.017 0.050 0.257 

331 0.125 0.100 0.043 

333 0.029 

335 0.065 0.150 0.038 0.083 0.071 

337 0.100 0.135 0.017 0.250 0.100 0.129 

339 0.054 0.380 0.326 0.050 0.188 0.150 0.100 

341 0.036 0.100 0.038 0.150 0.057 

343 0.125 0.520 0.304 0.212 0.033 0.188 0.050 0.043 

345 0.643 0.080 0.022 0.033 0.019 0.067 0.150 0.014 

347 0.143 0.152 0.133 0.058 0.250 0.063 0.050 0.043 

349 0.043 0.083 0.058 0.067 0.125 0.050 0.014 

351 0.022 0.150 0.019 0.063 0.050 0.014 

353 0.083 0.019 0.117 0.071 

355 0.020 0.065 0.033 0.017 0.050 

357 0.017 0.067 0.050 0.014 

359 0.050 0.077 0.100 0.029 

361 0.017 0.058 0.017 0.029 

363 0.154 0.014 

367 0.038 

369 0.058 0.014 

371 0.083 

379 0.033 

381 0.014 

385 0.033 

R 3.827 3.024 5.410 8.283 8.508 8.338 6.733 9.689 8.617 

Ho 0.607 0.44 0.739 0.867 0.769 0.833 0.5 0.900 0.829 

He 0.556 0.59 0.784 0.911 0.906 0.897 0.883 0.942 0.897 

α-enolase 

A 0.900 1.000 1.000 

M 0.100 

IP1 0.068 0.023 0.025 

IP2 0.750 0.886 0.725 0.929 0.950 0.950 
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Allele Mon Cvd Asn Chr Pal Jon Isb ETP GoC 

IP3 0.136 0.068 0.250 

IP4 0.045 0.023 

EP1 0.071 0.050 0.025 

EP2 0.025 

R 1.836 1.000 1.000 3.149 2.330 2.344 2.000 1.700 1.700 

Ho 0.200 NA NA 0.455 0.227 0.250 0.143 0.100 0.100 

He 0.185 NA NA 0.429 0.214 0.422 0.143 0.100 0.099 

β-fibrinogen 

A 0.300 0.675 0.825 

M1 0.575 

M2 0.075 

AIP 0.050 0.300 0.175 0.227 0.250 0.300 

CVD 0.025 

IP1 0.727 0.659 0.650 1.000 1.000 1.000 

IP2 0.023 0.091 0.050 

C 0.023 

R 3.318 2.348 1.965 2.624 2.791 2.582 1.000 1.000 1.000 

Ho 0.600 0.350 0.250 0.455 0.409 0.400 NA NA NA 

He 0.586 0.465 0.296 0.450 0.440 0.456 NA NA NA 

OD 

1 1.000 0.200 0.025 0.591 0.227 0.425 0.071 

CA1 0.450 0.325 

CA2 0.350 0.650 

C 0.114 

IP1 0.091 0.364 0.100 

IP2 0.114 0.182 0.375 0.071 

IP3 0.091 0.227 0.100 0.071 

EP1 0.571 0.800 1.000 

EP2 0.214 0.200 

R 1.000 2.979 2.349 4.334 3.942 3.673 5.000 1.997 1.000 

Ho NA 0.800 0.600 0.546 0.818 0.600 0.571 0.200 NA 

He NA 0.651 0.483 0.623 0.748 0.676 0.659 0.337 NA 
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Table C.2 Estimates of model parameters and highest posterior densities (HPDs, given in brackets) for IMA analyses. Model parameters were 

converted into demographic parameters (years, number of individuals) as outlined in the text. Analyses are numbered according to the node of the 

population tree to which they correspond in Fig. 4.4. Parameter estimates in the Isolation with Migration column are from the full model and 

estimates in the Isolation column are from the model with no gene flow. Estimates of m are interpreted forwards in time (e.g., m1->2 is interpreted 

as the migration rate from population 1 to 2). Estimates of t that changed depending on the prior distribution of t are not shown and are referred to 

as undefined. 

  Model parameter Isolation with Migration Isolation 

1. Caribbean vs. Central Atlantic t undefined 0.09 [0.02 - 0.37]  

ΘCaribbean 0.06 [0.01 - 0.36] 0.22 [0.05 - 0.73] 

ΘCentral Atlantic 0.02 [0.003 - 0.15] 0.11 [0.02 - 0.37] 

ΘAncestral 0.28 [0.00 - 2.22] 0.19 [0.00 - 1.32] 

mCaribbean -> Central Atlantic 0.00 [0.00 - 32.65] NA 

mCentral Atlantic -> Caribbean 0.00 [0.00 - 28.23] NA 

2. Atlantic vs. Indo-Central Pacific t undefined 0.17 [0.07 - 0.34] 

ΘAtlantic 0.15 [0.04 - 0.43] 0.26 [0.11 - 0.57] 

ΘIndo-Central Pacific 0.42 [0.21 - 0.90] 0.67 [0.32 - 1.19] 

ΘAncestral 0.00 [0.00 - 4.20] 0.79 [0.18 - 2.24] 

mAtlantic -> Indo-Central Pacific 0.00 [0.00 - 2.65] NA 

mIndo-Central Pacific -> Atlantic 0.00 [0.00 - 3.53] NA 
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  Model parameter Isolation with Migration Isolation 

3. Atlantic/Indo-Central Pacific  vs. Eastern Pacific t 0.42 [0.13 - 0.73] 0.48 [0.16 - 0.98] 

Θatlantic/Indo-Central Pacific 0.82 [0.48 - 1.33] 0.93 [0.56 - 1.50] 

ΘEastern Pacific 0.11 [0.03 - 0.39] 0.21 [0.06 - 0.54] 

ΘAncestral 0.01 [0.00 - 3.45] 0.00 [0.00 - 1.72] 

mAtlantic/Indo-Central Pacific -> Eastern Pacific 0.00 [0.00 - 0.96] NA 

  mEastern Pacific -> Atlantic/Indo-Central Pacific 0.00 [0.00 - 2.63] NA 
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Appendix D: Supplementary Figures and Tables for Chapter 5 

(a) α-enolase 
 
AGATATATTT CTTCTGATCA GCTGGCTGAC CTCTACAAGG GCTTTGCCAA GAACTACCCC TGTAAGTTCT TTGTCAACAA 80 
********** ********** ********** ********** ********** ********** ** 
 
GAAGCATGGG AATAGTAGTG ACATGGGAAT AGTAGCGAAT ATGGGCTGAT AGCTGAAGGA AAGAGTTAGG GTGCAGCCTC 160 
 
 
CCCTGTAAGA GGGGTCAAGA GCAGAACAAA CAGCTAGCCT TTTATAGGGA TCTTGGGAAT ATTTTTTT-G AGGTGGGTAG 240 
 
 
TCCTTGGCTG CAGCACTTTG GTACCACTGC TTTCAAACAA GACCTTTCAG GGTGGCGTTG TCTTAATGCT CCTTGTATCC 320 
 
 
CTCTACAGTG GTGTCCATTG AAGATCCG                                                          348 
        ** ********** ******** 
 
(b) β-fibrinogen 
 
TGGAAACAAA TAATGGAGGT TAGTGTGAAA TAACTATGTT GTTATAATAT TAATTAATGT GGATGCTCCA AAAATTCATA 80 
********** ******** 
 
ATAGTAATTT GCTTTTTATA CAAACCAATA TGGAGTTATA ACTTTTGTTA TTACTTGAGA ATTAAGTCTG ATTGACTCAT 160 
 
 
TCAGAACAGT CTTGCTGGTC ATCTTCAGAT GCACAGTAGG ATACTTCTAT AATGAAAATG GAAATAAATA GTTGGGACGG 240 
 
 
GATTGGTAGA TAAAAATGTG TCTTACTATG ATGAAAATGG ACAATGTATG AGTGGGAAGG CAAGGAGGGC CCGGCTCATT 320 
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TCTTACTATG CTACTATGCA CTAGACGAAA GACCAGGGCA GTCCTTCGAG TTCTGCTTTT TCCACCTTTC CTTATGAAGC 400 
 
 
AAGGCGCTAC TTGAGTGTGA ATAAAAATGG CAAGGCTGGT AAGCAGTGAA ACCAGTGGAC CTGCTGCAAG GAAGCCATAT 480 
 
 
GCTCCGCTTG CCTTAAGATG AAGACAGAAG GGCTCTATCT TAACATTTCA TGCTCCTTTC TCAATGGCAA TTTAATCTAA 560 
 
 
ATACTGTCGC TCCTGCAG                                                                     578 
        ** ******** 
 
(c) Ornithine decarboxylase 
 
TAGTTTCCAC GTTGGAAGTG GATGTACAGA CCCAGAGACC TTTGTCCAAG CCATTTCTGA TGCCCGCTGT GTGTTTGATA 80 
********** ********** ********** ********** ********** ********** ********** ********** 
 
TGGGAGTAAG TCTAGTTTAC TTTCTCTGGA ACTCCTGCTT AACTGTTGTG GCAAAACTGA ATCGAGTGTA AACTGTTACG 160 
***** 
 
GGTTTAAAAG CTAGCTAAGT TGCTAACTTC TTGTTGGATT TTTTT-GAGG TCATGATGGC TTACTTTGAC CAGCTCTGCA 240 
 
 
AAACTTATCT ACAGATGCAC TAAAATCAGC AAGCTCAAAC TCAAGAGACT ATTACTTGAA CATGATGAGC TAGCTCTGTT 320 
 
 
CCAAGTATTA ATGAAATGAC TTTATATTAC TACTGAAGCT CAAATGATAA ACTAAGAACT GTTTTCTTGA CAGT       394 
 
             

Figure D.1 Most common haplotype for intron loci. Flanking exons are shown with asterisks and variable sites are in bold and are underlined. 
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(a) α-enolase 
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(b) β-fibrinogen  
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(c) Ornithine decarboxylase 
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Figure D.2 Variables sites for each intron haplotype. Dots represent identity to the first listed 

haplotype and dashes represent single nucleotide insertion/deletion polymorphisms. 
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Figure D.3 Bar plot from the 10 locus (microsatellites only) STRUCTURE analysis. The inferred 

best value of K was 4. Population abbreviations are given in Table 5.1 and Nki (Clade B) refers to 

the five individuals collected at North-Keeling Island that had Christmas Island-type 

mitochondrial DNA.   
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TTCAACACAT TACCATACCC TCCGGATAGT AACCTATCCT TCCCCTGCCA AACCTACTGA CTAACTCTGT AATGCTTCTC 80 
 
 
CATCAGCAGA ATTATCTCTA CCTTACCCAA ACCATTCCAA AACAATCCTC TGTACAAGCT CCAGACTTTC CAGGATACGG 160 
 
 
AAGTGTAACA GAACCAAACC TGCAATGGTA GCAAGACATA CTCTCTCAAC TCACTCTCGA AGTACCGGTT TCTGAAGAAC 240 
 
 
CAGGTTATCT ATTAATCGGA TTTCTCACGT GAAATCAGCA ACGCACCGCA CGGAAGATCC TACGTTACTA GCTTCAGGAC 320 
     **               F Box 
 
CATTCATTCC CCCTACACCC CTAGCCCAAC TTGCTCTTTT GCGCCTCTGG TTCCTCGGTC AGGGCCATAA CTCGGTTGAT 400 
                                                D Box 
 
ATAGCACTCC TCACTTTTCA CAGAGTCATC TGGTAGGCTA TTTATCATCA TTCTCCCTCT TAATCGCGTC ACCGTAA    477 
            C Box 
 
Figure D.4 Most common mitochondrial control region haplotype found at Christmas Island. Conserved sequence blocks are in italics. Asterisks 

mark the end of Domain I and the beginning of Domain II. Sites that are variable in the Indian Ocean are in bold and underlined. 
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Figure D.5 Mitochondrial control region haplotype network for haplotypes from Christmas Island (black circles), North-Keeling Island (white 

circles), and Aldabra Atoll (grey circles). Haplotypes found at more than one colony are represented by pie charts. Asterisks identify the five 

“clade B” haplotypes from North-Keeling Island (see text). White squares represent inferred missing haplotypes. 
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(c) 

 

 

Figure D.6 Posterior probability distributions from IMA analyses for (a) the divergence time 

parameter for the Aldabra Atoll/North-Keeling Island and Christmas Island populations, (b) gene 

flow parameter from Aldabra Atoll/North-Keeling Island into Christmas Island, (c) gene flow 

parameter from Christmas Island into Aldabra Atoll/North-Keeling Island. 
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Table D.1 Primers that were used for allele-specific priming and a list of the individuals on which each primer was used. 
 

Loucs Primer name Primer sequence Individuals 

β-fibrinogen FibF167G 5'-TCTGATTGACTCATTCAGAAG-3’ Fer-304 

FibF167C 5'-TCTGATTGACTCATTCAGAAC-3’ Fer-304 

FibF367C 5'-GAAAGACCAGGGCAGTCCTTC-3’ Chr-139 

FibF367T 5'-GAAAGACCAGGGCAGTCCTTT-3’ Chr-139 

ornithine decarboxylase ODR476G 5'-TACTTGGAACAGAGCTAGCTC-3’ Her-27, Chr-85, Chr-208 

ODR476A 5'-TACTTGGAACAGAGCTAGCTT-3’ Her-27, Chr-85, Chr-208 

ODR479C 5'-TAATACTTGGAACAGAGCTAG-3’ Pal-56 

ODR479A 5'-TAATACTTGGAACAGAGCTAT-3’ Pal-56 
 



 

 

 

238

Table D.2 Frequencies of alleles at ten microsatellite and three intron loci and estimates of observed (Ho) and expected (He) 

heterozygosities at each locus. Boldface indicates loci that are not in Hardy-Weinberg equilibrium within populations after Benjamini-

Yekutieli tests. 

 
Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

Ss2b-71 

193 0.044 0.056 0.031 0.052 0.016 0.172 

195 0.103 0.044 0.278 0.219 0.172 0.484 0.672 

197 0.016 0.019 0.047 0.017 0.016 0.125 

199 0.871 1.000 1.000 0.328 0.294 0.361 0.074 0.281 0.293 0.145 

201 0.048 0.207 0.162 0.056 0.167 0.125 0.224 0.113 0.016 

203 0.034 0.029 0.111 0.185 0.016 0.034 0.081 

205 0.172 0.206 0.222 0.130 0.063 0.069 

207 0.065 0.052 0.088 0.083 0.130 0.172 0.052 0.145 

209 0.052 0.029 0.111 0.019 0.031 0.034 

211 0.017 0.044 

213 0.015 

215 0.034 0.044 0.016 0.017 

217 0.034 0.016 

Ho 0.258 NA NA 0.724 0.853 0.833 0.667 0.719 0.966 0.710 0.531 

He 0.239 NA NA 0.815 0.840 0.805 0.836 0.832 0.834 0.715 0.511 

Ss2b-138 

352 0.016 0.017 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

354 0.355 0.500 0.517 0.441 0.611 0.315 0.531 0.276 0.403 0.813 

356 0.016 0.259 0.250 0.167 0.333 0.219 0.655 0.516 0.109 

358 0.081 0.361 1.000 0.207 0.162 0.194 0.241 0.188 0.034 0.065 0.078 

360 0.355 0.028 0.017 0.147 0.028 0.056 0.016 0.016 

362 0.177 0.111 

364 0.016 0.056 0.031 0.017 

Ho 0.677 0.556 NA 0.621 0.853 0.444 0.704 0.688 0.517 0.581 0.250 

He 0.721 0.624 NA 0.633 0.705 0.576 0.739 0.643 0.502 0.576 0.327 

Ss2b-10 

169 0.034 0.132 0.083 0.130 0.234 0.052 0.016 0.016 

171 0.017 

175 0.093 0.094 0.017 

177 0.903 0.917 1.000 0.328 0.397 0.444 0.241 0.281 0.155 0.339 0.391 

179 0.097 0.083 0.603 0.382 0.250 0.519 0.203 0.724 0.613 0.578 

181 0.188 0.034 0.032 0.016 

183 0.034 0.088 0.194 0.019 

185 0.028 

Ho 0.194 0.167 NA 0.724 0.588 0.722 0.741 0.844 0.448 0.355 0.438 

He 0.178 0.157 NA 0.535 0.681 0.714 0.660 0.793 0.455 0.517 0.521 

Ss2b-2 

250 0.015 

252 0.113 0.361 0.500 0.276 0.412 0.278 0.315 0.344 0.448 0.290 0.781 

256 0.177 0.083 0.069 0.044 0.028 0.019 0.219 0.241 0.129 0.016 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

258 0.224 0.176 0.139 0.185 0.109 0.069 0.081 

260 0.414 0.279 0.500 0.241 0.094 0.069 0.242 0.203 

262 0.016 0.139 0.059 0.028 0.241 0.234 0.172 0.258 

264 0.661 0.417 0.500 0.017 0.015 0.028 

266 0.016 

268 0.016 

Ho 0.484 0.833 NA 0.793 0.794 0.611 0.852 0.656 0.897 0.871 0.438 

He 0.526 0.689 NA 0.710 0.726 0.670 0.765 0.770 0.714 0.780 0.354 

Ss2b-35 

131 0.029 0.056 0.063 0.017 

133 0.103 0.088 0.056 0.259 0.034 

135 0.397 0.485 0.361 0.315 0.438 0.569 0.468 0.828 

137 0.028 0.074 0.016 

139 0.774 0.861 1.000 0.379 0.294 0.278 0.241 0.328 0.207 0.323 0.172 

143 0.226 0.139 0.103 0.103 0.028 0.056 0.156 0.155 0.210 

145 0.017 0.250 0.017 

Ho 0.258 0.167 NA 0.483 0.412 0.389 0.704 0.719 0.621 0.645 0.281 

He 0.355 0.246 NA 0.689 0.669 0.746 0.778 0.683 0.618 0.644 0.289 

Ss1b-98 

245 0.086 0.097 

247 0.371 0.278 0.500 0.483 0.412 0.250 0.148 0.406 0.397 0.468 

249 0.629 0.722 0.500 0.207 0.118 0.250 0.759 0.578 0.483 0.387 0.891 

251 0.293 0.368 0.444 0.093 0.034 0.048 0.047 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

253 0.017 0.103 0.056 0.016 0.063 

Ho 0.484 0.333 NA 0.655 0.676 0.778 0.333 0.625 0.655 0.774 0.156 

He 0.474 0.413 NA 0.649 0.681 0.694 0.400 0.508 0.612 0.630 0.204 

Ss2b-153 

316 0.597 0.472 0.500 0.047 

320 0.037 

322 0.290 0.444 0.500 0.224 0.235 0.222 0.407 0.453 0.207 0.161 

324 0.032 0.028 0.603 0.603 0.611 0.519 0.516 0.466 0.726 

326 0.081 0.056 0.172 0.162 0.167 0.037 0.031 0.328 0.113 0.953 

Ho 0.548 0.500 NA 0.552 0.529 0.722 0.481 0.406 0.724 0.452 0.094 

He 0.561 0.592 NA 0.566 0.563 0.565 0.573 0.536 0.644 0.442 0.091 

Ss2b-48 

157 0.086 0.132 0.028 

161 0.984 1.000 1.000 0.224 0.235 0.194 0.481 0.547 0.655 0.823 0.359 

163 0.016 0.034 0.015 0.056 0.094 0.052 

165 0.138 0.044 0.056 0.074 0.094 0.172 0.032 0.625 

167 0.345 0.279 0.472 0.315 0.219 0.121 0.097 0.016 

169 0.034 0.044 0.019 0.031 

171 0.138 0.235 0.194 0.056 0.016 0.048 

177 0.015 0.056 

Ho 0.032 NA NA 0.690 0.794 0.833 0.593 0.656 0.448 0.355 0.438 

He 0.032 NA NA 0.797 0.801 0.714 0.669 0.644 0.533 0.316 0.488 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

Ss1b-51 

227 0.017 

233 0.029 0.028 

235 0.056 0.065 

237 0.226 0.472 0.207 0.412 0.167 0.574 0.297 0.638 0.597 0.047 

238 0.613 0.389 0.500 0.466 0.382 0.500 0.111 0.063 0.034 

239 0.069 0.029 0.028 0.204 0.359 0.086 0.145 0.016 

240 0.161 0.139 0.500 0.074 0.167 0.019 0.141 0.032 

241 0.017 0.047 0.052 0.048 

242 0.069 0.015 0.037 0.031 0.032 

243 0.138 0.029 0.028 0.019 0.031 0.103 0.081 0.094 

245 0.017 0.029 0.028 0.019 0.016 0.017 0.063 

247 0.019 0.016 

258 0.016 0.052 0.734 

260 0.017 0.031 

Ho 0.677 0.556 NA 0.655 0.618 0.833 0.630 0.750 0.621 0.645 0.469 

He 0.556 0.624 NA 0.724 0.685 0.708 0.625 0.766 0.578 0.618 0.451 

Ss1b-142 

344 0.707 0.721 0.444 0.016 

346 0.903 0.694 0.293 0.279 0.556 

348 0.097 0.306 1.000 1.000 0.953 1.000 1.000 1.000 

352 0.031 

Ho 0.065 0.278 NA 0.241 0.206 0.222 NA 0.094 NA NA NA 

He 0.178 0.437 NA 0.422 0.409 0.508 NA 0.092 NA NA NA 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

α-enolase 

enol_A 0.475 0.083 0.425 0.360 0.500 0.175 0.275 0.357 0.275 0.145 

enol_B 0.525 0.917 1.000 0.500 0.520 0.417 0.825 0.650 0.625 0.725 0.855 

enol_Ind1 0.025 0.040 

enol_Ind2 0.025 0.020 

enol_IP 0.025 0.060 0.083 0.050 

enol_Pac 0.025 0.018 

Ho 0.550 0.167 NA 0.350 0.360 0.778 0.350 0.600 0.357 0.450 0.226 

He 0.512 0.157 NA 0.582 0.610 0.590 0.296 0.512 0.490 0.409 0.252 

β-fibrinogen 

fib_A 0.250 0.389 0.500 0.650 0.780 0.722 0.825 0.750 0.768 0.800 0.855 

fib_B 0.750 0.583 0.500 0.040 0.111 0.050 0.018 

fib_IP1 0.300 0.080 0.056 0.050 0.125 0.161 0.200 0.016 

fib_IP2 0.040 0.050 0.054 

fib_Ald 0.050 

fib_Ind 0.020 0.028 

fib_Nki 0.040 

fib_Chr 0.056 

fib_Her 0.075 

fib_Pac 0.050 0.025 

fib_Gen 0.129 

fib_IA 0.028 0.028 

Ho 0.500 0.667 NA 0.450 0.360 0.500 0.300 0.300 0.429 0.200 0.290 

He 0.385 0.51 NA 0.498 0.388 0.471 0.317 0.427 0.388 0.328 0.257 
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Allele Mon Fdn Asn Ald Nki Chr Her Pal Jon Trn Gen 

OD 

od_A 0.375 0.167 0.500 0.300 0.320 0.167 0.125 0.025 0.054 0.025 

od_B 0.600 0.833 0.500 0.275 0.460 0.444 0.550 0.700 0.768 0.825 0.871 

od_Mon 0.025 

od_Ald 0.075 

od_Ind 0.060 0.139 

od_IP1 0.275 0.160 0.250 0.225 0.175 0.107 0.125 0.113 

od_IP2 0.025 0.025 0.071 0.025 

od_IP3 0.050 0.100 

od_Pal1 0.050 

od_Pal2 0.025 

od_Gen 0.016 

Ho 0.800 0.222 NA 0.850 0.480 0.667 0.700 0.550 0.464 0.350 0.226 

He 0.512 0.286 NA 0.769 0.670 0.727 0.637 0.487 0.398 0.310 0.232 
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Table D.3 Estimates of FST for the (a) ten locus data set - microsatellites alone, and (b) three locus data set - introns 

alone, and estimates of ΦST for (c) α-enolase alone, (d) β-fibrinogen alone, and (e) ornithine decarboxylase alone. 

Results significant after Benjamini-Yekutieli corrections are indicated with **. Results significant before, but not 

after Benjamini-Yekutieli corrections are indicated with *. Population abbreviations are given in Table 5.1. 

 

(a) 

  Mon Fer Ald Nki Chr Her Pal Jon Trn Gen 

Mon 

Fer 0.06** 

Ald 0.31** 0.29** 

Nki 0.30** 0.28** 0.01 

Chr 0.30** 0.27** 0.03** 0.02** 

Her 0.37** 0.30** 0.17** 0.17** 0.19** 

Pal 0.32** 0.25** 0.17** 0.16** 0.17** 0.04** 

Jon 0.39** 0.34** 0.19** 0.18** 0.23** 0.06** 0.07** 

Trn 0.39** 0.33** 0.19** 0.19** 0.23** 0.06** 0.06** 0.03** 

Gen 0.56** 0.53** 0.37** 0.37** 0.40** 0.30** 0.28** 0.28** 0.32**   
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(b) 

  Mon Fer Ald Nki Chr Her Pal Jon Trn Gen 

Mon 
Fer 0.14** 
Ald 0.22** 0.28** 
Nki 0.20** 0.23** 0.02 
Chr 0.19** 0.25** 0.02 0.00 
Her 0.30** 0.22** 0.09** 0.05** 0.09** 
Pal 0.24** 0.19** 0.08** 0.04** 0.05** 0.02 
Jon 0.26** 0.22** 0.10** 0.05** 0.06** 0.05** -0.01 
Trn 0.31** 0.23** 0.13** 0.08** 0.10** 0.04* -0.01 -0.01 

Gen 0.40** 0.26** 0.25** 0.16** 0.21** 0.07** 0.05** 0.06** 0.03*   

(c) 

  Mon Fdn Ald Nki Chr Her Pal Jon Trn Gen 

Mon 
Fdn 0.30** 
Ald -0.02 0.27** 
Nki -0.02 0.22** -0.02 
Chr 0.00 0.42** 0.00 0.02 
Her 0.17* 0.01 0.15** 0.11* 0.28** 
Pal 0.01 0.15** 0.01 0.00 0.08 0.05 
Jon 0.00 0.17** 0.00 -0.01 0.06* 0.07* -0.02 
Trn 0.06 0.09 0.05 0.03 0.16** 0.00 -0.01 0.00 

Gen 0.22** 0.00 0.21** 0.16** 0.35** -0.02 0.09* 0.11** 0.03   
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(d) 

  Mon Fdn Ald Nki Chr Her Pal Jon Trn Gen 

Mon 
Fdn 0.02 
Ald 0.59** 0.46** 
Nki 0.53** 0.39** 0.09** 
Chr 0.47** 0.31** 0.11** 0.00 
Her 0.61** 0.46** 0.13** 0.02 0.03* 
Pal 0.54** 0.39** 0.05* -0.01 0.01 0.02 
Jon 0.58** 0.44** 0.03 0.01 0.04* 0.04 -0.01 
Trn 0.62** 0.48** 0.00 0.03* 0.06* 0.06** 0.00 -0.01 

Gen 0.65** 0.51** 0.20** 0.06** 0.07** 0.06* 0.07** 0.10** 0.13**   

(e) 

  Mon Fdn Ald Nki Chr Her Pal Jon Trn Gen 

Mon 
Fdn 0.10 
Ald 0.07* 0.13** 
Nki 0.06* 0.08** 0.00 
Chr 0.20** 0.19** 0.05 0.03 
Her 0.16** 0.08** 0.06* 0.04 0.04 
Pal 0.21** 0.07** 0.12** 0.08** 0.08** 0.01 
Jon 0.13** 0.02 0.11** 0.06** 0.11** 0.02 0.01 
Trn 0.23** 0.06* 0.15** 0.10** 0.12** 0.02 -0.01 0.00 

Gen 0.34** 0.14** 0.23** 0.16** 0.18** 0.06** 0.00 0.04* -0.01   
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Table D.4 List of individuals that were assigned to the population that they were sampled from with less than 

90% probability in the BAYESASS analysis. Home Population is the geographic population where the individual 

was sampled (Atlantic, Indian, Western/Central Pacific, or Isla Genovesa) and Source Population is the 

population with the highest probability of assignment other than the home population. The probability of 

assignment to the source population and the class of each assignment (e.g., first generation migrant, second 

generation migrant) are also given. 

Individual Home Population Source Population Probability Class 

Xch-208 Indian Atlantic 0.58 2nd generation migrant 

Jon-17 Western-Central Pacific Isla Genovesa 0.13 2nd generation migrant 

Jon-24 Western-Central Pacific Isla Genovesa 0.74 2nd generation migrant 

Jon-25 Western-Central Pacific Isla Genovesa 0.37 2nd generation migrant 

Jon-30 Western-Central Pacific Isla Genovesa 0.85 2nd generation migrant 
 


