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Abstract 

Successful preservation of Earth‟s biodiversity requires an understanding of the processes that 

generate new species.  The generation of species without gene exchange is considered 

predominant; however, a growing body of evidence indicates that populations can diverge while 

exchanging genes, and that this may be common.  Previous research hypothesized that blue-

footed (Sula nebouxii) and Peruvian (S. variegata) boobies diverged from their common ancestor 

while exchanging genes.  Here, I combine ecological and genetic perspectives to thoroughly 

evaluate this hypothesis. 

Using a panel of eight molecular markers, I estimate population differentiation for each 

species.  I find evidence of weak population differentiation for both species, an uncommon 

pattern in seabirds, and argue that specialization to an unpredictable food resource has shaped 

contemporary population differentiation.  Next, I use molecular markers and morphology to 

evaluate the hybrid status of five morphologically aberrant individuals.  I report that all are likely 

F1 (first generation) hybrids, and are the product of crosses between female Peruvian boobies and 

male blue-footed boobies.  Sex biases in pairing may occur because of an underlying preference 

for elaborate courtship displays. 

I then expand the dataset to 19 loci and use cline theory and Bayesian assignment tests to 

characterize the hybrid zone, to examine introgression, and to evaluate the hybrid status of the 

aberrant individuals.  The hybrid zone is most likely maintained by strong endogenous and 

exogenous selection against hybrids and dispersal of parentals into the hybrid zone (a tension 

zone), and introgression is low for nuclear loci and absent for mitochondrial loci. 

Finally, I test the hypothesis that this species pair diverged from their common ancestor 

with gene flow using recently developed analyses and multiple loci.  Divergence without gene 
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flow is rejected and unidirectional introgression of sex-linked loci during divergence is reported.  

The results of this study support the hypotheses that: 1) populations can diverge while exchanging 

genes; 2) the Z chromosome may play a role in avian speciation; and 3) organisms specialized to 

variable foraging environments should exhibit low population differentiation.  This study adds to 

our understanding of both population differentiation and speciation in seabirds, and of the 

generation of new species more generally. 
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Chapter 1: General Introduction 

Investigations aimed at gaining a better understanding of the generation and maintenance of 

biodiversity are common in the contemporary evolution and ecology literature (reviewed in 

Coyne & Orr 2004; Noor & Feder 2006; Fitzpatrick et al. 2009; Mallet et al. 2009).  Research 

programs examining the divergence of new species, the establishment of reproductive isolation, 

and the mechanisms behind the generation of intraspecific population differentiation are all 

advancing our understanding of the generation and maintenance of biodiversity (Friesen et al. 

2007a,b; Carling & Brumfield 2008; Niemiller et al. 2008; Gay et al. 2009; Carling et al. 2010; 

Storchová et al. 2010).  At the same time these investigations have highlighted key areas of the 

discipline that are data deficient, or avenues of research that may prove particularly fruitful in 

gaining a better understanding of these processes.  

Research indicates that the general causes and consequences of divergence are varied; 

however, the pervasive view, which is supported by ample data, is that the majority of 

contemporary species have been generated through allopatric divergence, divergence in the 

absence of gene flow (Coyne & Orr 2004; Fitzpatrick et al. 2009; Mallet et al. 2009).  

Nonetheless, numerous recent investigations of population differentiation and speciation have 

found evidence for sympatric and parapatric divergence, divergence with gene flow scenarios 

(Niemiller et al. 2008; Nosil 2008; Carling et al. 2010; Storchová et al. 2010).  These studies are 

using new analytical techniques and multiple unlinked neutral molecular markers to examine 

gene flow based on coalescent theory (Kingman1982; Nielsen & Wakeley 2001; Hey & Nielsen 

2004, 2007; Hey 2006; Pinho & Hey 2010). 

In this thesis I use these analytical tools to evaluate the hypothesis that blue-footed (Sula 

nebouxii) and Peruvian (S. variegata) boobies diverged from their common ancestor in the 
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presence of gene flow.  The models used to test this hypothesis make a number of assumptions 

about the data (see below) which are addressed in data chapters one and two, where I investigate 

intraspecific population genetic differentiation and gene flow in blue-footed and Peruvian 

boobies.  In data chapters three and four I use Bayesian analyses, morphometrics, and cline theory 

to examine hybridization and gene flow between blue-footed and Peruvian boobies, to 

characterize the nature of the contemporary hybrid zone, and to examine interspecific 

differentiation.  In the final data chapter I test explicitly the divergence with gene flow hypothesis 

using the program Isolation with Migration Analytic (Hey & Nielsen 2007). 

 

1.1 Population differentiation and speciation – models and advances 

Population differentiation is often considered the first step towards speciation (Mayr 1963; Coyne 

& Orr 2004), so understanding what causes population differentiation is key to understanding the 

speciation process.   To categorize speciation events, early evolutionary biologists and speciation 

researchers used geography (Fig. 1.1) (Mayr 1970, reviewed in Coyne & Orr 2004; Fitzpatrick et 

al. 2009; Mallet et al. 2009).  There are four main modes of speciation based on geography 

including speciation in allopatry, peripatry, sympatry, and parapatry (detailed below) (Coyne & 

Orr 2004).  Divergence in allopatry and most examples of peripatry are equivalent to divergence 

without gene flow models, while parapatric and sympatric divergence occur between 

geographically proximate populations, with implied gene flow.  Numerous attempts have been 

made to demonstrate the validity of each model experimentally and to detect their signatures in 

natural populations (Knowlton 1993; Duvernell & Turner 1999; Gavrilets et al. 2000; Via 2001; 

Coyne & Orr 2004; Friesen et al. 2007b; Mallet et al. 2009).  
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Figure 1.1 Geographic modes of speciation grouped by classification based on gene flow.
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Using the geographical classification system has allowed researchers to investigate 

speciation events by explicitly testing a set of conditions associated with each speciation model 

because geography and gene flow are clearly related, and the relationship can have a major 

influence on the speed and magnitude of divergence (Coyne & Orr 2004; Fitzpatrick et al. 2009; 

Mallet et al. 2009).  The usefulness of the geographic models of speciation has recently been 

debated (Hey 2006; Fitzpatrick et al. 2009); however, a number of research groups maintain that 

classifying speciation events using geography is still worthwhile (Coyne & Orr 2004; Mallet et 

al. 2009). 

The geographical classification system provided a testable framework that could be used 

to classify speciation events, but the classifications were not based on explicit tests of the 

presence or absence of gene flow: they were based on the geographic proximity of populations 

and potential for gene flow (Hey 2006; Fitzpatrick et al. 2009).  Because levels of gene flow and 

recombination were inferred from geographic distance, geographical investigations could easily 

generate disparate conclusions about speciation events compared to examinations that explicitly 

estimated gene flow and other population genetic parameters, particularly when landscape was 

not examined at the scale appropriate to the organism (Fitzpatrick et al. 2009; Mallet et al. 2009; 

Pinho & Hey 2010).   Although geographic investigations of speciation have been fruitful and 

have often led to robust conclusions (Barluenga et al. 2006; Friesen et al. 2007b; Mallet et al. 

2009), the approach clearly has the potential to lead to erroneous conclusions and researchers that 

continue to support their use encourage the combination of geographic models with population 

genetic models (Mallet et al. 2009).   

As indicated by Fitzpatrick et al. (2009) and Hendry (2009), thorough investigations of 

gene flow between diverging populations are often more informative than classifying speciation 

events based on geographic distributions.  As such, my examination of speciation between blue-
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footed and Peruvian boobies will adopt the recent shift and will involve a thorough investigation 

of the potential for divergence with gene flow.  Because this investigation will necessarily 

involve examining the geography of the system I will discuss the geographic modes of speciation 

in more detail as they relate to divergence with or without gene flow scenarios. 

1.2 Divergence without gene flow  

Allopatric speciation, originally termed geographic speciation (Mayr 1963), is the most robustly 

supported model of speciation and has been observed in both experimental and wild populations 

(Knowlton 1993; Duvernell & Turner 1998,1999; Xiang et al. 2000; Coyne & Orr 2004).  This 

mode of speciation occurs in the implied absence of gene flow and involves subdivision of a 

continuous population by a geographic barrier to dispersal and subsequent evolution of 

reproductive isolation between the two new populations (Mayr 1963, 1970).  Populations evolve 

reproductive barriers from the accumulation of genetic differences, the result of genetic drift or 

selection (Mayr 1963, 1970).  If these populations subsequently undergo range expansion, they 

will be reproductively isolated upon secondary contact.  In the absence of gene flow divergence is 

not inhibited by recombination.   

Peripatric speciation, like allopatric speciation, usually involves the physical separation 

of a peripheral population from the main population and the subsequent evolution of reproductive 

isolation between them; however, during peripatric speciation one of the populations is 

significantly smaller than the other (Mayr 1963; Powell 1978; Dodd & Powell 1985; Shaw 2002; 

Coyne & Orr 2004).  This distinction is important because founder effects and drift are likely to 

cause especially rapid divergence in the smaller population relative to the larger population (Mayr 

1963, 1970).  Further, environmental conditions tend to be different in peripheral populations, 

potentially enhancing differentiation. 
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Allopatric and peripatric speciation events can be more mechanistically classified as 

speciation in the absence of gene flow.  While geography does play a role in separating 

populations in both speciation models, the key component of each is the absence of gene flow 

between diverging populations.  Divergence without gene flow is presently considered the major 

mechanism by which new species diverge (Coyne & Orr 2004; Fitzpatrick et al. 2009), as it was 

when it was originally defined (Mayr 1963).   However, models of divergence without gene flow 

have repeatedly failed to provide satisfactory explanations for a variety of evolutionary patterns, a 

trend that is increasing with advances in sequencing technology and analytical techniques (Endler 

1977; Friesen & Anderson 1997; Via 2001; Gavrilets 2003; Driskell & Christidis 2004; Niemiller 

et al. 2008; Nosil 2008; Faure et al. 2009; Carling et al. 2010; Storchová et al. 2010).   The 

support for divergence without gene flow as the main mechanism generating biodiversity may be 

an artifact of the ease with which we can detect its signature in wild populations, and simulate the 

necessary conditions in laboratory and computer experiments (Coyne & Orr 2004) 

 

1.3 Divergence with gene flow  

A growing body of literature suggests that divergence with gene flow is more common than 

previously believed, and could have played a major role in generating Earth‟s biodiversity 

(Storchová et al. 2004, 2010; Nosil 2008; Fitzpatrick et al. 2009; Hendry 2009; Mallet et al. 

2009; Carling et al. 2010; Wolinsky 2010).  Theoretically, divergence with gene flow can occur if 

selection is strong enough to counteract the effects of gene flow (Endler 1977; Gavrilets 2000, 

2003).  Populations may diverge even if selection only occurs at very limited regions of the 

genome, particularly if those regions include genes involved in mate choice and / or morphology 

relevant to sexual selection (Hey 2006; Gay et al. 2009).   
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Two geographic modes of speciation involve gene flow: divergence in sympatry and 

divergence in parapatry (Coyne & Orr 2004; Fitzpatrick et al. 2009).  The division of sympatric 

speciation from parapatric speciation is artificial, however, since the amount of gene flow implied 

varies along a continuum from “free gene flow” in sympatry to “limited gene flow” in parapatry.  

For this reason both modes of speciation are now referred to by many as “speciation with gene 

flow” (Hey 2006; Hey & Nielsen 2004, 2007; Pinho & Hey 2010). 

By its geographic definition, sympatric speciation occurs when new species arise within a 

population where gene flow is restricted by a barrier other than geography.   The assumption is 

that only geographical barriers can restrict gene flow, which is not always the case and can lead to 

erroneous claims (Fitzpatrick et al. 2009; Mallet et al. 2009).  Sympatric speciation was first 

proposed by Darwin (1859) but received strong criticism from Mayr (1963) and subsequent 

researchers since the absence of geographic barriers to gene flow in the sympatric model means 

that recombination has the potential to inhibit genetic divergence.  Thus sympatric speciation is 

the most contested mode of geographic speciation (Via 2001; Hendry 2009; Wolinsky 2010).  

However, this model has seen a resurgence in support based on convincing examples from natural 

populations and results from experimental models (Via 2001; e.g. Friesen et al. 2007b; Mallet et 

al. 2009; Hendry 2009; Wolinsky 2010).   

As originally defined, parapatric speciation involves the evolution of reproductive 

isolation between populations that exchange genes on a more restricted basis than in sympatric 

speciation (Endler 1977).  Speciation via the parapatric model relies on strong selection and / or 

genetic drift, combined with restricted dispersal.  Both selection and genetic drift can 

theoretically counteract the effects of gene flow and generate genetic differentiation between 

populations, which can subsequently lead to reproductive barriers, even when populations are 



 

 

 

8 

exchanging individuals (Endler 1977; Coyne & Orr 2004).  Theoretically, parapatric speciation 

can occur both when a species is widely distributed over a gradually changing environment and 

when the species‟ distribution crosses an abrupt environmental change or ecotone (Endler 1977).  

Either situation results in the establishment of clines in gene frequency between differentiating 

populations and stable or transitory hybrid zones where these clines reach their point of inflection 

(Endler 1977; Barton & Hewitt 1985). 

Two models of parapatric speciation exist: the stepping-stone model, in which 

populations are geographically discrete, and the clinal model, in which populations are 

continuous (Endler 1977; Gavrilets 2000).  Species divided into discrete populations appear more 

predisposed to parapatric speciation than those distributed along a cline (Felsenstein 1981; 

Gavrilets 2000).  Further, the evolution of assortative mating between discrete colonies can 

enhance the speciation process.  Mathematical models of parapatric speciation that incorporate 

sexual selection acting along an environmental gradient have shown that the evolution of female 

preference can amplify differentiation in male traits (Lande 1982).  The resultant incomplete 

assortative mating between populations enhances the speciation process. 

Parapatric speciation is a plausible mechanism of speciation and one that may occur 

frequently in nature (Coyne & Orr 2004; Nosil 2008).  The model is uncontroversial as a 

theoretical possibility largely due to evidence that populations can diverge by adapting to local 

conditions while exchanging genes, especially when gene flow between populations is limited or 

strong selection exists (Endler 1977; Barton & Hewitt 1985; Gavrilets et al. 2000). Unlike 

allopatric speciation, parapatric speciation does not require impermeable geographic barriers.  It 

is thus a very real possibility that the conditions for parapatric speciation may occur more 

commonly in nature than those suitable for allopatric speciation (Endler 1977; Gavrilets et al. 

2000).   
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Clearly, both sympatric and parapatric speciation can be more informatively defined as 

speciation with gene flow scenarios (Fitzpatrick et al. 2009).  Until recently, empirical 

demonstration of speciation with gene flow has been difficult:  similar biogeographic patterns can 

be produced by disparate modes of speciation, and the absence of analytical tools prevented 

explicit examinations of gene flow during divergence (Hey 2006; Pinho & Hey 2010).  Allopatric 

speciation followed by range expansion, for example, could produce sister species with 

overlapping ranges, as would be expected if parapatric speciation had taken place (Endler 1977; 

Barton & Hewitt 1985; Arnold 1997).  Similarly, competition between sister species may prevent 

them from occupying the same habitats or ranges.  The contact zones that result would appear to 

arise from parapatric speciation; however, secondary contact after allopatric speciation, or even 

competition after sympatric speciation, could produce the same biogeographic signature (Endler 

1977; Barton & Hewitt 1985). 

 

1.4 Advances in analytical techniques 

Recently developed analytical programs have significantly advanced the study of divergence with 

gene flow (Hey 2006; Nosil 2008; Pinho & Hey 2010).  These advances have produced numerous 

programs that effectively evaluate levels of intraspecific population genetic differentiation, 

admixture and introgression, and gene flow during divergence using coalescent theory.  All of 

these analyses require multilocus datasets of unlinked, neutral genetic markers.   

Recent programs that evaluate levels of population differentiation and admixture use 

Bayesian model-based clustering and Markov chain Monte Carlo (MCMC) simulations to assign 

individuals probabilistically to genetic populations (STRUCTURE, Pritchard et al. 2000) or hybrid 

categories (NEWHYBRIDS, Anderson & Thompson 2002).  Evaluating intraspecific population 
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differentiation is an important first step when analyzing sister species for the signature of 

divergence with gene flow because the model used for this analysis assumes an absence of 

intraspecific population differentiation.   The Bayesian model-based clustering implemented in 

STRUCTURE has proven effective for evaluating genetic clustering, with the benefits that 

geographic location information can be withheld from the analyses and the program does not 

assume a specific mutation process for the data (Pritchard et al. 2000).  It is not surprising that 

STRUCTURE has become one of the most widely used programs for the evaluation of population 

differentiation in the evolutionary ecology literature with the original paper having been cited 

almost 400 times since publication.     

Additionally, both STRUCTURE and NEWHYBRIDS can be used to assess admixture, a 

potential signature of recent interspecific gene flow or contemporary hybridization (Pritchard et 

al. 2000; Anderson & Thompson 2002).  Like STRUCTURE, NEWHYBRIDS uses Bayesian 

model-based clustering and MCMC simulations to analyze the data, but rather than assign 

individuals to genetic populations NEWHYBRIDS determines the probability that an individual 

belongs to various hybrid categories, the number of which are set by the user (Anderson & 

Thompson 2002).  The program has proven useful for the analysis of hybridization and has been 

cited over 260 times since publication 

Both of the aforementioned programs analyze multiple unlinked genetic markers when 

assigning individuals to populations or hybrid categories, and a number of studies have attempted 

to determine the number of genetic markers needed for robust estimates (Sanz et al. 2009; Abiom 

et al. 2010; Väli et al. 2010).  The general consensus for both programs is that more genetic 

markers are better, with the inclusion of more markers per individual rather than more individuals 

always being preferable (Sans et al. 2009; Väli et al. 2010).  The power of a particular real 

dataset is now easily tested by generating simulated datasets using programs like HYBRIDLAB 
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(Nielsen et al. 2006) and subsequently analyzing the simulated data with STRUCTURE and / or 

NEWHYBRIDS.  This has become common practice (Abiom et al. 2010; Taylor et al. 2010).       

 Prior to the development of new analytical techniques, models of population 

differentiation fell into two broad categories: 1) equilibrium models where populations exchange 

genes at constant rates over long periods of time and 2) isolation models where populations 

descend from a common population and diverge without gene flow (Nielsen & Wakeley 2001; 

Hey & Nielsen 2004).  More recently, models based on coalescent theory that use Bayesian 

model-based testing and MCMC methods have been developed that can simultaneously estimate 

divergence date and migration (Nielsen & Wakeley 2001).  This isolation-with migration model 

includes six parameters: ancestral population size (θA), size of  population one (θ1),  size of 

population two (θ2), splitting time (t), migration from population two to population one as time 

moves forward (m1), and migration from population one to population two as time moves forward 

(m2).  First developed for single locus data (Nielsen & Wakeley 2001) the model has been 

extended to multilocus data (Hey & Nielsen 2004) and is implemented in the programs IM (Hey 

& Nielsen 2004) and IMa (Hey & Nielsen 2007).  These programs do not require the data to fit 

equilibrium assumptions; however, the model does assume that the populations being examined 

are each other‟s closest relatives, that they do not exchange genes with any other populations, and 

that there is no genetic differentiation within either population.  

 These programs have facilitated numerous studies providing evidence that divergence 

with gene flow is more common than previously believed (Pinho & Hey 2010).  The program 

IMa has the added feature of using MCMC to integrate over genealogies and approximate the 

joint posterior density of the full six parameter model (Hey & Nielsen 2007).  This can 

subsequently be treated as a likelihood value, and likelihood ratio tests of nested models (models 

with fewer parameters) can be used to test statistically the fit of the data to divergence with gene 
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flow versus divergence without gene flow scenarios (Hey & Nielsen 2007; Carling et al. 2010; 

Storchová et al. 2010).      

1.5 Hybridization 

Investigations of divergence with gene flow almost always involve species that undergo some 

level of contemporary hybridization (Niemiller et al. 2008; Gay et al. 2009; Mettler & Spellman 

2009; Carling et al. 2010; Storchová et al. 2010).  Although definitions of hybridization can vary, 

here I consider hybridization to be “the interbreeding of individuals from two populations, or 

groups of populations, which are distinguishable on the basis of one or more heritable characters” 

(Harrison 1990).  The study of hybridization has long been recognized as an important branch of 

evolutionary biology (reviewed in Harrison 1993; Arnold 1997; Jiggins & Mallet 2000; 

Alexandrino et al. 2003; Gay et al. 2007, 2008; Ruegg 2008; Brelsford & Irwin 2009; Aboim et 

al. 2010).   

The analytical tools now available for speciation research have also aided investigations 

of hybridization; however, classic analyses of hybridization based on cline theory are still 

common in the literature and provide important information about the nature of hybridization 

(Bierne et al. 2003; Gay et al. 2007, 2008; Carling & Brumfield 2008; Ruegg 2008; Irwin et al. 

2009; Carling et al. 2010).   Additionally, programs that use Bayesian model-based clustering and 

MCMC simulations either to compute posterior probabilities of individuals belonging to various 

hybrid classes (NEWHYBRIDS , Anderson & Thompson 2002), or to assess levels of admixture 

between distinct genetic populations (STRUCTURE , Pritchard et al. 2000), have enabled 

thorough evaluations of population subdivision, introgression, and hybrid category given 

appropriate multilocus datasets. 
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Studies of contemporary hybridization can provide insights into the process of divergence 

and speciation, particularly when experimental studies are undertaken.  Hybridization can result 

in a number of outcomes ranging from wasted reproductive effort to the establishment of a stable 

hybrid zone (Allendorf et al. 2001), and a number of hybrid zone models exist (see below).  

Fitness of hybrid offspring compared to parentals, defined as genetically pure individuals of 

either species, is of particular interest for species pairs where divergence with gene flow is 

hypothesized.  In such situations, hybrids are expected to experience strong negative selection 

due either to genetic incompatibilities between parental genomes (endogenous selection) or to 

sexual or environmental selection against poorly adapted hybrids (exogenous selection).    

 A discussion of hybridization necessarily requires a discussion of species concepts. 

Numerous species concepts exist and they rely to varying degrees on the establishment of total 

reproductive isolation between individuals (Harrison 1993; Arnold 1997; Coyne & Orr 2004; 

Price 2008).  While the phylogenetic species concept can accommodate some level of 

hybridization between species, the biological species concept is based on the evolution of 

reproductive isolation between organisms.  Those who adhere strictly to this concept believe that 

populations can only be considered „good‟ species after total reproductive isolation is established 

(Arnold 1997).  Clearly, under the strict biological species concept the presence of postzygotic 

isolation is important.  After speciation with gene flow, however, there is usually some level of 

transitory or stable hybridization, yet the species remain genetically distinct (Barton & Hewitt 

1985).  In such cases, taxa have been classified as different species even by those individuals who 

first outlined the biological species concept (Dobzhansky 1940; Mayr 1963; Wright 1978 as cited 

in Arnold 1997).   

A number of hybrid zone models exist and each makes specific predictions about the 

outcome of hybridization, level of introgression, and nature of selection.  The three main models 
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include the neutral diffusion model, the bounded hybrid superiority model, and the tension zone 

model.  The neutral diffusion model (Endler 1977; Barton & Gale 1993), describes a situation 

where two species that diverged in isolation come into secondary contact and freely exchange 

alleles.  Hybrids do not experience a fitness disadvantage and hybrid zone width is limited only 

by dispersal ability.  The absence of a fitness disadvantage means that hybrids can be very 

common and hybrid zones that follow this model can be very wide for organisms that disperse 

long distances.  Although few natural hybrid zones follow the neutral diffusion model (but see 

Hairston et al. 1992), it provides an appropriate null model when testing if selection is acting 

against hybrids: hybrid zones that are narrower than expected under the neutral diffusion model 

likely involve selection against hybrids (Endler 1977).   

 The bounded hybrid superiority model (May et al. 1975; Moore 1977) involves selection, 

and hybrid zones of this type form only in areas of environmental transition because hybrid 

individuals have higher fitness than parental individuals in these regions.  Under this model 

hybrids are common and the width of the hybrid zone varies with the width of the environmental 

transition.  A number of natural hybrid zones match the predictions of the bounded hybrid 

superiority model (e.g. Moore & Price 1993; reviewed in Arnold 1997; Good et al. 2000).   

 Under the tension zone model (Key 1968; Barton & Hewitt 1985) the hybrid zone is 

maintained by a balance between dispersal of parentals into the hybrid zone and selection against 

hybrids (Hewitt 1988).  Under this model, the width of the zone is not limited by the width of an 

environmental transition (Barton & Hewitt 1985; Hewitt 1988), and is always narrow relative to 

the dispersal distance of the hybridizing species.  A tension zone hybrid zone does not necessarily 

indicate that divergence with gene flow has taken place since this type of hybrid zone can exist in 

regions of either primary or secondary contact (Barton & Hewitt 1985; Carling & Brumfield 

2008), and so warrants explicit investigations of divergence with gene flow.  
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1.6 Hybridization and speciation in birds 

A large proportion of the existing speciation and hybridization work has examined these 

processes in birds (Grant & Grant 2002; Sotrchová et al. 2004, 2010; Carling & Brumfield 2008; 

Price 2008; Carling et al. 2010; Sætre & Sæther 2010; Väli et al. 2010).  Two systems in 

particular, Darwin‟s finches and the Ficedula flycatchers, have been intensively studied providing 

considerable insight into the processes of divergence, reproductive isolation, hybridization, and 

reinforcement (Grant & Grant 2002; Sætre & Sæther 2010).  Although long-term studies on such 

natural model systems are rare, they have spawned numerous studies on non-model avian systems 

(Mettler & Spellman 2009; Carling et al. 2010; Storchová et al. 2010)  

 Divergence in the absence of gene flow appears to be an important generator of 

biodiversity for many groups of birds (Price 2008), particularly those restricted to the continents.  

Glaciations played a major role in generating contemporary avian diversity in the Northern 

Hemisphere, but also in the tropics where the expansion and retreat of alpine glaciers and 

different habitats appears to have caused periods of allopatry for some species (Avise & Walker 

1998; Lovette 2005; Rull 2008).   Although contemporary avian biodiversity can be explained 

largely by divergence in the absence of gene flow, recent studies of Passerina buntings (Carling 

et al. 2010) and Luscinia nightingales (Storchová et al. 2010) report that divergence with gene 

flow occurred in both groups. 

 Evidence for divergence with gene flow between avian sister species is not surprising 

given the high rate at which natural bird populations hybridize.   Grant & Grant (1992) report that 

10% of bird species are known to hybridize, that the true proportion of hybridizing species is 

probably much higher, and that hybridization is most common for ducks and geese 
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(Anseriformes).  The outcomes of hybridization for birds are varied ranging from the 

establishment of new species, as for the Galapagos finches, to the complete reproductive failure 

of hybrids (Grant & Grant 1992; Price 2008).  Regular hybridization that does not result in 

introgression might be expected for species that diverged with gene flow, since strong postzygotic 

isolating mechanisms would be required for divergence.    

Hybridization is rare in seabirds and only two species pairs have been investigated in any 

depth (Gay et al. 2007, 2008).  As previously stated, population differentiation is a precursor to 

speciation and our understanding of the causes of population differentiation in seabirds is 

growing.  Natal philopatry (the tendency of animals to return to the natal location to breed) is 

common (but not universal) in seabirds (Thibault 1993; Gaston et al. 1994; Harris et al. 1996, 

Schreiber & Burger 2002) and may play a major role in structuring seabird populations (Ovenden 

et al. 1991; Friesen et al. 1996).  As well, seabird colonies may be located on islands distributed 

across different ocean currents, which exert large influences on prey availability.  Variation in 

prey availability may subsequently influence foraging patterns and the amount of gene flow 

between colonies (Burg & Croxall 2001; reviewed in Friesen et al. 2007a).  Our increased 

understanding of the factors responsible for generating population differentiation in seabirds 

could complement studies examining species pairs for evidence of divergence with gene flow. 

Several seabird species show the biogeographic signature of parapatric speciation, as it 

was previously defined, and may have diverged from their common ancestors with gene flow 

(Friesen & Anderson 1997).  Given that seabirds nest in discrete colonies between which gene 

flow can be restricted, but are highly mobile otherwise, and given that sexual selection appears to 

play a major role in generating diversity in some groups of seabirds (Pierotti 1987), speciation 

with gene flow could be common. 
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1.7 The study system 

Blue-footed and Peruvian boobies are members of the Sulidae, a family of highly mobile seabirds 

distributed throughout the tropics and subtropics, as well as some temperate environments 

(Nelson 1978).  Blue-footed and Peruvian boobies are recently diverged sister species that breed 

along the western coast of South America (Friesen & Anderson 1997; Patterson et al. 2010).  

Their ranges overlap where the cold Humboldt Current meets the warm Equatorial Counter-

Current in northern South America off the coast of Peru (Fig. 1.2, Nelson 1978).  These two 

ocean currents differ in productivity and community assemblage; however, both species feed 

primarily in areas of cold-water upwelling on sardines (Sardinella spp.) or anchovy (Engraulis 

spp.) (Nelson 1978; Daneri et al. 2000).  Both species are ground-nesting island-breeding 

seabirds that nest in colonies distributed in discrete populations throughout their respective 

ranges.  Hybrid individuals have been observed where their breeding ranges overlap at Lobos de 

Tierra and Lobos de Afuera, Peru (Ayala 2006; Figueroa & Stucchi 2008; Taylor et al. 2010a; 

Zavalaga pers. comm.). 

Due to their relatively recent divergence, their contiguous distribution, and the absence of 

physical barriers to gene flow throughout the eastern tropical Pacific, previous researchers argued 

that blue-footed and Peruvian boobies may have arisen via divergence with gene flow (Friesen & 

Anderson 1997).  Given that foot colour appears to be the product of sexual selection at least in 

blue-footed boobies (Torres & Velando 2005; Velando et al. 2006), sexual selection may have 

played a role during the divergence process: assortative mating greatly enhances the speciation 

process in divergence with gene flow scenarios (Lande 1982).  Additionally, blue-footed and 

Peruvian boobies may be adapted to different marine environments, which could lead to 

maladapted hybrids and facilitate maintenance of the species barrier in the face of gene flow.  
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Figure 1.2 Map of Middle and South America showing approximate breeding and at sea 

distributions of blue-footed (downward diagonal) and Peruvian (upward diagonal) boobies. Note 

hybrid zone in northern Peru.
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Although blue-footed and Peruvian boobies are well differentiated morphologically, 

behaviourally, and, in parts of their range, ecologically, nothing is known of intraspecific 

population differentiation for either species, frequency of hybridization, strength of assortative 

mating, level of introgression, or nature of the hybrid zone that exists where their ranges abut.  

All of these aspects of blue-footed and Peruvian boobies must be investigated before a rigorous 

test of the divergence with gene flow hypothesis can be carried out. 

 

1.8 Conservation and economic importance 

Blue-footed and Peruvian boobies are piscivorous seabirds reliant on epipelagic fish, and 

experience direct competition with fisheries throughout the eastern tropical Pacific Ocean 

(Nelson 1978).  Both species are also negatively impacted by El Niño Southern Oscillation 

(ENSO) events, often quite severely (Duffy 1983; Ricklefs et al., 1984; Anderson, 1989), and the 

frequency and severity of ENSO events are predicted to increase with climate change (Devney et 

al. 2009).   Additionally, the guano of both species is harvested in Peru and, although the 

economic importance of guano has declined over the past 50 years, guano extraction is still 

carried out (Cushman 2005).       

Neither species is currently listed as threatened; however, both species have undergone 

considerable population declines over the past 50 years (Nelson 1978; Duffy 1983; Cushman 

2005).  Given that the intensity of fisheries in the eastern tropical Pacific is predicted to increase, 

as are the severity and frequency of ENSO events, and that guano harvesting remains an 

important source of income for coastal villages in Peru, proper conservation and management of 

both species is prudent.  Additionally, current taxonomy defines two subspecies of blue-footed 

booby based on slight morphometric differences: S. n. excisa, which is endemic to the Galapagos 
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Archipelago; and S. n. nebouxii, comprising all remaining colonies (Nelson 1978).   The validity 

of this taxonomy has not been examined using molecular markers. 

The inclusion of genetic data in wildlife management practices can allow managers to 

protect the genetic potential of wildlife populations, which may increase their ability to adapt in 

response to climate change (Allendorf & Lukiart 2006).  Given the economic importance of these 

birds, the fact that the anthropogenic and environmental stressors they experience are predicted to 

increase, and the absence of genetic data for both species, characterization of genetic diversity 

and population structure in both species is necessary.  

 

1.9 Thesis objectives and relevance 

The overall objective of this thesis is to use multiple neutral molecular markers to evaluate the 

hypothesis that blue-footed and Peruvian boobies diverged from their common ancestor with gene 

flow.  Not only will this investigation further our understanding of the process of divergence and 

speciation in seabirds, it will also provide a direct test of the speciation with gene flow 

hypothesis.   To meet this objective I assessed intraspecific population differentiation in both 

blue-footed and Peruvian boobies, I thoroughly investigated hybridization between the species, 

and I used recently developed analytical techniques to test explicitly the divergence with gene 

flow hypothesis. 

In the first chapter I quantify population genetic structure across the range of the blue-

footed booby using multiple neutral genetic markers.  I report weak but significant population 

genetic structure.  The result is the first example of weak population differentiation across large 

distances in any sulid and I explore potential explanations for the striking pattern. 
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In the second chapter I quantify population genetic differentiation across the range of the 

Peruvian booby using multiple unlinked neutral genetic markers.  I report the absence of 

population genetic differentiation across the range of the species, a rare pattern in any vertebrate 

and the first example in a tropical seabird.  I explore potential explanations for the pattern and 

draw comparisons between the sister species related to their foraging ecology and the potential 

influence of foraging ecology on contemporary population differentiation. 

In the third chapter I use genetic markers and morphological measurements to examine 

five aberrant individuals, potential hybrids, sampled from the islands where both blue-footed and 

Peruvian boobies breed.  I report that all five individuals are most likely F1 hybrids, and find 

weak evidence for transgressive segregation (hybrid vigor).  

In the fourth chapter I use more sophisticated analyses including cline-analyses and 

Bayesian clustering analyses with an expanded dataset to examine more thoroughly the nature of 

the hybrid zone between blue-footed and Peruvian boobies, to determine the extent of 

introgression, and to classify more accurately the parentage of the aberrant individuals.  I report 

that the blue-footed / Peruvian booby hybrid zone possesses characteristics associated with a 

tension zone including very weak to no introgression, a low number of hybrids within the hybrid 

zone, and a very narrow hybrid zone.  I attribute the findings to strong selection against hybrids, 

and explore potential sources of exogenous selection against them. 

In the fifth chapter I use recently developed analytical tools to test the hypothesis that 

blue-footed and Peruvian boobies diverged from their common ancestor with gene flow using 

multiple unlinked autosomal and Z-linked introns, as well as mitochondrial sequence data.  I also 

evaluate the relative importance of the markers to the evolutionary history of the species pair by 

comparing estimates of gene flow between the different marker types.  I report that models of 

strict allopatric divergence do not accurately reflect the evolutionary history of the molecular 
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markers, I provide evidence of unidirectional gene flow of sex-linked loci during the divergence 

process, and I conclude that the species appear to have diverged with gene flow.  Whether this 

gene flow occurred interspersed between periods of allopatry or throughout the divergence 

process is unknown; however, available evidence supports the latter scenario.  

This thesis will appeal to a wide readership.  The investigations of intraspecific 

population differentiation yielded important information for managers, who now have 

comprehensive genetic data, and for seabird and evolutionary biologists interested in mechanisms 

of population differentiation.  The low population differentiation and high gene flow reported for 

both species contrast with the majority of seabird studies.  The mechanism responsible, 

adaptation to cold-water upwelling systems, may not be unique to seabirds and should encourage 

future research on the topic.  The following chapters will all be of interest to seabird, avian, and 

evolutionary biologists, particularly those interested in hybridization and the use of cline theory 

and divergence population genetics.  Overall this thesis is a comprehensive examination of 

divergence with gene flow in a species pair that fits the assumptions of the analytical models.  As 

such, the conclusions of the final chapter will be of broad appeal to evolutionary biologists 

interested in evaluating the frequency of divergence with gene flow in nature and in explicit tests 

of divergence with gene flow hypotheses.    
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Chapter 2: Could specialization to cold-water upwelling systems 

influence gene flow and population differentiation in marine organisms? 

A case study using the blue-footed booby, Sula nebouxii 

2.1 Abstract 

We assessed population differentiation and gene flow across the range of the blue-footed booby 

(Sula nebouxii) to (1) test the generality of the hypothesis that tropical seabirds exhibit higher 

levels of population genetic differentiation than their northern temperate counterparts, and (2) to 

determine if specialization to cold-water upwelling systems increases dispersal, and thus gene 

flow, in blue-footed boobies compared to other tropical sulids.  Work was carried out on islands 

in the eastern tropical Pacific Ocean from Mexico to northern Peru.  We collected samples from 

173 juvenile blue-footed boobies from 9 colonies spanning their breeding distribution and used 

molecular markers (540 base pairs of the mitochondrial control region and seven microsatellite 

loci) to estimate population genetic differentiation and gene flow.  Our analyses included classic 

population genetic estimation of pairwise population differentiation, population growth, isolation 

by distance, associations between haplotypes and geographic locations, and analysis of molecular 

variance, as well as Bayesian analyses of gene flow and population differentiation.  We compared 

our results to those on other tropical seabirds that are not specialized to cold-water upwellings, 

including brown (S. leucogaster), red-footed (S. sula) and masked (S. dactylatra) boobies.  Blue-

footed boobies exhibited weak global population differentiation at both mitochondrial and nuclear 

loci compared to all other tropical sulids.  We found evidence of high levels of gene flow between 

colonies within Mexico and between colonies within the southern portion of the range, but 

reduced gene flow between these regions.  We also found evidence for population growth, 

isolation by distance, and weak phylogeographic structure.  Tropical seabirds can exhibit weak 
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genetic differentiation across large geographic distances, and blue-footed boobies exhibit the 

weakest population differentiation of any tropical sulid studied thus far.  The weak population 

genetic structure that we detected in blue-footed boobies may be caused by increased dispersal, 

and subsequently increased gene flow, compared to other sulids.  Increased dispersal by blue-

footed boobies may be the result of the selective pressures associated with cold-water upwelling 

systems, to which blue-footed boobies appear specialized.  Consideration of foraging 

environment may be particularly important in future studies of marine biogeography. 

 

2.2 Introduction 

Marine ecosystems support an enormous proportion of the Earth‟s biodiversity, yet knowledge of 

how these systems function has only recently started to increase (Ruckelshaus et al. 2008; 

Palumbi et al. 2009; Nichols et al. 2010).  More specifically, factors that influence distribution 

and extent of population differentiation in marine organisms are poorly understood (Hellberg 

2009).  The complex interplay between ocean currents and dispersal influences both species 

distributions throughout the world‟s oceans and levels of genetic differentiation between 

populations (Palumbi 1994, 1997; Riginos & Nachman 2001).  Gaining a better understanding of 

these processes is an important aspect of successful management.  

Seabirds, though potentially less influenced by ocean currents than are more sedentary 

organisms, exhibit a range of patterns of population differentiation (reviewed in Friesen et al. 

2007a).  In recent years, interest in seabird population genetic structure and mechanisms of 

speciation has increased as various populations and species are threatened by climate change, 

fisheries, and pollution (Blight & Burger 1997; Thompson & Ollason 2001; Karpouzi et al. 2007; 

Watkins et al. 2008).  Population genetic structure and speciation in seabirds may be influenced 

by many factors, including both physical and non-physical barriers to dispersal (Steeves et al. 
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2005a, b; Friesen et al. 2007b), foraging ecology (Burg & Croxall 2001), habitat preference and 

mate choice (Liebers et al. 2001), non-breeding distribution, and philopatry (Friesen et al. 2007a). 

The relative importance of different factors is unclear; however, at least two patterns have 

emerged: (1) northern temperate species tend to exhibit only weak, if any, population genetic 

structure, while tropical seabirds generally have strongly structured metapopulations, as do some 

southern temperate species, and (2) foraging ecology can have a significant influence on gene 

flow in seabirds.   

The extent of population differentiation in northern temperate seabirds has often been 

attributed to glaciation events during the Pleistocene (Moum & Bakke 2001).  Many temperate 

seabirds appear to have been restricted to refugia during these glaciations, and the weak 

population genetic structure they currently exhibit may reflect expansion and recolonization from 

glacial refugia (Friesen et al. 2007a; Morris-Pocock et al. 2008).  Although tropical environments 

changed during glaciations, the extent of these changes appears to have been much less than in 

temperate environments (Hewitt 2000).  Results from recent studies of tropical members of the 

Sulidae (Aves: Pelecaniformes; boobies and gannets) revealed high levels of population genetic 

differentiation both between and within ocean basins for masked (Sula dactylatra), red-footed 

(Sula sula) and brown (Sula leucogaster) boobies (Steeves et al. 2003, 2005a; Morris-Pocock et 

al. 2010).  Patterns in sulids are similar to those of other tropical seabird species: all 11 tropical 

species reviewed in Friesen et al. (2007a) exhibited strong population differentiation.  Thus, the 

tropical/temperate distinction appears to be a robust pattern, even across very different groups of 

seabirds. 

Population genetic data from tropical boobies all come from pelagically feeding species 

(red-footed and masked boobies) or inshore feeding species (brown boobies) that do not rely on 

cold-water upwelling systems for foraging (Nelson 1978; Weimerskirch et al. 2006, 2008, 2009).  
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Cold-water upwelling systems can be unpredictable, especially during El Niño-Southern 

Oscillation (ENSO) events, which are characterized by an influx of warm surface water 

throughout a large area of the eastern tropical Pacific and subsequent depression of primary 

production (Pennington et al. 2006).  Cold-water epipelagic fish (i.e., sardines and anchovies) are 

intolerant of these conditions and are often unavailable to foraging seabirds during ENSO events 

(Jordan 1971; Anderson 1989).  Reliance on an unpredictable foraging environment during 

breeding may influence intercolony dispersal. 

Blue-footed boobies (Sula nebouxii Milne Edwards 1882) are distributed throughout the 

eastern tropical Pacific Ocean and two subspecies are currently recognized: S. n. excisa (Todd), 

which is endemic to the Galapagos Archipelago; and S. n. nebouxii, which breeds along the coast 

from Mexico to northern Peru (Nelson 1978).  Unlike their tropical relatives, blue-footed boobies 

breed exclusively in close proximity to areas of cold-water upwelling.  Known breeding areas 

coincide with areas of high chlorophyll a and low sea surface temperature, oceanographic 

conditions that are also associated with the major prey species of blue-footed boobies: sardines 

(Clupeidae, Sardinops spp.; Weimerskirch et al. 2009) and anchovies (Engraulidae, Engraulis 

spp.; Zavalaga et al. 2007; see Fig. A.1). Records of blue-footed boobies breeding outside areas 

of cold-water upwelling are poorly supported [e.g. Revillagigedos, (Jehl & Parkes 1982; Howell 

& Webb 1990) and Gulf of Panama (Loftin 1991; M. Miller Smithsonian Tropical Research 

Institute, pers. comm.)], and ENSO events in the eastern Pacific are known to cause blue-footed 

booby chick mortality, breeding failure, and colony abandonment (Ricklefs et al. 1984; 

Anderson, 1989).  Blue-footed boobies disperse widely during ENSO events (Simeone et al. 

2002), and increased dispersal should increase gene flow between colonies relative to other 

sulids.  No association between breeding colonies and regions of cold-water upwelling exists for 

brown, red-footed, or masked boobies, which can breed significant distances from upwelling 
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systems, and which forage predominantly in warm tropical waters on flying fish (Exocoetidae) 

and flying squid (Ommastrephidae) (Nelson 1978; Weimerskirch et al. 2006, 2008, 2009).   

Given the blue-footed booby‟s range and age (see Discussion), the species has probably 

been restricted to the eastern Pacific for its entire evolutionary history and has experienced the 

selective pressures of a variable foraging environment throughout.  We analysed variation in a 

540 base pair fragment of the mitochondrial control region and seven microsatellite loci across 

the range of the blue-footed booby.  Our aim was to evaluate global population genetic structure 

to determine (1) the universality of the hypothesis that tropical seabirds exhibit higher levels of 

population genetic structure than their northern temperate counterparts, and (2) whether 

specialization to cold-water upwelling systems increases gene flow in blue-footed boobies 

compared to that in other tropical sulids.  

 

2.3 Materials and Methods 

Blood samples were obtained from 174 blue-footed booby nestlings from breeding colonies 

throughout the species‟ range (Fig. 2.1).  Because the sample size from Islas Marietas was small, 

and no significant genetic differences were found among Mexican colonies (see Results), Islas 

Marietas samples were combined with the next closest colony, El Rancho, for all analyses. 

Additional sample treatment details are given in Appendix A.  

A 540 base pair (bp) fragment of the mitochondrial control region was amplified from 

154 individuals, and 7 microsatellite loci were amplified from 172 individuals.  Both marker 

types were used because they differ in effective population size, mutation rate and inheritance 

pattern, and their combined analysis can provide a more comprehensive view of within-species 

population genetic differentiation.  Due to degradation clean control region sequence could not be 

amplified for 20 individuals, and microsatellites could not be amplified from two of these 
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Figure 2.1 Map of Middle and South America showing approximate breeding distribution of 

blue-footed booby (Sula nebouxii) sampling sites. Breeding distributions are outlined in black; 

sampling locations are indicated by black circles. Colony codes are in parentheses after colony 

names, and the numbers in parentheses indicate the number of individuals sampled per colony. 

Isla San Ildefonso, Mexico (SI; 10), Farallon de San Ignacio, Mexico (FS; 15), El Rancho, 

Mexico (ER; 15), Islas Marietas, Mexico (MA; 3), Revillagigedos Islands (RV; not sampled), La 

Plata, Ecuador (LP; 50), Lobos de Tierra, Peru (LT; 55), Champion Island, Galapagos (CH; 10), 

Seymour Island, Galapagos (SE; 11), Espanola Island, Galapagos (ES; 10).
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individuals.  Methods for DNA extraction, polymerase chain reaction (PCR) amplification, and 

sequencing of the mitochondrial DNA (mtDNA) control region and microsatellite data, including 

GenBank accession numbers, are given in Appendix A. 

 

2.3.1 Population genetic analysis of the mtDNA control region 

To determine if control region variation deviated from neutrality or mutation-drift equilibrium 

(assumptions of most subsequent analyses), Ewens-Watterson (Ewens 1972; Watterson 1978) and 

Chakraborty‟s (Chakraborty 1990) tests of selective neutrality were conducted for each colony 

using ARLEQUIN ver. 3.11 (Excoffier et al. 2005).  In addition, FLUCTUATE ver. 1.4 (Kuhner et 

al. 1998) was used to address the null hypothesis that each population‟s growth rate was zero, 

recognizing that growing populations may not be in mutation-drift equilibrium.  FLUCTUATE 

was run using an initial population growth rate of 1 and a Watterson estimate of θ (where θ is the 

product of the effective population size and the per site neutral rate of mutation; Kuhner et al. 

1998) and population size was allowed to vary.  Each run consisted of 30 short chains of 1000 

steps and four long chains of 100,000 steps, and chains were sampled every 20 steps.  Runs were 

performed three times with different random seeds and statistical significance was determined by 

testing whether g (the growth parameter) was significantly different from zero, both for each 

region and for the total sample, using log-likelihood ratio tests (Kuhner et al. 1998). 

ARLEQUIN was used to index population genetic structure by calculating pairwise 

population differentiation (ΦST) and net sequence divergence (δ) from mitochondrial control 

region sequences, as well as to evaluate the significance of geographic subdivisions among 

colonies using a hierarchical analysis of molecular variation (AMOVA).  Five colony groupings 

were created in an attempt to maximize global between-group population structure (ΦCT), under 

the assumption that the most likely geographic subdivisions of colonies were those that 
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maximized global ΦCT (Stanley et al. 1996).   Colony groupings were made on the basis of 

subspecies‟ designations, results from pairwise ΦST calculations, or the geographic separation of 

colonies.  All analyses were conducted using Kimura‟s two-parameter substitution model 

(Kimura 1980) with a rate parameter (α) of 0.45, and significance was determined by comparing 

the results to 10,000 random permutations of the data at a significance level of 0.05 using the 

Benjamini-Yekutieli (B-Y) correction for multiple tests (Narum 2006).    

To test for a positive correlation between genetic differentiation and geographic distance 

between colonies, a Mantel‟s test was performed in ARLEQUIN using Wright‟s linearized FST and 

log-transformed distances (Mantel 1967). Between-colony distances were calculated using an 

online resource (http://www.movable-type.co.uk/scripts/latlong.html) that calculated the great-

circle distance between two latitude / longitude points using the Haversine formula (Sinnott 

1984). 

Relationships between control region haplotypes were inferred by construction of a 

statistical parsimony network in TCS ver. 1.21 (Clement et al. 2000).  Ambiguous connections in 

the statistical parsimony network (loops) were resolved using a hierarchical set of guidelines 

based on coalescent criteria (Crandall & Templeton 1993; Steeves et al. 2005b).  Remaining 

ambiguities were broken both conservatively (with least geographic structure) and non-

conservatively (with most geographic structure).  Parsimony trees were subsequently nested 

according to Templeton et al. (1987) and the existence of phylogeographic structure was assessed 

with GEODIS Ver. 2.5 (Posada et al. 2000).  GEODIS used contingency tests and 10,000 

permutations of the data to examine the correlation of nesting pattern (the distribution of a clade 

relative to others within the nesting category) and inter-clade geographic distance (the 

geographical spread of a clade). 
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Based on results from both mitochondrial and nuclear data suggesting that colonies in 

Mexico were genetically isolated (see Results), Hey & Nielsen‟s (2004) Isolation with Migration 

model, IM, was used to test if migration between Mexico and the other sampling locations was 

different from zero using mitochondrial control region data.  The model assumed that the 

populations being examined were each other‟s closest relatives, that no genetic structure existed 

within the two populations being examined, and that no other populations exchanged genes with 

the delineated populations.  It then modelled a situation in which the two populations descended 

from a common ancestor at some time in the past, t, and diverged either with or without gene 

flow.  Asymmetrical gene flow was allowed and priors for theta, immigration rate, and 

divergence time were assigned based on results from five preliminary trial runs; wide 

uninformative priors were set originally but were adjusted so that the posterior probability curves 

reached convergence.  Single chain runs without heating were conducted, using a burn-in of at 

least 200,000 steps and results were recorded every 30 minutes.  To ensure that the program was 

running well it was run three times using different random number seeds, but identical 

parameters, and was allowed to run for at least 10,000,000 steps. 

 

2.3.2 Population genetic analysis of the microsatellites 

ARLEQUIN was used to test for deviations of microsatellite genotype frequencies from Hardy-

Weinberg equilibrium (HWE), and to test for deviations from linkage equilibrium using ln 

likelihoods.  ARLEQUIN was also used to estimate pairwise population differentiation (FST) 

between all colony pairs, to perform AMOVA, and to perform a Mantel‟s test as above.   

STRUCTURE ver. 2.3.1 (Pritchard et al. 2000; Falush et al. 2003) was used to test for 

population genetic structure in microsatellite variation.  STRUCTURE analyses were performed 

using an admixture model, correlated allele frequencies, a burn-in period of 50,000 cycles, and 
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500,000 additional cycles (determined from test runs to be sufficient for parameter stabilization).  

Though models without admixture may be more sensitive to detecting small amounts of 

population genetic structure than admixture models (Falush et al. 2003), using the no admixture 

model did not produce significantly different results (data not shown).  Analyses were repeated 

20 times for K = 1 to 8, where K = the number of genetic populations, and posterior probability, 

ln[P(D)], was used to infer the most likely number of genetic populations as described in 

Pritchard & Wen (2004).  In addition, the method of Evanno et al. (2005) was used to infer the 

most likely value of K using the second order rate of change of the likelihood function with 

respect to K, divided by the standard deviation (ΔK).  DISTRUCT ver. 1.1 (Rosenberg 2004) was 

used to redraw the output from STRUCTURE with the highest likelihood.  BAYESASS Ver. 1.1 

(Wilson & Rannala 2003) was used to estimate migration (gene flow) among regional 

populations using nuclear loci.   

BAYESASS was chosen for this purpose because the model does not assume migration 

drift equilibrium, unlike other programs that estimate migration (e.g., Kuhner 2006).  BAYESASS 

was run using 3,000,000 Markov chain Monte Carlos (McMC) iterations, 1,000,000 burn-in 

iterations, and sampling every 2,000 iterations.  Initial deltas for allele frequencies, migration 

rates, and inbreeding were set at 0.15, the default value. 

2.4 Results 

 

2.4.1 Mitochondrial control region 

Among 154 blue-footed boobies from nine colonies there were 104 haplotypes defined by 39 

variable sites (Fig. A.2, Table A.1).  Haplotype diversity ranged from 0.95 ± (0.40) at Farallon de 

San Ignacio to 1.00 (± 0.1) at Seymour, Champion, and Española, and was fairly evenly 



 

 

 

42 

distributed at ~0.97 in the remaining colonies (Table 2.1).  Haplotype diversity is a measure of 

the uniqueness of a haplotype within a population; a value of one indicates that all haplotypes 

within a colony are unique relative to each other.  Nucleotide diversity was highest at Lobos de 

Tierra and La Plata (Table 2.1).  Significant overall population growth was detected using 

FLUCTUATE (growth parameter, g = 460, χ
2 
= 80.51, χ

2
1 = 3.84, P<0.005); however, no neutrality 

test statistics were significantly different from expected values (all P>0.05; Table 2.1). 

Six estimates each of pairwise population differentiation (ΦST) and net sequence 

divergence (δ) were significantly greater than zero after B-Y correction for the non-conservative 

data set (Table 2.2); however, only the pairwise estimate between Farallon de San Ignacio and La 

Plata was significant for the conservative data set (see Appendix A for description of datasets).  

AMOVA detected weak but significant global population structure (ΦST = 0.05; P<0.0001), and a 

maximum estimate of between group global population structure (ΦCT) was obtained by grouping 

(i) Mexican colonies, (ii) colonies from Galapagos, and (iii) Lobos de Tierra with La Plata (ΦCT = 

0.07, P<0.05; ΦSC = 0.004, P>0.05).  Grouping all colonies together produced the next highest 

estimate (ΦST = 0.05, P<0.05)
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Table 2.1 Haplotype diversities, nucleotide diversities and neutrality test (Ewens-Watterson and Chakraborty‟s) results for sampled colonies of 

blue-footed boobies (Sula nebouxii) based on mitochondrial control region sequences.  No significant deviations from neutral expectations were 

detected (all P > 0.05). Obs. is the observed test statistic, Exp. is the test statistic expected under neutrality. Colony abbreviations are as in Figure 

2.1.  N/A indicates that it was impossible to conduct the test because all gene copies were different. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Colony N Haplotype diversity (h) Nucleotide diversity (π) (%) Ewens-Watterson Chakraborty's 

    Obs. Exp. Obs. Exp. 

SI 10 0.96 ± 0.059 1.4 ± 0.0078 0.14 0.15 8.0 8.3 

FS 15 0.95 ± 0.040 1.3 ± 0.0072 0.11 0.11 11.0 11.2 

ER 13 0.95 ± 0.051 1.3 ± 0.0071 0.12 0.12 10.0 9.90 

LP 44 0.98 ± 0.11 1.5 ± 0.0080 0.036 0.034 39.0 37.3 

LT 55 0.99 ± 0.083 1.8 ± 0.0092 0.032 0.029 38.0 36.7 

SE 6 1.00 ± 0.096 1.2 ± 0.0080 N/A N/A N/A N/A 

CH 6 1.00 ± 0.096 1.3 ± 0.0080 N/A N/A N/A N/A 

ES 3 1.00 ± 0.27 1.2 ± 0.010 N/A N/A N/A N/A 
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Table 2.2 Population pairwise ΦST and net sequence divergence (δ) estimates (lower matrix) calculated from non conservative blue-footed booby 

(Sula nebouxii) mitochondrial control sequence data (ΦST and δ).  Population pairwise FST estimates (upper matrix) calculated from microsatellite 

data.  ΦST, δ, and FST estimates that were significant after B-Y correction are denoted with an asterisk (* P < 0.05). Colony abbreviations are as in 

Figure 2.1. 

 

 

 

 

  

 

 

 

 

 

 

 Galapagos Mexico Coastal South America 

 SE ES CH SI ER FS LT LP 

SE --- 0.01 0.01 *0.08 *0.14 *0.13 *0.03 0.02 

ES -0.16 / 0.95 --- 0.04 *0.11 *0.19 *0.18 *0.06 *0.04 

CH -0.02 / -0.16 -0.03 / -0.15 --- *0.05 *0.14 *0.14 *0.04 *0.03 

SI 0.06 / 0.49 0.02 / 0.27 0.00 / 0.19 --- 0.00 -0.01 *0.04 *0.04 

ER 0.04 / 0.27 0.05 / 0.34 0.05 / 0.37 -0.01 / -0.07 --- 0.01 *0.10 *0.10 

FS 0.10 / 0.85 0.13 / 1.18 0.14 / 1.22 0.11 / 0.90 -0.00 / -0.00 --- *0.07 *0.07 

LT -0.02 / 0.56 -0.02 / 0.35 0.00 / 0.23 *0.09 / *1.05 *0.08 /  *0.85 *0.10 / *1.05 --- 0.00 

LP 0.23 / -0.10 -0.01 / 0.20 0.01 / 0.18 *0.10 / *0.93 *0.08 / *0.72 *0.10 / *0.91 0.01 / 0.06 --- 



 

 

 

45 

Grouping colonies by subspecies produced a small and non-significant value of between group 

differentiation (ΦCT), and a significant value of within group differentiation (ΦSC) (ΦCT = 0.00, 

P>0.05, ΦSC = 0.05; P<0.05).  Mantel‟s test provided no evidence for a correlation between 

genetic and geographic distance (r = 0.23, P>0.05).  

 The mitochondrial haplotype tree generated in TCS showed some clustering of haplotypes by 

geographic location, and nested contingency analysis indicated significant phylogeographic 

structure at the highest clade level (χ
2
 = 58.01, P<0.001) (Fig. 2.2).  This significant 

phylogeographic structure was primarily the result of haplotype frequency differences between 

Mexican colonies and colonies further south (Fisher‟s exact test on marginal frequencies, 

P<0.0001): haplotype frequencies at the highest clade levels were significantly different between 

colonies in Mexico versus Galapagos (Fisher‟s exact test, P<0.001), and between colonies in 

Mexico versus coastal Ecuador and Peru (Fisher‟s exact test, P<0.0001).  

 Results from IM revealed asymmetrical gene flow between Mexico and colonies to the 

south, which are separated by a distance of approximately 3500 kilometres.  Migration into 

Mexico, m1, peaked near zero, and the confidence interval included the lowest bin of the 

probability distribution (90% highest posterior density interval (HPD): 0.0004-0.1732): thus m1 

was not significantly different from zero (Fig. 2.3).  In contrast, gene flow out of Mexico peaked 

at 0.0483 and the confidence interval did not include the lowest bin of the probability distribution 

(90% HPD: 0.0022-0.1353), suggesting that migration out of Mexico is significantly greater than 

zero, but low (Fig. 2.3).  Highest posterior density intervals (HPD) represent the minimum length 

confidence intervals for a Bayesian posterior distribution (Hey & Nielsen 2004). 
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Figure 2.2 Most parsimonious tree of blue-footed booby (Sula nebouxii) control region 

haplotypes derived from TCS. Small grey circles represent haplotypes not represented in the 

current sample, black circles indicate haplotypes found in the Galapagos, large grey circles 

indicate haplotypes found in Lobos de Tierra and La Plata, and white circles indicate haplotypes 

found in Mexico. Circles are proportional to the number of individuals with the haplotype, and 

pie slice sizes indicate the number of individuals with the shared haplotype. A random clustering 

of regional haplotypes would indicate the absence of phylogeographic structure. 

 

 



 

 

 

47 

 

 

Figure 2.3 Posterior probability distributions from IM (Hey & Nielsen 2004) for blue-footed 

booby (Sula nebouxii) migration rates between Mexican colonies and colonies located south of 

Mexico. m1 represents migration into Mexico and m2 represents migration out of Mexico going 

forward in time.
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2.4.2 Microsatellites 

There were between 4 and 17 alleles per microsatellite locus, with an average of 8 alleles per 

locus.  Genotype frequencies showed no significant deviations from HWE either at a single locus 

across colonies, or at a single colony across loci (all P>0.001; Table A.2).  Tests for linkage 

disequilibrium did not detect any deviations for any pair of loci within any colony (all P>0.05). 

Twenty-one pairwise population differentiation (FST) estimates were significantly greater 

than zero after B-Y correction, and all significant comparisons were between colonies from 

different geographic groups (Table 2.2).  No pairwise estimates of population differentiation (FST) 

between colonies within geographic groups were significant.  The global estimate of population 

differentiation (global FST) was 0.05 (P<0.001), indicating weak but significant population 

genetic structure and a maximum between group differentiation estimate (FCT) of 0.08 (P<0.02) 

was obtained by comparing two geographic groups: Mexican colonies and colonies to the south 

of Mexico.  When colonies were grouped according to the subspecies designation, we obtained a 

between group differentiation estimate (FCT) of 0.03 (P=0.03) and a within group differentiation 

estimate (FSC) of 0.05 (P<0.001): this grouping explains less between group variation than the 

previous grouping. 

 A Mantel test showed a significant relationship between genetic differentiation and 

geographic distance (R=0.66, P= 0.006). The most probable number of genetic populations as 

determined using STRUCTURE and the method of either Pritchard & Wen (2004) or Evanno et 

al. (2005) was two [Pr(K=2) = 1.00; Table A.3].  Individuals from Mexico tended to assign with 

highest probability to one genetic population, while individuals from Galapagos and coastal 

Ecuador and Peru tended to assign to the other (Fig. 2.4). 
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Figure 2.4 Bayesian assignment probabilities for individual blue-footed boobies (Sula nebouxii) 

at K=2, the most probable number of genetic populations as determined using STRUCTURE ver. 

2.3.1 (Pritchard et al. 2000). Each horizontal line represents an individual, and the shades of grey 

indicate the probability that an individual‟s genotype assigned to a particular genetic population.
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 For initial runs of BAYESASS colonies were grouped by region.  However, results 

indicated that nonmigration (residency) rates were too low for reliable estimation of migration.  

Low non-migration rates can result from lack of information in the data, or high migration rates.  

Given that the same level and distribution of population differentiation was found in preliminary 

analyses of 18 microsatellite loci (S.A.Taylor et al. unpubl. data) as from the  present seven loci, 

it was inferred that migration rates between Galapagos and the coastal colonies of Ecuador and 

Peru were sufficient to prevent genetic differentiation.  When colonies were subsequently pooled 

into Mexico versus southern regions, results from BAYESASS indicated that non-migration rates 

were high enough for reliable estimation of migration rates.  For this analysis, estimates of 

migration from Mexico into southern colonies (mean = 0.017, SD = 0.014) and from southern 

colonies into Mexico (mean = 0.016, SD= 0.015) were low, indicating essentially no migration 

between Mexico and colonies to the south of Mexico.  

 

2.5 Discussion 

Contrary to the hypothesis that tropical seabirds exhibit high levels of population genetic 

structure, the neutral markers used here indicated that population structure in blue-footed boobies 

is an order of magnitude lower than in brown, red-footed, and masked boobies (Fig. 2.2, 2.4; 

Table 2.2; Steeves et al. 2005a; Morris-Pocock et al. 2010).  With the exception of Mexican 

versus other colonies (Fig. 2.3), gene flow between most colonies is probably quite high.  This 

represents the first evidence that tropical seabird colonies can exhibit little genetic differentiation 

across a wide geographic distance.  Further, weak genetic differentiation between blue-footed 

booby colonies supports the hypothesis that blue-footed boobies should exhibit weaker 

population genetic structure than tropical species that are not associated with cold-water 

upwelling systems and are therefore less critically influenced by ENSO events. 
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2.5.1 Blue-footed booby population differentiation compared to other sulids 

Unless the foraging environment utilized by blue-footed boobies is considered, the weak overall 

genetic structure they exhibit is surprising given the high levels of genetic structure across similar 

geographic scales in other tropical seabirds (reviewed in Friesen et al. 2007a), especially the 

closely related brown booby (Morris-Pocock et al. 2010).  Unlike blue-footed boobies, brown 

boobies are pantropical; however, they have a similar distribution to blue-footed boobies within 

the eastern tropical Pacific Ocean (Nelson 1978).  Estimates of population differentiation between 

eastern Pacific brown booby colonies from eight microsatellites and a fragment of the 

mitochondrial control region are high and significant (FST = 0.11, P<0.05, J.A Morris-Pocock et 

al. Queen‟s University, pers. comm.; ФST = 0.73, P<0.05, Morris-Pocock et al., 2010).   

At a smaller geographic scale, brown booby colonies are still genetically differentiated: 

colonies within the Gulf of California at Farallon de San Ignacio and San Pedro Martir are 

genetically distinct from those outside the Gulf at Piedra Blanca and these colonies are separated 

by only 540 kilometres (FST = 0.16, P<0.05, Morris-Pocock et al. Queen‟s University, pers. 

comm.; ФST = 0.69, P<0.05, Morris-Pocock et al. 2010).  Even at a larger geographic scale, blue-

footed boobies exhibit less population genetic structure than brown boobies.  Estimates of FST and 

ФST between blue-footed booby colonies within the Gulf of California and those on the 

Galapagos, sites separated by approximately 3500 kilometres, are only 0.14 and 0.04 

respectively, and ФST is not significant after B-Y correction.  Additionally, within-basin 

population differentiation of red-footed (ФST = 0.80; Morris-Pocock et al. Queen‟s University, 

pers. comm.) and masked (ФST =0.39; Steeves et al. University of Canterbury, pers. comm.) 

boobies is also higher than in blue-footed boobies. 
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2.5.2 Potential explanations for the observed pattern 

In the present paper we hypothesized that lower population differentiation should exist in blue-

footed boobies compared to other tropical sulids given their foraging environment and the 

potential for increased dispersal between colonies; however, the extent of genetic differentiation 

between colonies is determined by several factors including time since separation, effective 

population size and gene flow (Wright 1931; Whitlock & McCauley 1999; Friesen et al. 2007a).   

Recent separation between colonies could result in low population differentiation because 

opportunities for selection and / or drift to take place within a colony would be reduced compared 

to more historically diverged colonies.  Blue-footed boobies are believed to have diverged from 

their common ancestor with the Peruvian booby (distributed from northern Peru to south-central 

Chile) 0.2 to 0.45 million years ago (Ma), while brown boobies (pantropical in distribution) are 

believed to have diverged from other boobies 2.0 to 3.86 Ma (Friesen & Anderson 1997; 

Patterson et al. 2010).  Thus, blue-footed boobies may not have had sufficient time to establish 

population genetic structure.  Although molecular data suggest that the blue-footed booby is a 

considerably younger species than the brown booby, brown boobies in the eastern tropical 

Pacific, which apparently became isolated from other brown booby colonies between 0.13 and 

0.38 Ma, exhibit significantly more population genetic structure than equivalent groups of blue-

footed booby colonies (Morris-Pocock et al. 2010).  As such, recent divergence does not appear 

to explain lower levels of population differentiation in blue-footed boobies.   

 Small effective population size at a colony could lead to drift and potentially to the 

development of high population differentiation between colonies. For example, high population 

genetic structure between brown, red-footed, and masked booby colonies could result from 

genetic bottlenecks during colony formation if each colony was founded by only a small number 

of individuals.  Given the low probability that all tropical seabirds examined thus far have 
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experienced severe bottleneck events, this scenario is unlikely.  Further, brown and red-footed 

booby populations do not exhibit signatures of bottlenecks in their control region variation 

(Morris-Pocock et al. 2010).  As such, low effective population sizes do not explain high levels of 

population differentiation in tropical seabirds compared to blue-footed boobies. 

Increased intercolony dispersal and gene flow (which can be influenced by several 

factors) would prevent populations from diverging, and this appears to be the best explanation for 

weak population genetic structure in blue-footed boobies.  Comprehensive studies examining 

intercolony breeding dispersal of blue-footed boobies are absent from the literature; however, 

recent investigations of intracolony breeding and natal dispersal indicate that blue-footed boobies 

on Isla Isabel in the Gulf of California do not necessarily exhibit fidelity to their hatching site 

(Kim et al. 2007a,b), as is common in other seabirds (Greenwood & Harvey 1982; Coulson 

2002), and that juveniles may undergo long-distance natal dispersal (13 chicks nested 476 

kilometres south of Isla Isabel during the study period, Kim et al. 2007a,b).  Further, three chicks 

marked in Galapagos were later recovered off the coast of Ecuador, making it possible that birds 

breed in non-natal colonies (Nelson 1978).    Given that movement of even one individual per 

generation between colonies is enough to homogenize genetic variation at neutral markers 

(Wright 1931; Mills & Allendorf 1996), natal dispersal may be at least partially responsible for 

the weak population differentiation exhibited by blue-footed booby colonies.  Though 

comprehensive studies of between colony breeding dispersal by blue-footed boobies are absent 

from the literature, juvenile blue-footed boobies appear more dispersive than other sulids.  

Dispersive behaviour may persist in a sufficient number of adults to reduce population 

differentiation and we find the suggestion of a dispersive blue-footed booby phenotype by Kim et 

al. (2007b) intriguing. 
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2.5.3 The influence of foraging ecology on seabird population differentiation 

We hypothesized that blue-footed boobies would exhibit less genetic structure than other tropical 

sulids given their reliance on unpredictable foraging environments because increased dispersal 

between colonies, potentially the result of an unpredictable foraging environment, should increase 

gene flow compared to other sulids.  By comparing levels of population differentiation between 

closely related booby species that breed within the same geographic region (brown boobies) or 

across similar geographic scales (red-footed and masked boobies), but that differ in foraging 

ecology, we have found some support for our hypothesis.  Although too few studies have been 

completed to test the generality of this pattern, studies to date seem to support the hypothesis.  

Low levels of population genetic structure have recently been detected in other marine organisms 

that rely on cold-water upwelling systems during foraging including dusky dolphins 

(Lagenorhynchus obscures, Cassens et al. 2005), Humboldt penguins (Spheniscus humboldti, 

Schlosser et al. 2009), Peruvian boobies (S. variegata, Taylor et al. 2010), and Peruvian pelicans 

(Pelecanus thagus, S.A. Taylor et al. unpubl. data).  

 Our results represent the first example of a tropical seabird that exhibits extremely low 

levels of population genetic differentiation across a large geographic distance, refuting the 

hypothesis that tropical seabirds always exist in  highly genetically differentiated metapopulations 

(Friesen et al. 2007a).  This is an important finding and one that should encourage other 

researchers to consider thoroughly the ecology of tropical seabirds when making assumptions 

about levels of population differentiation or gene flow between colonies.  This may become 

especially important as climate change, competition with fisheries, and pollution threaten tropical 

seabird colonies, and potentially species, with extinction (Walsh & Edwards 2005; Barbraud & 

Weimerskirch 2006; Devney et al. 2009).  Even within a small group of seabirds, the Sulidae, we 

see a variety of patterns of population differentiation which appear to be related, at least in part, 
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to foraging ecology.  Foraging ecology also appears to influence population differentiation in 

other seabirds (Friesen 1997; Friesen et al. 2007a).  Population-specific differences in foraging 

distribution of some albatross taxa, for example, are consistent with genetic differences between 

populations (Burg & Croxall 2001, 2004) and inshore feeding seabird species tend to exhibit 

greater population genetic structure than offshore feeders (Morris-Pocock et al. 2010).  Given that 

foraging environment commonly influences population differentiation in seabirds, foraging 

environment may have the potential to influence gene flow and genetic differentiation in a variety 

of marine taxa.  Thus, consideration of foraging environment may be particularly important to 

future investigations in marine biogeography and conservation.  
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Chapter 3: Panmixia and high genetic diversity in a Humboldt Current 

endemic, the Peruvian Booby (Sula variegata) 

3.1 Abstract 

Marine ecosystems and their inhabitants are increasingly under threat from climate change, 

competition with humans for resources, and pollution.  Species that are endemic to particular 

currents or regions of the world‟s oceans have the potential to be at higher risk due to localized 

overfishing, pollution, or locally severe impacts of climate change such as more intense, or 

longer, El Niño Southern Oscillation events.  Understanding patterns of population differentiation 

in endemic marine organisms may be particularly important for their conservation and 

persistence.  Peruvian boobies (Sula variegata) are endemic to the Humboldt Current upwelling 

system and have experienced population fluctuations throughout their evolutionary history due to 

both dramatic reduction of food supplies, and anthropogenic influence over the last ~150 years.  

Recent research on other members of the Sulidae indicates that populations of these primarily 

tropical seabirds show a high degree of genetic differentiation; however, the sister species of the 

Peruvian booby, the blue-footed booby (S. nebouxii), exhibits only weak range-wide population 

genetic structure.  We characterized population genetic differentiation and diversity in 153 

Peruvian boobies using sequence variation of 540 base pairs of the mitochondrial control region 

and seven microsatellite loci.  Although we found evidence of panmixia, a signature of isolation 

by distance appears to exist between the five sampled colonies. We also found unexpectedly high 

genetic diversity given this species‟ recent population decline.  Our results are similar to those for 

the Humboldt penguin (Spheniscus humboldti), another endemic of the Humboldt Current 

upwelling system. 
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3.2 Introduction 

Determining the factors that influence population differentiation is crucial to gaining a better 

understanding of the generation and maintenance of biodiversity, particularly in ecosystems under 

threat from climate change, resource extraction, and pollution.  Marine ecosystems face a number 

of these threats, and are more able to withstand perturbations when biodiversity is high (Palumbi 

et al. 2008).  If the goal of marine ecosystem management is to maintain natural processes and 

biodiversity, investigations of population differentiation in marine systems should be an 

important aspect of marine conservation strategies (Allendorf & Luikart 2006; Mills 2007; Burton 

2009; Polunin 2009).  These investigations may be of particular importance when they concern 

endemic marine species, whose restricted distributions may increase their risk of decline due to 

localized overfishing, pollution, or more severe impacts of climate change.  

Comparing patterns of population differentiation between species can shed light on 

factors generating diversity (Avise 2000).  Patterns of population differentiation vary widely 

within the Sulidae (Steeves et al. 2003, 2005a, 2005b; Morris-Pocock et al. 2010a), a group of 

tropical, sub-tropical, and temperate seabirds comprising the gannets and boobies (Nelson 1978).  

The boobies, in particular, exhibit a range of levels of population differentiation from very high 

colony-specific differentiation, as in brown boobies (Sula leucogaster) (Morris-Pocock et al. 

2010a), to relatively low differentiation across large geographic distances, as in blue-footed 

boobies (S. nebouxii; Taylor et al. 2011).  These results reveal a complex mix of drivers of 

genetic differentiation, including geographic and ecological obstacles to dispersal (Steeves et al. 

2003, 2005a, 2005b; Morris-Pocock et al. 2010a), degree of natal philopatry (Huyvaert & 

Anderson 2004), and disruptive effects of El Niño Southern Oscillation (ENSO) events (Taylor et 

al. 2011).  The wide variation in this small group presents a fertile opportunity to identify 

ecological and distributional factors underlying the diverse patterns of population differentiation 
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in marine organisms.  Understanding why these patterns vary is an important step toward a better 

understating of diversification and speciation in this group, and may aid sulid conservation.  In 

this paper, we provide the first description of population differentiation in the Peruvian booby (S. 

variegata), permitting a comparison to other sulids and especially to their sister taxon, the blue-

footed booby (Friesen & Anderson 1997).  Comparing patterns among closely related organisms 

adds power to inferences regarding the relative influences of ecology, behaviour, and the 

environment on the process of population differentiation (Thompson 1999; Pauls et al. 2009).   

Peruvian boobies are endemic to the upwelling induced by the Humboldt Current, one of 

the most productive marine ecosystems in the world (Murphy 1923; Chavez & Messié 2009), and 

breed on coastal islands and protected headlands from Northern Peru to South-Central Chile 

(Murphy 1936; Nelson 1978).  They are one of three seabird species identified as guano birds, 

producing guano in commercially significant amounts (Coker 1908, 1920).  Population size has 

varied dramatically during the past ~150 years due to anthropogenic and natural factors, including 

habitat degradation and modification, introduced species (especially cats, Felis catus, and rats, 

Rattus sp.), human disturbance (La Valle 1918), competition with fisheries (Duffy 1983a,c; 

Jahncke 1998; Cushman 2005),  ENSO effects, and ectoparasitism (Coker 1920; Murphy 1925; 

Duffy 1983b, 1983c).  ENSO events can induce mass chick and juvenile mortality and dispersal 

of adult Peruvian boobies as far north as the Gulf of Panama (Duffy 1983a,c; Aid et al. 1985), 

and ectoparasitism, particularly from blood-sucking argasid ticks (Ornithodorus spp), can cause 

chick mortality and colony abandonment (Coker 1920; Duffy 1983b).   

Given the unpredictable nature of the Humboldt Current upwelling system, and the 

tendency of Peruvian boobies to disperse during ENSO events or due to high ectoparasite loads, 

we predict less range-wide population genetic differentiation in the Peruvian booby than in sulids 

living outside the Humboldt Current upwelling system.  Further, given the recent population 
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declines and potential for genetic bottleneck events we also predict low genetic diversity in 

Peruvian boobies compared to other sulids.  We used sequence data from the mitochondrial 

control region and seven microsatellite loci to test these predictions, examining population 

differentiation and genetic diversity throughout the range of this species.  

 

3.3 Materials and methods 

 

3.3.1 Sampling and DNA extraction 

Blood samples were obtained from 153 dependent young (one per nest) or breeding adult 

Peruvian boobies from throughout their range (Fig. 3.1).  Sampling in the southern part of the 

range was restricted to Isla Pajaros. Although additional colonies exist south of Isla Pajaros, 

~95% of the population can be found between Isla Pajaros and Lobos de Tierra (Nelson 1978).  

Blood was collected as described in Zavalaga et al. (2009). Samples were preserved in 70% 

ethanol at ambient temperature in the field, and are archived at Queen‟s University at -80°C.   

DNA was extracted using a standard protease-K phenol/chloroform technique (Sambrook & 

Russell 2001).  

 

3.3.2 Laboratory protocols: mitochondrial DNA 

Preliminary analyses showed that Peruvian boobies, like their sister taxon the blue-footed booby 

and other close relatives in the Sulidae, possess within their mitochondrial genome two fragments 

that are undergoing concerted evolution (Morris-Pocock et al. 2010b).  These fragments contain 

copies of the control region; the genes for tRNA-Glu, ND6, tRNA-Pro and tRNA-Thr; and a 

partial copy of cytochrome b.  Several lines of evidence suggest that both fragments are 

functional: e.g., proper inferred folding of tRNAs to cloverleaf shape, absence of stop codons in 
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Figure 3.1 Map of Middle and South America showing approximate breeding distribution 

(outlined in black), and locations of sampled Peruvian booby (Sula variegata) breeding colonies 

indicated by black circles. Colony codes are in parentheses after colony names, followed by the 

number of individuals sampled and the geographic coordinates for each colony. Lobos de Tierra, 

Peru (LT; 32; 6º26‟ S, 80º51‟ W), Lobos de Afuera, Peru (LA; 30; 6º57‟ S, 80º41‟ W), Isla 

Mazorca, Peru (MA; 30; 11º23‟ S, 77º43‟ W), Isla Chincha Norte, Peru (CH; 32; 13º38‟ S, 76º22‟ 

W), Isla Pajaros, Chile (IP; 29; 29º37‟ S, 71º24‟ W). 
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coding regions of cytochrome b and ND6, and the presence of conserved sequence blocks in the 

proper locations.  Because the fragments are undergoing concerted evolution, both fragments are 

informative for population genetic studies.  However, within a study the same fragment should be 

used throughout (Morris-Pocock et al. 2010b).  Generic primers amplify both copies of the 

control region, making unambiguous sequencing of the PCR product impossible (Morris-Pocock 

et al. 2010b).  To solve this problem, the primers SdMCR-H750 and SlMCR-160A were used  to  

amplify the “A” copy as outlined by Morris-Pocock et al. (2010b): a 540 base pair fragment of 

the mitochondrial control region containing all of Domains I and II and part of Domain III from 

139 Peruvian boobies (Fig. B.1). 

After electrophoresis of 5 μL of amplified DNA through 2% agarose gels to confirm 

successful amplification, the remaining product was sequenced at Genome Quebec using a 

3730xl DNA Analyzer system from Applied Biosystems
®
 (McGill University, Quebec).  

Sequences were aligned using CLUSTALW (Thompson et al. 1994) as implemented in BioEdit 

Ver. 7.0.5.3 (Hall 1999) and each variable site was checked against the sequencing trace using 

FinchTV Ver. 1.4.0 (Geospiza Inc., www.geospiza.com/finchtv.html).  As in red-footed (S. sula), 

brown (S. leucogaster), and blue-footed boobies, some samples (~15%) had two bases at some 

sites (Morris-Pocock et al. 2010a; Taylor et al. 2011).  Examination of similar ambiguous sites in 

red-footed boobies indicated that they represent true heteroplasmy and not amplification of either 

a nuclear copy of the mitochondrial control region, or of both mitochondrial copies of the control 

region (Morris-Pocock et al. 2010a).  To address this issue, two sequence files (“conservative” 

and “non-conservative”) were created for the mitochondrial control region sequence data.  In the 

conservative file, any individual with heteroplasmic bases was deleted prior to analysis.  Fifteen 

individuals were deleted to create the conservative sequence file.  In the non-conservative file 

heteroplasmic bases were assigned as described in Steeves et al. (2005a).  All subsequent 
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analyses were carried out on both data sets.  Results presented throughout are for the non-

conservative data set unless stated otherwise. 

 

3.3.3 Laboratory protocols: microsatellites 

Seven microsatellite loci (Taylor et al. 2010) were amplified from 153 individuals.  Six loci were 

combined in two multiplexes (Sn2B-68, Sv2A-53, Ss1B-100; Ss1B-88, Sn2B-83, Sv2A-47) and 

locus Ss2B-138 was amplified alone in 5 µL volumes, each containing 2.5 µL Multiplex Mix 

(Qiagen), 0.15 μM forward and reverse primers, 1 µL of DNA,  and 1 µM of M13F+D4 

proprietary dye.  Amplifications were performed using a BIOMETRA T-gradient Thermocycler 

(Biometra Analytik; Goettingen, Germany) with temperature profiles used in Taylor et al. (2010).  

The success of amplifications was confirmed by electrophoresis in 2% agarose gels in 1mM Tris-

acetate pH 8.0.  DNA fragments were sized using a Beckman-Coulter CEQ
TM

 8000 genetic 

analysis system at the Core Genotyping Facility (Department of Biology, Queen‟s University).   

 

3.3.4 Data analyses: mitochondrial control region 

Ewens-Watterson (Ewens 1972; Watterson 1978) and Chakraborty's (Chakraborty 1990) tests of 

selective neutrality were conducted using ARLEQUIN Ver. 3.11 (Excoffier et al. 2005)  to 

determine if control region variation deviates from mutation-drift equilibrium, and populations 

were examined for evidence of growth using the program FLUCTUATE (Kuhner et al. 1998). 

FLUCTUATE was run using an initial population growth rate of 1 and a Watterson estimate of θ. 

Population size was allowed to vary.  Each run consisted of 30 short chains of 1000 steps and 

four long chains of 100 000 steps.  Each chain was sampled every 20 steps.  Runs were performed 



 

 

 

72 

three times with different random seeds.  The parameter g was compared to zero using a log-

likelihood ratio test to determine statistical significance for the entire dataset (Kuhner et al. 1998). 

Substitutional relationships among control region haplotypes were inferred by 

constructing a statistical parsimony network in TCS Ver. 1.21 (Clement et al. 2000).  The 

network was subsequently assessed for the presence of phylogeographic structure. 

ARLEQUIN was used to index population genetic structure by calculating ΦST and δ (net 

sequence divergence; Wilson et al. 1985) between colony pairs, and to determine the statistical 

significance of genetic differences between colonies.  Analyses of control region haplotypes were 

conducted using Kimura two-parameter distances (Kimura 1980) with a rate parameter (α) of 

0.45.  Significance was determined by comparison to 10 000 random permutations of the 

sequence data.  ARLEQUIN was also used to test for range-wide isolation by distance using 

Wright‟s linearized FST and log-transformed geographic distances between colonies (Mantel 

1967).  Given failure to detect global population genetic structure (see Results), no hierarchical 

AMOVA or Bayesian analysis of population genetic structure or gene flow could be conducted. 

 

3.3.5 Data analyses: microsatellites 

Microsatellite data were analyzed with ARLEQUIN to test for deviations from Hardy-Weinberg 

equilibrium (HWE) and gametic equilibrium (LE), to estimate global FST (Wright 1931), to 

estimate pairwise FST values between colonies, and to perform a Mantel‟s test as above.  

The program BOTTLENECK (Cornuet & Luikart 1996) was used to examine the data for 

the signature of a recent population bottleneck or recent growth.  Because the mutation model for 

the microsatellite loci was unknown, the two-phase (TPM) mutation model with 30% variance 

and 70% step-wise mutation model (SMM) was used and the analysis included 1000 iterations.  
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Results of this analysis were robust to changes in the percent variance and percent SMM in the 

TPM mutation model.  This analysis was performed on the total sample. 

 

3.4 Results 

 

3.4.1 Mitochondrial variation 

Ninety-seven haplotypes were found, defined by 101 variable sites including 91 transitions, 10 

transversions, and 3 insertions or deletions (Table B.1; GenBank accession numbers HQ592377-

HQ592522).  One site involved both a transition and a transversion.  Haplotypes differed by one 

to 36 substitutions.  The haplotype network generated by TCS was complex but did not reveal 

any phylogeographic structure: sampling locations appeared to be distributed randomly 

throughout the network.  Due to the uninformative nature of the network it is not presented here.  

Haplotype diversities ranged from 0.97 at Lobos de Afuera to 0.99 at Chincha Norte (Table 3.1).  

Nucleotide diversity ranged from 1.9 to 2.1 (Table 3.1). 

Few individuals shared haplotypes.  No neutrality test statistics were significantly 

different from expected values; however, FLUCTUATE detected significant overall population 

growth (g = 412.8, χ
2 
= 67.13, P = 0.0005).  AMOVA did not detect any global population genetic 

structure (ΦST = 0.005; P = 0.20), no ΦST estimates were significantly different from zero between 

any pair of colonies (Table 3.2), and Mantels‟ test did not show a significant relationship between 

genetic differentiation and geographic distance (r = 0.36, P = 0.14).   
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3.4.2 Nuclear allele variation 

Between four and 17 alleles were found per microsatellite locus, with an average of eight alleles 

per locus (Table B.2).  Genotype frequencies showed no significant deviations from HWE either 

within a single locus across colonies or within a single colony across loci (Supplementary Table 

2).  No loci deviated from gametic equilibrium.
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Table 3.1 Number of individuals sequenced (N), haplotype diversity ± s.d. (h), nucleotide diversity ± s.d. (π) and results of neutrality tests 

(Ewens-Watterson and Chakraborty‟s) for colonies of Peruvian boobies based on mitochondrial control region sequences.  Obs = observed value, 

Exp = value expected under neutrality. Abbreviations as in Figure 3.1. 

 

 

   

 

 

 

 

 

 

 

 

 

Colony N (mtDNA) Haplotype 

diversity (h) 

Nucleotide 

diversity (π) (%) 
Ewens-Watterson Chakraborty's 

    Obs. Exp. Obs. Exp. 

LT 32 0.98 ± 0.011 2.1 ± 0.002 0.041 0.040 28.0 27.8 

LA 29 0.97 ± 0.020 1.9 ± 0.010 0.063 0.052 24.0 21.7 

MA 27 0.98 ± 0.015 1.9 ± 0.010 0.053 0.054 22.0 22.2 

CH 26 0.99 ± 0.015 2.1 ± 0.011 0.044 0.045 27.0 27.1 

IP 25 0.98 ± 0.017 2.0 ± 0.010 0.053 0.051 22.0 21.5 
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Table 3.2 Pairwise ΦST/net sequence divergence (δ) estimates (from control region variation; lower matrix) and FST estimates (from microsatellite 

variation; upper matrix) between Peruvian booby colonies.  No estimates were significantly different from zero after B-Y correction. 

Abbreviations as in Figure 3.1.    

 

 

 

 

 

 

 

 

 

 

 

Colony LT LA MZ CN PA 

LT --- -0.007 -0.002 -0.000 0.017 

LA 0.001/0.014 --- -0.005 -0.001 0.011 

MA -0.009/-0.10 -0.008/-0.09 --- -0.001 0.006 

CH 0.004/0.045 0.014/0.19 -0.002/-0.02 --- 0.013 

IP 0.030/0.030 0.005/0.084 -0.011/-0.11 0.020/0.23 --- 
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The global estimate of FST was low and not significantly different from zero (FST = 0.003, 

P =0.99) and no pairwise FST estimates were significantly different from zero after Benjamini-

Yekutieli (B-Y) correction for multiple tests (Narum 2006) (Table 3.2).  A Mantel‟s test showed a 

significant relationship between genetic differentiation and geographic distance, suggesting 

isolation by distance (r = 0.82, P = 0.01). A strong relationship between genetic differentiation 

and geographic distance remained when the southernmost colony sampled, Isla Pajaros, was 

removed from the analysis (r = 0.73, P = 0.04). 

Results from the sign and Wilcoxon tests in BOTTLENECK, the more conservative tests 

implemented by the program, failed to detect significant heterozygosity excess, which would be 

indicative of a recent population bottleneck (Psign=0.29, PWilcoxon=0.76) (Cornuet & Luikart 1996).   

 

3.5 Discussion 

Peruvian boobies appear to be genetically panmictic across their geographic range, and the total 

absence of population differentiation in this species is thus far unique among the Sulidae (Table 

3.2; Steeves et al. 2003; Morris-Pocock et al. 2010a; Taylor et al. 2011).  Peruvian boobies also 

exhibit high genetic diversity compared to other sulids and top avian predators (Steeves et al. 

2003; Brown et al. 2007; Morris-Pocock et al. 2010a).  The first result is consistent with the 

prediction that the natural stressors present in an unpredictable system such as the Humboldt 

Current upwelling, and perhaps to a smaller extent the anthropogenic stressors present throughout 

the past 150 years, induce frequent dispersal between colonies.  The second result is not 

consistent with the prediction of eroded genetic variation following population bottlenecks, 

suggesting that population size during declines was adequate to preserve rare alleles.   
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Although we found evidence of genetic panmixia across the range of the Peruvian booby, 

nuclear markers suggested a correlation between genetic and geographic distance.  The 

correlation remains even when the southernmost colony sampled during this study, Isla Pajaros 

(Fig. 3.1), is removed from the analysis.  This could suggest that dispersal is primarily a function 

of the distance between colonies: individuals may be more likely to breed at nearby colonies than 

at other colonies throughout the 3500km linear range, following the stepping stone model of gene 

flow (Wright 1943).  However, given that the pairwise estimates of FST are not significantly 

different from zero we interpret this result with caution.  Other studies of marine organisms have 

found similarly low levels of population differentiation but significant correlations between 

genetic differentiation and geographic distance across large geographic distances (Maes & 

Volckaert 2002; Couceiro et al. 2007).  

Recent work on pelagic pantropical sulids has detected high levels of population genetic 

differentiation, even on very small geographic scales (Steeves et al. 2003; Morris-Pocock et al. 

2010a).  These results are surprising given the high mobility of sulids, and appear to be the result 

of natal philopatry.  However, analyses of blue-footed boobies revealed only weak differentiation 

(Taylor et al. 2011).  This weak structure was attributed to higher dispersal and lower colony 

fidelity in blue-footed boobies compared to the pantropical sulids, potentially the result of 

selection imposed by a variable feeding environment (Taylor et al. 2011).  The fact that Peruvian 

boobies also exhibit weak population genetic structure is not surprising given their similarities to 

blue-footed boobies for key ecological traits (e.g., specialization to cold-water upwelling 

systems), which may increase dispersal and reduce colony fidelity.  Unfortunately, an absence of 

comprehensive banding studies prevents direct measurements of Peruvian booby dispersal; 

however, our results and evidence of long distance dispersal during ENSO events (Aid et al. 

1985) indicate that Peruvian boobies, like blue-footed boobies, disperse widely.   
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As an endemic seabird of the Humboldt Current upwelling system, the Peruvian booby 

has experienced a unique environment throughout its evolutionary history compared to other 

boobies (Coker 1920; Murphy 1925; Nelson 1978).  Given the regularity with which ENSO 

events occur, their impacts may have played an important evolutionary role in this species, as 

suggested also by Luna-Jorquera et al. (2003).  Individual survival and successful reproduction 

during ENSO events would depend on dispersal and on the ability of individuals to breed at non-

natal colonies.  Dispersal of even a single individual per generation between colonies is enough to 

effectively homogenize genetic variation at neutral markers (Wright 1931; Mills & Allendorf 

1996).  ENSO events, heavy ectoparasite infestation (Duffy 1983b), or both probably promote 

movement between colonies and prevent allele frequency and haplotype differences from 

establishing.  Further, the regular distribution of suitable breeding sites along the length of the 

Humboldt Current upwelling system (Nelson 1978) could potentially facilitate range wide genetic 

panmixia.  Suitable breeding sites for blue-footed boobies are not distributed in the same manner 

and range wide panmixia is not found in blue-footed boobies (Taylor et al. 2011).  

Combined with these natural phenomena, anthropogenic influences throughout recent 

history may have reduced population genetic differentiation: during the mid to late 1800‟s intense 

guano harvesting likely promoted dispersal between islands (Coker 1920).  However, even in the 

absence of anthropogenic influences, contemporary population differentiation among Peruvian 

booby colonies would likely be low for the reasons discussed above.  The dispersive nature of 

Peruvian boobies, and the fact that the sister species, the blue-footed booby, also exhibits high 

levels of dispersal compared to other members of the Sulidae, both provide support for the 

inference that dispersal in ancient Peruvian booby populations was high.  Similarly low levels of 

population differentiation were recently reported between ancient and modern northern fur seal 
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(Callorhinus ursinus) populations, along with the finding that historical and contemporary 

dispersal were high.   

If the population fluctuations of this species had been sufficient to cause loss of rare 

alleles by genetic drift, then contemporary populations should have exhibited low genetic 

diversity and the signature of a recent population decline.  This was not the case.  Results from 

analyses with BOTTLENECK did not detect the signature of a recent genetic bottleneck, and 

diversity in the mitochondrial control region is similar to that in blue-footed boobies, brown 

boobies, and red-footed boobies (Taylor et al. 2011; Morris-Pocock et al. 2010a).  Control region 

diversity is substantially higher than in another top predator, the peregrine falcon (Falco 

peregrinus) (five haplotypes in 184 individuals), whose population contracted recently (Brown et 

al. 2007).  Allelic diversity in microsatellites is also very high and similar between Peruvian, 

blue-footed (Taylor et al. 2011), brown, and red-footed boobies (Morris-Pocock et al. 

unpublished data), and Humboldt penguins (Schlosser et al. 2009). (Note, however, that different 

loci were screened in different species, some loci involved heterospecific primers, and all studies 

chose loci that were variable a priori.)  The high level of genetic diversity that we detected is not 

surprising.  Even during population lows, Peruvian boobies numbered at least 1 million birds 

(Tovar et al. 1983; Cushman 2005).  The substantial genetic diversity is likely the outcome of 

high dispersal and relatively large population size.  Similar findings exist for other Humboldt 

Current endemics (Cassens et al. 2005; Schlosser et al. 2009).   

Our results represent the first genetic data for Peruvian boobies and illustrate how 

specialization to an unpredictable food resource may influence genetic differentiation and 

diversity.  We suggest that environmental instability, ectoparasitism, and the wide availability of 

suitable breeding locations associated with this cold-water upwelling system have influenced 

Peruvian booby population differentiation in ways similar to blue-footed boobies, but unknown in 
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other members of the Sulidae.  Anthropogenic factors may have augmented these patterns in 

Peruvian boobies.  Given that Peruvian boobies are restricted to the Humboldt Current, a marine 

ecosystem heavily utilized by humans (Duffy 1983c, 1994; Cushman 2005; Birdlife International 

2008) and an ecosystem that will likely be affected by climate change (Thatje et al. 2008; Wang 

et al. 2010), our results are encouraging in terms of genetic resilience of the species.  
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Chapter 4: Hybridization between blue-footed (Sula nebouxii) and 

Peruvian (Sula variegata) boobies in northern Peru 

 

4.1 Abstract 

Recent reports have suggested that hybridization occurs between blue-footed (Sula nebouxii) and 

Peruvian (Sula variegata) boobies on Lobos de Tierra Island and on the Lobos de Afuera islands 

in northern Peru, but neither report included morphometric or genetic analyses of apparent 

hybrids. Over the course of three field seasons in July 2002, February 2003, and December 2007, 

morphological measurements and blood samples were taken from four apparent Peruvian x blue-

footed booby hybrids on Lobos de Tierra Island, and one apparent hybrid on the largest of the 

Lobos de Afuera islands.  For each apparent hybrid, 540 base pairs of the mitochondrial control 

region were sequenced, and 8 microsatellites were amplified. Feather samples were collected 

from the crown and nape of one representative of each parental species and one hybrid.  All 

hybrids were sexed using a molecular marker: four were male, one was female.  Morphological 

variation of apparent male hybrids was compared to 25 male Peruvian boobies and 140 male 

blue-footed boobies, and mitochondrial control region variation and microsatellite variation was 

compared to 141 Peruvian boobies and 168 blue-footed boobies.  Male hybrid boobies showed 

weak transgressive segregation, all hybrids possessed Peruvian booby mitochondrial DNA, and 

all hybrids possessed microsatellite alleles from both parental species. Hybridization between 

these species appears rare and restricted to the islands where both species breed, and pre and post-

mating barriers appear well established. 
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4.2 Introduction 

Blue-footed (Sula nebouxii) and Peruvian (Sula variegata) boobies are sister species within the 

Sulidae (Friesen & Anderson 1997).  The blue-footed booby breeds in the Gulf of California, 

along the coasts of Ecuador and northern Peru, and in the Galapagos (Nelson 1978).  The 

Peruvian booby is endemic to the Humboldt Current and breeds on coastal islands and headlands 

along the coasts of Peru and Chile. The geographic range of these species overlaps in northern 

Peru on Lobos de Tierra Island and the Lobos de Afuera islands (Duffy 1987)(Fig. 4.1). Though 

both species breed on each island, the number of blue-footed boobies is at least one order of 

magnitude larger than that of Peruvian boobies on Lobos de Tierra Island, whereas on the Lobos 

de Afuera Islands the difference in population size between the species is less marked (Nelson 

1978; Figueroa & Stucchi 2008).  Morphologically, each species is very distinct: sexually mature 

blue-footed boobies have bright blue feet and legs, yellow irises, and predominantly brown head 

and neck feathers, while sexually mature Peruvian boobies have grey feet and legs, red irises, and 

white head and neck feathers (Fig. 4.2a, 4.2c). 

 Recently, Ayala (2006) and Figueroa & Stucchi (2008) reported possible hybridization 

between these species on both Lobos de Tierra Island and the Lobos de Afuera islands.  Each year 

for three years on Lobos de Tierra Island, Ayala (2006) recorded between three and six 

individuals that appeared by morphology to be hybrids.  These birds possessed orange irises, light 

brown head feathers, and grey legs, and all but one of these individuals was observed breeding 

(successfully laying eggs and raising chicks) with a male blue-footed booby (Ayala 2006). In one 

case the apparent hybrid individual was male, and was breeding with a female Peruvian booby 

(Ayala 2006). Figueroa & Stucchi (2008) observed three similar apparent hybrid individuals on 

the Lobos de Afuera islands. These individuals were all male and were always observed courting 

female blue-footed boobies. All of the putative hybrids appeared from morphology to be the 



 

 

 

91 

 

Figure 4.1  Map of Middle and South America showing locations of Lobos de Tierra Island and 

the Lobos de Afuera Islands in northern Peru. Approximate breeding and at sea distributions of 

blue-footed (downward diagonal) and Peruvian (upward diagonal) boobies, from Nelson (1978). 

Black circles indicate island locations and are not representative of actual island size.
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product of recent hybridization, and Ayala (2006) suggested that the rarity of apparent hybrids 

indicated that pre-mating and post-mating barriers were well established between these species. 

 Both Ayala (2006) and Figueroa & Stucchi (2008) highlighted the need for a genetic 

analysis of the apparent hybrids, and neither of the previous studies included morphometric 

analyses. The authors of the present study successfully captured five apparent hybrids over the 

course of three field seasons on Lobos de Tierra Island and the Lobos de Afuera islands, 

examined morphology, and took blood samples to confirm hybridization by genetic analysis. 
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Figure 4.2 . Eye and foot colour comparison images: A) Peruvian booby eye and foot B) hybrid Peruvian x blue-

footed booby eye and foot C) blue-footed booby eye and foot 

A

. 

B. C. 



 

 

 

94 

 

Using eight microsatellite loci, 540 base pairs of the mitochondrial control region, and 

measurements of weight, culmen length, and wing chord, the authors attempted to better 

characterize apparent hybridization between blue-footed and Peruvian boobies. 

 

4.3 Materials and methods 

Apparent hybrid boobies were captured opportunistically during three field seasons: two 

seasons on Lobos de Tierra Island (6°
 

24‟ S, 80°
 

51‟ W) and one on the Lobos de Afuera islands 

(6°57‟ S, 80°41‟ W), during which the authors were studying blue-footed booby and Peruvian 

booby foraging ecology (Zavalaga et al. 2007; Zavalaga et al. 2010a,b) and were collecting blood 

samples for population genetic analysis of Peruvian Boobies (Taylor et al. 2010b) (Fig. 4.1).  A 

bird was determined to be an apparent hybrid if the eye colour, foot colour, and neck plumage 

were inconsistent with sexually mature blue-footed or Peruvian boobies.   

Four individuals were captured on Lobos de Tierra Island: a single individual in July 

2002 and three individuals in February 2003. A single individual was captured on the largest of 

the Lobos de Afuera islands in December 2007.  Apparent hybrid individuals were found nesting 

within blue-footed and Peruvian booby colonies and were captured as described in Zavalaga et al. 

(2009).  Upon capture, morphological measurements were taken from each individual including 

body weight (g), culmen length (cm), and wing chord (cm).  Individuals were allowed to 

regurgitate, a normal response of sulids to capture, prior to body weight measurement. All 

measurements were taken as described in Zavalaga et al. (2009) by the same person throughout.  

A small blood sample was taken from each individual via brachial vein puncture using a lancet 
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and was stored in 70% ethanol. Original blood samples are archived at -80°C at Queen‟s 

University, Kingston. 

DNA was extracted using a standard proteinase-K phenol/chloroform technique 

(Sambrook & Russell 2001). Individuals were sexed using a molecular marker as described in 

Zavalaga et al. (2009).  540 base pairs of the mitochondrial control region were amplified and 

sequenced from each individual using the method described in Morris-Pocock et al. (2010a), and 

eight microsatellite loci were amplified in each individual and sized using the methods described 

in Taylor et al. (2010a) and Morris-Pocock et al. (2010b).  Mitochondrial control region sequence 

and microsatellite allelic variation was compared to reference sequence and microsatellite alleles 

from range wide surveys of both Peruvian (N=141) and blue-footed (N=168) boobies (Taylor et 

al. 2010b, 2011).  

To test the power of the microsatellite data for determining the hybrid category of each 

individual, the programs HYBRIDLAB (Ver 1.0, Nielsen et al. 2006), STRUCTURE (Version 

2.2, Pritchard et al. 2000) and NEWHYBRIDS (Version. 1.1 beta, Anderson & Thompson 2002) 

were used. Multilocus genotypes were simulated using HYBRIDLAB for each of the parental 

species (N=30), F1 hybrids (N=15), F2 hybrids (N=15), first generation blue-footed booby 

backcrosses (N=10), and first generation Peruvian booby backcrosses (N=10) starting from 

equally sized parental populations generated from existing data.  These simulated data sets, with 

known numbers of individuals in each hybrid class, were then analyzed in STRUCTURE and 

NEWHYBRIDS to determine if the microsatellite loci were informative for determining the 

genetic hybrid status of each apparent hybrid.   

STRUCTURE was run using the admixture model (because the species were exchanging 

genes in the simulated populations, Pritchard et al. 2000) and correlated allele frequencies 

(because the species are very closely related, Pritchard et al. 2000) with a burn-in of 25 000 steps 



 

 

 

96 

and 250 000 steps after the burn-in (determined from test runs to be sufficient run lengths for 

parameter stabilization and convergence).  

Analyses with NEWHYBRIDS were run using six genotype frequency classes and 

Jeffery‟s-type priors for both the mixing proportion (π) and for the allele frequencies (θ) of the 

mixing proportion (Anderson & Thompson 2002). The genotype frequency classes in 

NEWHYBRIDS are the categories into which an individual may be placed based on its genotype. 

These classes are specified by the program as the expected proportions of the loci within an 

individual that have alleles from each parental population based on a given level of hybridization. 

For example, an F1 individual has a genotype frequency class of 0.5 because half of the genes 

come from each parental population. See Anderson & Thompson (2002) for further explanation.  

In the present analysis the classes included pure blue-footed booby, pure Peruvian booby, F1 

hybrid, F2 hybrid, blue-footed booby backcross, and Peruvian booby backcross.  Jeffery‟s-type 

priors are provided by the program and can be more informative than uniform priors because they 

do not downweight the importance of alleles that are rare in one species and are absent from the 

other when estimating the posterior probability of an individual belonging to each genotype 

frequency class (Anderson & Thompson 2002). Using a uniform prior did not significantly alter 

the results, indicating that hybrids were not categorized based on rare alleles in this dataset 

(Anderson & Thompson 2002). Final runs of the program had a burn-in of 30,000 cycles 

followed by an additional 300,000 cycles after the burn-in (determined from test runs to be 

sufficient for repeatable posterior probability estimates). 

Weight, culmen length, and wing cord were compared between male hybrids (N=4) and 

male blue-footed boobies from Lobos de Tierra (N=140) and male Peruvian boobies from Lobos 

de Afuera (N=25) using unequal variance t-tests. Unequal variance t-tests are more appropriate 

and reliable than Student‟s t-tests when comparing samples with unequal variance (Ruxton 2006).   



 

 

 

97 

Blue-footed and Peruvian booby measurements had been taken by the same individual (CBZ) 

during previous studies on both Lobos de Tierra Island and the Lobos de Afuera Islands. 

 

4.4 Results 

All of the hybrids included in this study had morphology intermediate between blue-footed and 

Peruvian boobies; orange irises, mottled blue and grey feet (Fig. 4.2b), and intermediate nape and 

crown feather colour and structure (Fig. 4.3). Four were male and one was female. All apparent 

hybrids possessed mitochondrial DNA haplotypes that otherwise only occurred in Peruvian 

boobies, or grouped with Peruvian booby haplotypes to the exclusion of all blue-footed booby 

haplotypes on a mitochondrial gene tree, and possessed a mixture of microsatellite alleles that 

occur in Peruvian and / or blue-footed boobies (Table 4.1, Table 4.2).  Only one of the eight 

microsatellites used, Sn2A-36, was fixed for a different allele in each parental species (Table 4.2).  

With the exception of the single female, all hybrids were heterozygous at Sn2A-36. Thus it 

appears that all individuals sampled are the products of recent hybridization. 

Analyses of the simulated data using STRUCTURE and NEWHYBRIDS revealed that 

the microsatellite loci do not provide sufficient power to determine hybrid category. As such, the 

hybrids could not be classified as F1, F2, or backcross individuals with high certainty and the 

results are not included here.  The authors are currently testing more microsatellite loci in order to 

increase the power of the dataset for inferring ancestry.
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Figure 4.3 A) Example crown feathers from Peruvian booby, hybrid Peruvian x blue-footed booby, and blue-footed booby B) Example nape 

feathers from Peruvian booby, hybrid Peruvian x blue-footed booby, and blue-footed booby 
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Table 4.1 Collection site, sex, mitochondrial DNA (mtDNA) type based on 540 base pairs of control region sequence, and nuclear genotype at 

eight microsatellite loci for five apparent hybrid Peruvian x blue-footed boobies. CS = collection site, LT = Lobos de Tierra, LA = Lobos de 

Afuera, mtDNA = mitochondrial DNA type, PEBO = Peruvian booby, missing data denoted by “ ? ”. 

 

 

 

 

 

 

 

 

Specimen CS Sex mtDNA Ss1B-88 Ss1B-100 Ss2B-138 Sn2B-68 Sv2A-53 Sn2B-83 Sv2A-47 Sn2A-36 

H1 LT M PEBO 220, 220 197, 201 353, 357 170, 170 320, 326 178, 180 293, 297 336, 340 

H2 LT M PEBO 222, 224 197, 201 353, 357 170, 174 320, 330 178, 180 ? 336, 340 

H3 LT M PEBO 222, 222 201, 201 350, 353 168, 172 314, 320 178, 178 293, 293 336, 340 

H4 LT M PEBO 218, 224 197, 199 357, 359 170, 172 320, 330 180, 180 285, 293 336, 340 

H5 LA F PEBO 222, 224 201, 201 353, 357 170, 170 308, 318 178, 182 293, 295 336, 336 
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Table 4.2 Microsatellite alleles found in range-wide surveys of blue-footed (BFBO) and Peruvian (PEBO) boobies for loci used in the present 

study (Taylor et al. 2010b, 2011). 

         

 

 

 

 

 

 

1
 30 individuals of each parental species were genotyped.  

 

 

 

 

 

Locus Alleles present 

BFBO PEBO 

Ss1b-88 200, 216, 218, 220, 222 220, 222, 224, 226, 228 

Ss1B-100 191, 197, 199, 201, 203 193, 195, 197, 201, 203, 205, 207, 297 

Ss2B-138 351, 353, 355, 357, 359 349, 353, 355, 357, 359, 361, 363 

Sn2B-68 168, 170, 172 168, 170, 172, 174, 176 

Sv2A-53 300, 304, 308, 310, 312, 314, 316, 318, 320, 

322, 324, 326, 328, 330, 336, 338 

302, 308, 310, 312, 314, 316, 318, 320, 322, 

324, 326, 328, 330, 332, 334, 336 

Sn2B-83 178, 180, 182, 184 172, 176, 178, 180, 182, 184 

Sv2A-47 291, 293, 295, 297, 299 285, 287, 289, 291, 293, 295, 297, 299 

Sn2A-36
1
 336 340 
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Figure 4.4 Average (A) weight (g) (B) culmen length (cm) and (C) wing chord (cm) ± SE of 

male hybrid Peruvian x blue-footed boobies (“Hybrid”) compared to average measurements from 

male Peruvian (PEBO) and blue-footed (BFBO) boobies. * indicates mean is significantly 

different from hybrid value (P<0.05).
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Male hybrids were significantly heavier (unequal variance t-test: t7 = 2.37, P < 0.05) and 

had longer culmens (unequal variance t-test: t4 = 2.48, P < 0.05) than male Peruvian boobies; 

however, wing chord was similar between hybrids and Peruvian boobies (unequal variance t-test: 

t3 = 1.83, P > 0.05) (Fig. 4.4). There were no significant differences in any body measurements 

between male hybrids and male blue-footed boobies, despite male hybrids being slightly heavier 

than male blue-footed boobies (unequal variance t-test: weight, t4 = 1.45, P > 0.05; culmen length, 

t3 = -2.23, P > 0.05; wing chord, t3 = 0.11, P > 0.05) (Fig. 4.4). 

 

4.5 Discussion 

The apparent hybridization documented by Ayala (2006) and Figueroa & Stucchi (2008) between 

blue-footed and Peruvian boobies on Lobos de Tierra Island and the Lobos de Afuera Islands has 

been confirmed from both morphology and genetic analysis in the present study.  The results 

presented here indicate that at least some hybrids are fertile, highlight that successful 

heterospecific pairs appear to form predominantly between female Peruvian boobies and male 

blue-footed boobies, and provide some support for both Haldane‟s Rule and transgressive 

segregation.  

All accounts indicate that hybrids are fertile. The female hybrids reported by Ayala 

(2006) as well as the single female included in this study were paired with male blue-footed 

boobies and were incubating eggs or raising chicks.  Though hybrids appear fertile, preliminary 

evidence suggests that there is no widespread mitochondrial DNA introgression between species 

(Taylor et al. 2010b, 2011).  Offspring resulting from backcross pairings thus appear to be 

isolated and potentially less fit than the parental species. A more informative panel of markers 

will allow better detection of introgression. 
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The observation that all hybrids included in this study have Peruvian booby 

mitochondrial DNA indicates that mate choice in this hybrid zone favours pairing between female 

Peruvian boobies and male blue-footed boobies. Unidirectional introgression of DNA is not 

uncommon in hybrid zones but the cause can be hard to determine (Wirtz 1999). Female choice 

can lead to unidirectional introgression in a number of cases, especially when one species is rare 

or the males of one species exhibit a more elaborate courtship display.  Both of these factors 

could be influencing mate choice in this hybrid zone: Peruvian boobies are generally the rare 

species, especially on Lobos de Tierra, and male blue-footed boobies exhibit a more elaborate 

courtship display than male Peruvian boobies.  

Haldane's Rule (Haldane 1922) states that viability and / or fertility of hybrids will be 

more severely reduced in the heterogametic sex, i.e. in female birds (Tegelström & Gelter 1990). 

The results of the present study at least partially support this claim: four of five hybrids were 

male, indicating that viability may be reduced in female hybrids.  However,  given (1) the small 

sample size of this study, (2) Ayala‟s (2006) observations that the majority of hybrids were 

female, and (3) the inability of either study to determine hybrid ancestry (F1 vs. backcross 

individuals), these results should be interpreted with caution (Wu & Davis 1993). 

 The female hybrids observed by Ayala (2006), and the single female hybrid found in the 

present study, could be the result of backcross mating.  In lepidopterans, another group with 

heterogametic females, backcrossing (by male  F1) can produce viable and fertile females of 

mixed ancestry even when F1 females are infertile (Naisbit et al. 2002). Preliminary evidence 

presented here suggests that the female sampled in this study was the result of a backcross 

mating: the female hybrid was the only individual homozygous at locus Sn2A-36, which could be 

the result of backcrossing to a blue-footed booby. Analysis of more informative markers and 
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completed genotyping of locus Sn2A-36 should allow the hybrid class to be determined with 

more certainty, and will also help determine adherence to Haldane‟s rule in this hybrid zone. 

 Male hybrids were significantly heavier and had significantly longer culmens than male 

Peruvian boobies, and their wing chord measurements were larger, but not significantly so. Male 

hybrids were slightly heavier than male blue-footed boobies, and had longer wing chord 

measurements; however, no morphological measurements were significantly larger in male 

hybrids compared to male blue-footed boobies. The production of extreme phenotypes in hybrids 

is called transgressive segregation, and has been hypothesized as being important in the 

establishment of hybrid lineages (Rieseberg et al. 1999). In their review of the topic Rieseberg et 

al. (1999) found that transgressive segregation occurs at a high frequency in both plant and 

animal hybrids, but with a higher frequency in plants. Though at least weak transgressive 

segregation appears to occur in hybrid Peruvian x blue-footed boobies, the absence of widespread 

hybridization suggests that selection against hybrids is stronger than any benefits arising from 

transgression (Rieseberg et al. 1999). 

 Hybridization between blue-footed and Peruvian boobies appears rare given the relatively 

few reports in the literature (Ayala 2006; Figueroa & Stucchi 2008).  This is likely due to the 

limited geographic overlap between blue-footed and Peruvian boobies.  As stated in Friesen & 

Anderson (1997), and reiterated in both Ayala (2006) and Figueroa & Stucchi (2008), blue-footed 

and Peruvian boobies may have diverged from their common ancestor with gene flow via 

parapatric speciation. The rarity of morphological hybrids, the fact that hybrids observed appear 

to be of recent origin, and apparent absence of mitochondrial DNA introgression in either species 

(Taylor et al. 2010b, 2011) all indicate that pre-mating and post-mating barriers are well 

established, and lend support to this hypothesis. This is interesting given the preliminary evidence 

that hybrid individuals can successfully backcross and produce young.  Selection against hybrids 
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must be intense and limit gene flow between parental populations.  The authors are currently 

testing the hypothesis that blue-footed and Peruvian boobies diverged from their common 

ancestor with limited gene flow due to strong ecological selection across an environmental 

gradient. 
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Chapter 5: Tension in the eastern Pacific: Examination of a marine 

hybrid zone in northern Peru 

 

5.1 Abstract 

Hybrid zones represent natural laboratories in which the processes of divergence and genetic 

isolation can be examined, and a number of hybrid zone models exist.  Hybrid zones between 

marine organisms are of interest given the potential for high dispersal and the absence of physical 

barriers to gene flow in most marine systems, where narrow hybrid zones would be unlikely to 

establish unless selection limited gene flow.  321 blue-footed (Sula nebouxii) and Peruvian (S. 

variegata) boobies from the eastern tropical Pacific Ocean were analyzed using 19 putatively 

neutral genetic markers to evaluate interspecific differentiation, to characterize hybridization, and 

to classify morphological hybrids using cline theory and Bayesian assignments.  The species were 

well differentiated at mitochondrial and nuclear loci and the hybrid zone was bimodal (contained 

a high frequency of each parental species but a low frequency of hybrids). Clines in allele 

frequency could be constrained to share a common centre but could not be constrained to share a 

common width, and cline characteristics most closely resembled a tension zone.  The common 

cline centre was located within the environmental transition between the Peruvian upwelling 

system and the Equatorial Counter Current.  The majority of hybrids were most likely F1 

individuals.  Introgression was absent for mitochondrial loci and very rare at nuclear loci.  

Selection against hybrids is strong and appears to be both endogenous and exogenous.  We 

hypothesize that the exogenous selection is a combination of sexual selection and ecological 

selection, which may have facilitated divergence with gene flow between these species. 
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5.2 Introduction 

Hybridization can be defined operationally as “the interbreeding of individuals from two 

populations, or groups of populations, which are distinguishable on the basis of one or more 

heritable characters” (Harrison 1990).  Understanding the causes and consequences of 

hybridization has been recognized as an important avenue of research in evolutionary biology for 

more than a century (Endler 1977; Harrison 1993; Arnold 1997; Jiggins & Mallet 2000; 

Alexandrino et al. 2003; Gay et al. 2007, 2008; Ruegg 2008; Brelsford & Irwin 2009; Aboim et 

al. 2010).  Hybridization between closely related species can have numerous outcomes ranging 

from wasted reproductive effort to the production of fertile offspring that are not reproductively 

isolated from either parental population (reviewed in Allendorf et al. 2001), and often produces a 

stable hybrid zone between the interacting species (Barton 1983; Barton & Hewitt 1985; Hewitt 

1988; Kruuk et al. 1999).  Hybrid zones are regions where closely related species coexist, mate, 

and produce hybrid offspring (Barton & Hewitt 1985).  Hybridization is a common phenomenon 

in natural systems (Stebbins 1959; Hewitt 1988; Harrison 1993; Arnold 1997), and many hybrid 

zones have been characterized using morphology (e.g., Gay et al. 2007, 2008; Reugg 2008; 

Brelsford & Irwin 2009; Irwin et al. 2009), behaviour (Toews & Irwin 2008), allozymes 

(Syzmura 1976; Pierce & Mitton 1980), and most recently, multiple unlinked putatively neutral 

genetic markers (Gay et al. 2007, 2008; Carling & Brumfield 2008; Reugg 2008; Toews & Irwin 

2008; Brelsford & Irwin 2009; Pereira & Wake 2009; Aboim et al. 2010).   

 Understanding the dynamics of gene flow in hybrid zones, and the relative importance of 

(endogenous (e.g., genetic incompatibility) versus exogenous (e.g., ecological)) isolating 

mechanisms can provide insight into speciation processes (Barton & Hewitt 1985; Hewitt 1988; 

Jiggins & Mallet 2000).  For example, hybridization may occur upon secondary contact between 

two previously physically isolated and genetically differentiated species.  An examination of gene 
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flow under these circumstances can shed light on the process of reinforcement, and on the 

importance of genetic incompatibility (endogenous factors) in the maintenance of hybrid zones 

and the process of speciation.  Alternatively, hybridization may occur between species that have 

diverged through ecological speciation in the absence of physical isolation, and an examination of 

gene flow should identify exogenous factors important in divergence and speciation processes. 

 Both endogenous and exogenous factors generate and maintain hybrid zones, and 

differentiating the roles of these factors in a given hybrid zone can be challenging (Hewitt 1988; 

Kruuk et al. 1999; Jiggins & Mallet 2000).  Given the diversity of possible outcomes when 

hybridization occurs, a number of models have been developed to understand the dynamics 

operating in hybrid zones (Table 5.1). 

 The neutral diffusion model (Endler 1977; Barton & Gale 1993), describes a situation 

where two species that diverged in isolation come into secondary contact and freely exchange 

alleles.  Under this model, hybrids do not experience lower fitness than pure bred parental 

individuals (hereafter called parentals) and the width of the hybrid zone is limited only by the 

dispersal capability of the hybridizing species.  High dispersal results in a wide zone of 

hybridization with shallow clines in allele frequency.  The model describes a unimodal hybrid 

zone: a hybrid zone where the frequency of hybrids is higher than the frequency of either parental 

species (Jiggins & Mallet 2000).  However, if secondary contact has occurred recently the neutral 

diffusion model may also produce a uniform hybrid zone: a hybrid zone where hybrids and 

parentals exist at similar frequencies (Jiggins & Mallet 2000).  The neutral diffusion model rarely 

approximates patterns of gene flow across hybrid zones in nature (but see Hairston et al. 1992); 

however, it acts as an appropriate null model when attempting to determine if selection is acting 

against hybrids in a particular hybrid zone.  If the hybrid zone is narrower than expected under 

the neutral diffusion model then selection is probably acting against hybrids (Endler 1977).
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Table 5.1 Predictions of hybrid zone models. 

Hybrid Zone Model Width of hybrid zone Nature of selection  Level of introgression Frequency of 

backcross hybrids 

within hybrid zone 

Neutral diffusion Dependent on time since 

secondary contact; wide if 

hybrid zone is sampled many 

generations after secondary 

contact 

None High High 

Bounded hybrid 

superiority 

 

Equal to width of 

environmental transition 

Selection favours hybrids High within hybrid zone, 

low outside of hybrid zone 

High 

Tension zone Narrow relative to dispersal 

distance 

Selection against hybrids Low Low 
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 Unlike the neutral diffusion model, the bounded hybrid superiority model (May et al. 

1975; Moore 1977) involves selection, and hybrid zones form only in areas of environmental 

transition.  According to the model, hybrid individuals have higher fitness than parental 

individuals in areas of environmental transition, but have lower fitness outside of the hybrid zone.  

As a result, hybrids exist at a higher frequency than parentals within the hybrid zone.  Such 

hybrid zones can range from unimodal to uniform.  Hybrids are always more common in 

unimodal compared to bimodal hybrid zones, which are characterized by few hybrids and 

numerous individuals or each parental species (Jiggins & Mallet 2000).  Selection for hybrids 

occurs within the hybrid zone because hybrids possess a combination of traits that allow them to 

succeed within the zone of environmental transition and to outcompete parental individuals.  

Outside the environmental transition hybrids are less fit than parentals.  Under this model, the 

width of the hybrid zone varies with the width of the environmental transition, and selection can 

result in stepped clines in allele frequency.  A number of natural hybrid zones match the 

predictions of the bounded hybrid superiority model (Moore & Price 1993; reviewed in Arnold 

1997; Good et al. 2000). 

 Unlike the previous models, the tension zone model (Key 1968; Barton & Hewitt 1985) 

incorporates both dispersal and selection.  Under this model, the hybrid zone is maintained by a 

balance between dispersal of parentals into the hybrid zone and endogenous selection against 

hybrids based on heterozygote disadvantage or genetic breakdown of hybrid recombinants 

(Hewitt 1988).  The result is a stepped cline in allele frequency: a rapid change in allele frequency 

in the centre of the cline and long tails of introgression extending from the centre of the cline 

(Barton & Hewitt 1989).  Under this model, the width of the zone is always narrow relative to the 

dispersal distance of the hybridizing species, and is not limited by the width of the environmental 

transition because selection against hybrids is entirely endogenous (Barton & Hewitt 1985; 
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Hewitt 1988).  Further, because selection against hybrids is endogenous, the centre of the hybrid 

zone can move and, unlike the bounded hybrid superiority model, the hybrid zone will not always 

exist in a region of environmental transition (Barton & Hewitt 1985, 1989; Kruuk et al. 1999).  

However, because population density is often lower in regions of environmental transitions, and 

because hybrid zones that follow the tension zone model often move toward regions of lower 

population density and move to minimize their length, tension zones are often found in regions of 

environmental transition (Barton & Hewitt 1985; Hewitt 1988). 

 The original presentation of the tension zone model considered only endogenous 

selection against hybrids; however, both endogenous and exogenous factors are generally 

important for the production and maintenance of stable hybrid zones (Jiggins & Mallet 2000).  

Recent research has shown that clines generated by exogenous selection against hybrids are 

indistinguishable from clines generated by endogenous selection and the tension zone model has 

been applied to both situations (Kruuk et al. 1999; Phillips et al. 2004; Alexandrino et al. 2005).  

Given the similarity of cline analyses between situations where either type of selection is 

dominant, both endogenous and exogenous selective forces should be explored when examining 

hybrid zones that apparently fit the tension zone model (Jiggins & Mallet 2000). 

 Many hybrid zones that have been characterized genetically are continental, and are 

found across continuous landscapes (Barton & Hewitt 1985; Arnold 1997; Jiggins & Mallet 

2000).  Hybrid zones in continuous habitats can be complex, and appropriate sampling of 

individuals may be difficult, especially given the potential for hybrid zone dynamics to change 

along the length of a hybrid zone (Barton & Hewitt 1985; Carling & Brumfield 2008).  Studying 

one dimensional hybrid zones, as has been done for some white-headed gull species (Gay et al. 

2007, 2008), may facilitate interpretation of barriers and zone maintenance.  In these situations, 

the hybrid zone may be relatively easy to delineate and sample appropriately.  Studying hybrid 
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zones between species with stepping-stone distributions, such as seabirds on oceanic islands, may 

further reduce complexity and be more representative of the models used to test hybrid zone 

theory (Kruuk et al. 1999).  Additionally, hybrid zones involving species with large dispersal 

potential, like numerous oceanic seabirds, could facilitate discriminating between models of 

neutral diffusion and those that involve selection.  Finally, examining genetically panmictic 

species facilitates interpretation of introgression and genetic clines (Barton & Hewitt 1985; 

Hewitt 1988). 

 Blue-footed (Sula nebouxii) and Peruvian (S. variegata) boobies breed within the eastern 

tropical and subtropical Pacific Ocean, and both species are capable of long distance dispersal 

(Fig. 5.1; Nelson 1978; Aid et al. 1985; Simeone et al. 2002).  They are parapatric (Nelson 1978), 

hybridize on two islands (Ayala 2006; Figueroa & Stucchi 2008; Taylor et al. 2010b), and 

diverged recently (0.25 – 0.45 mya) (Friesen & Anderson 1997, Patterson et al. 2010).  Aberrant 

individuals possessing morphology intermediate between blue-footed and Peruvian boobies are 

regularly recorded on both islands where the species co-occur (Ayala 2006; Figueroa & Stucchi 

2008; Taylor et al. 2010b; CB Zavalaga pers. comm.).  These aberrant individuals are commonly 

observed in breeding pairs, and have thus far been recorded as females paired to male blue-footed 

boobies (Ayala 2006; Taylor et al. 2010b), or males courting female blue-footed boobies 

(Figueroa & Stucchi 2008).  The majority of aberrant females were observed successfully laying 

eggs and raising chicks (Ayala 2006), or incubating eggs (Taylor et al. 2010b), indicating that 

backcrossing between these species occurs.  

 Both blue-footed and Peruvian boobies exhibit low genetic structure throughout their 

respective ranges (Taylor et al. 2010c, 2011), and the islands where they are sympatric are 

situated close to, and are influenced by, the transition between cold nutrient-rich waters of the 

Peruvian upwelling system and warmer nutrient-poor waters of the North Equatorial 
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Figure 5.1 Map of Middle and South America showing sampling locations.  Approximate 

breeding distributions outlined in black for blue-footed boobies and in dark grey for Peruvian 

boobies; blue-footed booby samples indicated by black circles, Peruvian booby samples indicated 

by white circles. Colony codes as in Table 5.2.
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Countercurrent (Pennington et al. 2006).  Sulids have occupied the eastern tropical Pacific, 

including the Peruvian upwelling and islands within the North Equatorial Countercurrent, since 

the middle Miocene (Stucchi & Devries 2003), and the islands where both blue-footed and 

Peruvian boobies breed have been occupied by both species at least since recorded history, and 

probably for thousands of years prior to European discovery (Murphy 1925).  The Peruvian 

upwelling system was established well before the divergence of blue-footed and Peruvian boobies 

from their common ancestor (Hartley et al. 2005; Patterson et al. 2010), and both species 

regularly travel long distances within the eastern tropical Pacific, increasing their potential to 

encounter conspecifics and making these seabirds excellent candidates for the examination of 

hybridization between recently diverged marine vertebrates capable of long distance dispersal.   

 Using theory developed by Barton & Hewitt (1985) we sought to determine which model 

best describes the hybrid zone between blue-footed and Peruvian boobies by explicitly testing the 

predictions of each (Table 5.1).  To accomplish this we examined genetic differentiation and 

characterized the nature of hybridization between blue-footed and Peruvian boobies using 19 

putatively neutral genetic markers. Additionally, we used Bayesian assignment methods to 

classify 5 morphological hybrids and to examine the extent of introgression. 

 

5.3 Materials and Methods 

 

5.3.1 Sampling and DNA extraction 

Blood samples were collected (described in Müller et al. 2008; Zavalaga et al. 2009) from 

throughout the breeding distributions of blue-footed and Peruvian boobies (Fig. 5.1, Table 5.2).  

Original samples are archived at Queen‟s University.  DNA was extracted using either a 

PureLink® extraction kit (Invitrogen: Burlington, Canada) according to the manufacturer‟s 
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recommended protocol, or a standard protease-K phenol/chloroform technique (Sambrook & 

Russell 2001).   As in Taylor et al. (2010b) samples from Islas Marietas were combined with 

samples from El Rancho for all analyses because the sample size from Islas Marietas was small, 

and no significant genetic differences were found between Isla Marietas and El Rancho.  Samples 

from different islands the Galapagos were also combined for all analyses because they were not 

significantly differentiated (Taylor et al. 2011).  Although there are two sites of sympatric 

breeding, permits to sample blue-footed boobies on Lobos de Afuera could not be obtained.

 Five individuals identified by morphology as hybrids (Taylor et al. 2010b) were included 

in the sampling for the present study.  These individuals possessed plumage and bare-part 

colouration intermediate between blue-footed and Peruvian boobies, including orange irises, 

mottled blue-grey feet, and intermediate crown and nape feather structure and colouration, and 

were very distinct from either parental species (see Fig 4.2 and Fig 4.3 in Chapter 4): blue-footed 

boobies possess yellow irises, blue feet, and their crown and nape feathers are predominantly 

brown, while Peruvian boobies possess red irises, grey feet, and white head and nape feathers.  

 

5.3.2 Laboratory protocols: mitochondrial DNA 

DNA was extracted and a 540 base pair (bp) region including all of domains I and II and part of 

domain III of the mitochondrial control region was sequenced from 305 individuals using the 

primers SdMCR-H750 and SlMCR-L160A as described in Taylor et al. (2010c, 2011).  Data 

were previously published in Taylor et al. (2010c, 2011); however, the analyses presented here 

are new to this study.
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Table 5.2 Colony locations, distances from Isla Pajaros, and sample sizes for sampled colonies of blue-footed (BFBO) and Peruvian (PEBO) 

boobies and morphological hybrid individuals. mtDNA = number of individuals genotyped at mitochondrial control region, nDNA = number of 

individuals genotyped at microsatellite loci. 

 

  

 

 

 

 

 

 

 

 

Species Colony Code Location Distance from Isla 

Pajaros (km) 

N (mtDNA/nDNA) 

BFBO Isla San Ildefonso, Mexico SI 26º43‟ N, 111º29‟ W 7485 10 / 10 

 Farallon de San Ignacio, Mexico FS 25º24‟ N, 108º50‟ W 7318 15 / 15 

 El Rancho, Mexico ER 25º06‟ N, 108º22‟ W 7267 13 / 14 

 Islas Marietas, Mexcio MA 21º33‟ N, 106º23‟ W 7267 03 / 03 

 Seymour Island, Galapagos SE 00º23‟ S, 90º17‟ W 3862 06 / 11 

 Champion Island, Galapagos CH 01º13‟ S, 90º21‟ W 3862 06 / 10 

 Espanola Island, Galapagos ES 01º21‟ S, 89º41‟ W 3862 03 / 10 

 Isla La Plata, Ecuador LP 01º16‟ S, 81º03‟ W 3319 54 / 47 

 Lobos de Tierra, Peru LT 06º26‟ S, 80º51‟ W 2766 44 / 48 

PEBO Lobos de Tierra, Peru LT 06º26‟ S, 80º51‟ W 2766 32 / 30 

 Lobos de Afuera, Peru LA 06º57‟ S, 80º41‟ W 2705 30 / 30 

 Isla Mazorca, Peru MZ 11º23‟ S, 77º43‟ W 2135 27 / 29 

 Isla Chincha Norte, Peru CN 13º38‟ S, 76º22‟ W 1851 32 / 30 

 Isla Pajaros, Chile IP 29º37‟ S, 71º24‟ W 0 25 / 29 

Hybrid Lobos de Tierra, Peru LT 06º26‟ S, 80º51‟ W 2766 04 / 04 

 Lobos de Afuera, Peru LA 06º57‟ S, 80º41‟ W 2705 01 / 01 
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5.3.3 Laboratory protocols: microsatellites 

Eighteen microsatellite loci were amplified from 321 individuals using the PCR methods 

described in Taylor et al. (2010a,c, 2011).  Thirteen loci were combined for amplification in five 

mutliplexes and five loci were amplified in single locus PCRs ([1] Sn2B-68, Sv2A-53 Ss1B-100; 

[2] Ss1B-88, Sn2B-83, Sv2A-47;  [3] BOOB-RM4-C03, BOOB-RM4F11, BOOB-RM4-G03; [4] 

BOOB-RM4-D07, BOOB-RM4-E10; [5] BOOB-RM2-F07, BOOB-RM4-E03;  [6] Ss2B-138; 

[7] BOOB-RM3-F11; [8] BOOB-RM4-B03; [9] BOOB-RM3-D07; [10]Sn2A-36).  Thirteen of 

the primer pairs were designed from blue-footed booby genomic libraries (Faircloth et al. 2009; 

Taylor et al. 2010a), two were designed from a Peruvian booby genomic library (Taylor et al. 

2010a), and three were designed from a red-footed booby genomic library (loci Ss1b-88, Ss1b-

100, Ss2b-138) (Molecular Ecology Resources Primer Development Consortium 2010). Primers 

for locus Ss1B-88, locus and Ss1B-100 were redesigned for blue-footed boobies (Taylor et al. 

2011). 

Amplification, PCR confirmation, and fragment sizing were performed as described in 

Taylor et al. (2010a).  A total of 180 randomly chosen individuals, about 3% of the total sample, 

was re-amplified and rescored at randomly selected loci to check for repeatability in allele size 

scoring.  Data for eight microsatellite loci were published previously (Taylor et al. 2010b; Taylor 

et al. (2010c, 2011); however, data for ten loci and the analyses presented here are entirely new.   

 

5.3.4 Data analyses: interspecific differentiation 

Unless stated otherwise, data analyses were carried out on the full 321 individual dataset. To 

examine evolutionary relationships among sequences of blue-footed and Peruvian booby control 

regions, an unrooted Bayesian phylogenetic tree was generated in Mr Bayes (Version 3.1.2; 
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Ronquist & Huelsenbeck 2003).  The tree could not be rooted due to the extreme divergence in 

potential outgroups.  MrModelTest (Version 2.3; Nylander 2004) was used to determine the 

appropriate nucleotide substitution model and the parameters of the substitution model were 

allowed to vary during MrBayes analyses.  MrBayes runs used the default parameters, consisting 

of one cold chain and three incrementally heated chains, ran for 10
7
 generations, and were 

sampled every 100 generations.  Runs were considered to have converged when the standard 

deviation of the split frequencies fell below 0.01.  Convergence was also assessed by examining 

traces of parameter estimates in Tracer (Version 1.5; Rambaut & Drummond 2007).  A burn-in of 

25% was discarded after MCMC chains had converged.  The analysis was repeated three times to 

assess reliability, and results of a single run were drawn using FigTree (Version 1.3.1; Rambaut 

2009). 

Interspecific differentiation at the mitochondrial control region and at nuclear 

microsatellite loci was indexed using analyses of molecular variance (AMOVA) in ARLEQUIN 

(Version 3.11, Excoffier et al. 2005), grouping individuals by species.  Mitochondrial divergence 

estimates were corrected using Kimura‟s two-parameter substitution model (Kimura 1980) with a 

rate parameter (α) of 0.45 as determined using MrModelTest (Version 2.3, Nylander 2004).  

Significance of all ARLEQUIN analyses was determined by comparing the results to 10,000 

random permutations of the data at an α level of 0.05. 

Interspecific differentiation of nuclear loci was further examined using STRUCTURE 

(version 2.3.1, Pritchard et al. 2000).  STRUCTURE analyses were performed using an admixture 

model and correlated allele frequencies, a burn-in of 50,000 cycles, and 500,000 additional cycles 

(determined from test runs to be sufficient for parameter stabilization).  Analyses were repeated 

20 times for K = 1 to 4 genetic populations.  K was constrained to a maximum of four genetic 

populations because previous work on blue-footed boobies showed a high likelihood of two 
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genetic populations (Taylor et al. 2011), while previous research on Peruvian boobies showed the 

highest likelihood of one genetic population (Taylor et al. 2010c).  The posterior probability, 

Ln[P(D)], as well as the method of Evanno et al. (2005) were used to infer the most likely 

number of genetic populations.  Figures from STRUCTURE analyses were generated using 

DISTRUCT (Version 1.1, Rosenberg 2004). 

 

5.3.5 Data analyses: genetic cline analysis 

To investigate introgression using cline theory the program CFIT (Version 0.6, Gay et al. 2008) 

was used.  The program can use up to six parameters to fit different cline shapes for allele or 

haplotype frequencies, and estimates the shape parameters of each cline by modeling the 

relationship between allele or haplotype frequency and geographic location for each population; 

the cline shapes modeled by CFIT are a function of distance (x) and describe allelic frequency 

(f(x)) (Gay et al. 2008).  The shape parameters of each cline are estimated using three equations 

developed by Syzmura & Barton (1986, 1991) and outlined in Gay et al. (2008).  Briefly, one 

equation describes the centre of the cline as a symmetrical sinusoidal shape and includes the cline 

centre (c), cline width (w), height, and geographic location (x) as parameters, while the other two 

equations describe the change in allele frequencies in the left and right tails of the cline and 

include the same parameters as the previous equation, in addition to parameters for the 

exponential decay of allele frequencies away from the centre of the cline (Gay et al. 2008; 

Carling & Brumfield 2008).  From these equations the cline centre and cline width (where cline 

width is equal to 1 / maximum slope) can be estimated and compared between loci.  The cline 

centre is the geographic location along the sampling transect at which allele frequencies change 

most rapidly, and the width is the geographic distance over which the change in allele frequencies 

occurs (Carling & Brumfield 2008).  For our study geographic location was defined as the 
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distance in kilometres from Isla Pajaros, Chile, the southernmost colony sampled (Table 5.2).  

Distances were calculated as the great-circle distance between two latitude / longitude points 

using the Haversine formula (http://www.movable-type.co.uk/scripts/latlong.html, Sinnott, 1984).  

 Using CFIT, clines were fitted for the 18 microsatellite loci and mitochondrial control 

region haplotypes.  The alleles at each microsatellite locus were reduced to two-allele systems 

using species-specific compound alleles (Gay et al. 2008), and each allele was designated as 

either a blue-footed booby allele or a Peruvian booby allele based on its coordinates on the first 

axis of a multiple correspondence analysis (MCA) executed with GENETIX.  The species showed 

moderate to strong differentiation at the loci analyzed here (see below).  A number of alleles were 

positioned very close to the limit between the species on the MCA: however, the cline shape for 

shared alleles is flat, and incorrect assignment of alleles would further flatten the cline in a 

conservative manner (Gay et al. 2008).    

 To determine the best model for each locus, maximum likelihood methods and Akaike 

Information Criterion (AIC, Akaike 1974) were used to compare the fit of a three parameter logit 

model that generates a sigmoid curve using centre, slope, and height, with a six parameter full 

piecewise model that assumes an asymmetrical stepped cline using centre and slope as well as the 

positions and slopes of the exponential tails, for all loci.  For the diploid genetic data, the Hardy-

Weinberg correction implemented in CFIT was fitted for each population (Gay et al. 2008).  

 CFIT was also used to assess cline coincidence (common cline centre) and concordance 

(common cline width).  AIC was used to compare an unconstrained model for both the logit and 

full piecewise models to three models [1] a centre constrained model, [2] a width constrained 

model, and [3] a centre and width constrained model. 
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5.3.6 Data analyses: linkage disequilibrium and detection of introgression 

Deviations from linkage equilibrium can occur within hybrid zones if parental gene complexes 

are not broken down by recombination and segregation in hybrid individuals (Harrison 1993).  If 

hybridization is rare, or hybrids experience low fitness, recombination and segregation occur 

infrequently and linkage disequilibrium should be high.  High levels of linkage disequilibrium 

within a hybrid zone are indicative of little introgression (parental gene complexes are 

maintained), while an absence of linkage disequilibrium indicates free recombination of the 

parental genomes (Harrison 1993).  To evaluate the level of introgression between blue-footed 

and Peruvian boobies the program GENETIX (Version 4.05.2; Belkhir et al. 1998) was used to 

estimate the number of locus pairs that deviated from linkage equilibrium in each population. 

To test the power of the microsatellite data for detecting nuclear introgression across the 

hybrid zone and for determining the hybrid category of each individual, the programs 

HYBRIDLAB (Ver 1.0, Nielsen et al. 2006), STRUCTURE and NEWHYBRIDS (Version. 1.1 beta, 

Anderson & Thompson 2002) were used as described in Taylor et al. (2010b).  In brief, 

multilocus genotypes for 25 blue-footed boobies, 25 Peruvian boobies, 25 F1 hybrids, 25 blue-

footed booby backcross hybrids, and 25 Peruvian booby backcross hybrids were simulated from 

existing data using HYBRIDLAB, and simulated data were subsequently analyzed in STRUCTURE 

and NEWHYBRIDS.  For STRUCTURE analyses an individual was recorded as a pure Peruvian 

booby if its estimated membership coefficient q ≤ 0.1, and as a pure blue-footed booby if q ≥ 0.9 

(Abiom et al. 2010).  In addition, an individual was classified as an F1 hybrid if 0.7 ≥ q ≥ 0.3, as 

a Peruvian booby backcross hybrid if 0.3 > q > 0.1, and as a blue-footed booby backcross hybrid 

if 0.9 > q > 0.7.  For NEWHYBRIDS analyses, an individual was recorded as belonging to a 

certain hybrid class if its probability of belonging to a category qi > 0.5 (Anderson & Thompson 

2002; Abiom et al. 2010).  
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 Subsequently, the real multilocus genotypes (18 microsatellite loci) for all 321 

individuals were analyzed using both STRUCTURE and NEWHYBRIDS to assess levels of 

introgression, and to determine the hybrid class of morphological hybrids.  STRUCTURE was run 

as above with K = 2 and not using species as prior information.  NEWHYBRIDS was run as 

described in Taylor et al. (2010b), but using five genotype frequency classes.  Given the rarity of 

hybrids, the likelihood of sampling F2 hybrids was deemed low and the F2 genotype frequency 

class was removed from the analysis as suggested by Anderson & Thompson (2002).  The same 

limits for determining individual classification (as hybrids or parental for STRUCTURE, or for the 

various hybrid classes for NEWHYBRIDS) were used as during power analysis. 

 

5.4 Results 

 

5.4.1 Intraspecific variability 

Microsatellite loci had between 4 and 35 alleles with an average of 11 alleles per locus for blue-

footed boobies and between 4 and 55 alleles with an average of 15 alleles per locus for Peruvian 

boobies (Tables C.1, C.2, C.3).  Allele size scoring was highly repeatable with a 99% success 

rate.  Genotype frequencies showed no significant deviations from HWE either at a single locus 

across multiple colonies or at a single colony across multiple loci for blue-footed boobies (Table 

C.2).  Genotype frequencies for locus RM3F11 showed significant deviations from HWE for 

Peruvian boobies in four of the five Peruvian booby colonies.  No other genotype frequencies 

showed significant deviations from HWE either at a single locus across colonies or at a single 

colony across loci for Peruvian boobies (Table C.3).  Tests for linkage disequilibrium did not 

detect any deviations from equilibrium for any pair of loci within any colony for either species 

(all P > 0.05). 
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5.4.2 Interspecific differentiation 

Control region sequences and nuclear loci of blue-footed versus Peruvian boobies were well 

differentiated (ФCT = 0.98, P = 0.001; FCT = 0.17, P = 0.018).  Control region haplotypes from 

Peruvian and blue-footed boobies formed separate, strongly supported clades on the gene tree 

(Fig. 5.2; GenBank accession numbers HQ334018-HG334172 and HQ592377-HQ592522).   

Results from STRUCTURE indicated that the most likely number of genetic populations was three 

using the posterior probability (AVG Ln P(K=3) = -19058.2, P = 1.00) or two using Evanno‟s 

method (ΔK(K=2) = 128) (Fig. 5.3; Table C.4), and AMOVA revealed similar weak but 

significant intraspecific population genetic differentiation at mitochondrial and nuclear loci (ФSC 

= 0.02, P < 0.0001, ФST = 0.97, P < 0.0001; FSC = 0.02, P < 0.0001, FST = 0.11, P < 0.0001).  This 

pattern (three genetic populations) was expected and is driven by weak but significant population 

differentiation across the range of the blue-footed booby (Taylor et al. 2011).  Peruvian boobies 

exhibit genetic panmixia across their entire range (Taylor et al. 2010c). 

5.4.3 Genetic cline analysis: nuclear 

Blue-footed and Peruvian boobies were well differentiated at most loci along the first axis of the 

MCA (eigenvalue of first axis = 0.39).  The eigenvalue of the first axis is analogous to a partial 

FST estimate and is congruent with FST and ФST estimates.  For three loci, RM4E03, RM4G03, 

and Sv2A47, the two species had common dominant alleles and no clear differentiation between 

rare alleles; these loci were excluded from further cline analyses.  Two other loci, RM4F11 and 

RM4D07, did not exhibit clinal variation in species specific alleles and were excluded from 

estimates of combined microsatellite cline shape parameters (Table 5.3).  All other microsatellite 

loci (13) showed clinal variation in species-specific compound alleles (Fig. 5.4).  The majority of 
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the locus-specific clines (9 of 13) were better modeled by the full piecewise model than the logit 

model.  This indicates that, while the species-specific allele frequencies do fit the sinusoidal 

shape modeled by both the logit and full piecewise models at the centre of the cline, allele 

frequencies for some loci do not increase or decrease exponentially in the tails of the cline (Table 

5.3).  Because the majority of clines fit the full piecewise model, and the unconstrained full 

piecewise model was a significantly better fit to the total nuclear dataset than the unconstrained 

logit model, the full piecewise model was used to describe the shape of the dataset (Table 5.3). 

For the total nuclear dataset the centre constrained model gave a significantly better fit to 

the data than the unconstrained model did, indicating that the clines were coincident (Table 5.3).  

The unconstrained model gave a better fit to the data than either the slope constrained model or 

the slope and centre constrained model, indicating that the clines across loci  were not concordant 

(i.e., the clines were not all equal in width) (Table 5.3).  An absence of cline concordance could 

be the result of one of three factors; stochastic processes, homoplasy, or differential selection (see 

below).  The estimated centre of the cline was 2790 km north of Isla Pajaros, Chile; this location 

is approximately 50 km north of Lobos de Tierra, the northernmost island where the species are 

sympatric.  The maximum estimated cline width from the centre constrained model was 3300 km, 

and the minimum width was 50 km; the minimum width equated to the distance between Lobos 

de Tierra and Lobos de Afuera (Table 5.3). 

 

5.4.4 Genetic cline analysis: mitochondrial 

Mitochondrial haplotype frequencies exhibited clinal variation and were best modeled by the full 

piecewise model (Table 5.3, Fig. 5.4).  Using this model, the cline‟s centre was estimated to be 

2760 km from Isla Pajaros, in agreement with the estimate from the nuclear dataset.  The cline‟s 

width was estimated to be 50 km, which was equal to both the narrowest estimates of cline width 
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from the nuclear dataset and to the distance between Lobos de Tierra and Lobos de Afuera.  The 

mitochondrial cline‟s centre was coincident with the nuclear cline‟s centre estimated from the full 

dataset, and the width of the mitochondrial cline was concordant with four of the nuclear loci 

(Table 5.3). 
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Figure 5.2 Unrooted Bayesian mitochondrial control region gene tree.  Support for major clades 

indicated by posterior probability. Peruvian booby haplotypes indicated by grey lines; blue-footed 

booby haplotypes indicated by black lines.  Black circles indicate Peruvian booby mitochondrial 

control region haplotypes possessed by morphological hybrids.
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Figure 5.3 Probability of assignment to each of two genetic populations for individual blue-

footed (in black) and Peruvian (in grey) boobies as inferred by STRUCTURE. q = the probability 

of assignment to the genetic population displayed in black. Dashed lines indicate threshold q 

values used to classify individuals (see text). Sampling sites are given on the x-axis, q values are 

given on the y-axis.
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Figure 5.4   (A) Frequencies of Peruvian booby compound alleles for each microsatellite locus 

and for the mitochondrial control region in all sampled colonies. (B) Moving average frequency 

trend lines of Peruvian booby compound alleles for each microsatellite locus and for the 

mitochondrial control region.
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Table 5.3 Estimates of cline centre location and widths, and Ln (likelihood) values from CFIT for the unconstrained logit model and for four full 

piecewise models. Smallest AIC value is in bold and indicates the model that best fits the data. P = number of parameters in the model, N/A 

indicates locus was not included in full model. 

 (A) 

Unconstrained  

logit model 

 (B) 

Unconstrained  

full piecewise model 

 (C) 

Centre 

constrained 

Centre = 2790 

 (D) 

Slope  

constrained 

Width = 6250 

 (E) 

Centre and Slope  

constrained 

Centre = 2905 

Width = 6600 

Locus Centre Width Likelihood  Centre Width Likelihood  Width  Centre   

Ss1b88 1513 1250 -225  1756 67 -187  3300  3046   

Ss1b100 2333 3333 -316  2695 2631 -317  1667  2687   

Ss2b138 3980 2941 -282  2783 50 -213  53  2815   

Sn2b68 4119 2500 -300  2800 476 -274  53  3320   

Sv2a53 2222 2778 -311  2330 2000 -309  500  1772   

Sn2b83 1645 2500 -292  2415 3300 -280  270  2380   

RM4F11 7690 2500 -271  2801 >7000 -273  N/A  N/A   

RM4C03 2716 5880 -224  3096 58 -192  57  2833   

RM4D07 1025 2564 -283  2803 >7000 -277  N/A  N/A   

RM4E10 3171 2703 -316  3096 2500 -316  53  3319   

RM2F07 6809 5000 -296  2804 50 -260  53  4112   

RM3F11 2660 1429 -273  2752 212 -225  111  2518   

RM4B03 4928 2564 -283  4670 2500 -282  53  6672   

RM3D07 4500 2564 -304  2793 660 -293  53  3566   

Sn2a36 2813 625 -171  2762 51 -108  167  2743   

mtDNA 2770 50 -65  2760 50 -57  50  50   

Ln(Likelihood)   -3752    -3359  -3336  -3535  -3638 

P   36    88  76  76  64 

AIC   7576    6894  6823  7222  7403 
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5.4.5 Detection of introgression and linkage disequilibrium 

All morphological hybrids possessed control region haplotypes that grouped with Peruvian booby 

haplotypes in the gene tree, indicating that each hybrid‟s mother was a Peruvian booby (Fig. 5.2; 

discussed in Taylor et al. 2010b).  There was no evidence of mitochondrial introgression (Fig. 

5.2). 

STRUCTURE correctly assigned 89% of simulated individuals (111/125), while 

NEWHYBRIDS correctly assigned 82% of simulated individuals (103/125) (Table 5.4).  

STRUCTURE correctly classified 100% of simulated pure Peruvian or blue-footed boobies, and 

72-76% of simulated backcross hybrids (Table 5.4).  NEWHYBRIDS incorrectly assigned 

simulated pure Peruvian and blue-footed boobies and F1 hybrids more frequently than 

STRUCTURE, but correctly assigned simulated backcross hybrids with a higher frequency than 

STRUCTURE (Table 5.4).  Although the real data were analyzed further with NEWHYBRIDS, 

results were interpreted with caution through comparison with results from STRUCTURE, and the 

hybrid class of an individual was not inferred past F1. 

Results from STRUCTURE for the full dataset indicated that seven individuals had < 0.9 

assignment probability to either of the two genetic populations (Fig. 5.3).  Of these, five were 

known hybrids (Taylor et al. 2010b) and two were identified as pure parentals by morphology, 

indicating that introgression is very low and that backcross hybrids exist but were infrequent 

among the 321 birds included in this study.  Although the NEWHYBRIDS power test suggested 

that the data set was not powerful enough for reliable detection of hybrids, results from 

NEWHYBRIDS for the real dataset were congruent with results from STRUCTURE.  

NEWHYBRIDS indicated that the five known hybrids were likely F1 hybrids (qi > 0.5) and that 

one other individual had a high posterior probability of being an F1 hybrid (Fig. 5.5).  
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Table 5.4 Percent of simulated birds assigned to each of five hybrid categories by STRUCTURE 

and NEWHYBRIDS.  Rows sum to 100% for each program. First number is result from 

STRUCTURE and second number is result from NEWHYBRIDS. 

 Pure Hybrid 

% assigned to BFBO PEBO F1 F1 x BFBO F1 x PEBO 

      

BFBO 100 / 82 0 / 0 0 / 0 0 / 8 0 / 0 

PEBO 0 / 0 100 / 64 0 / 0 0 / 0 0 / 36 

F1 0 / 0 0 / 0 96 / 68 4 / 0 0 / 32 

F1-BFBO 16 / 1 0 / 0 8 / 0 76 / 96 0 / 0 

F1-PEBO 0/  0 16 / 0 12 / 0 0 / 0 72 / 100 
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Figure 5.5 Output from NEWHYBRIDS with five genotype frequency classes. Posterior 

probability of being a blue-footed booby displayed in black, of being a Peruvian booby displayed 

in light grey, of being an F1 displayed in medium grey, of being a Peruvian booby backcross 

hybrid displayed in white, and of being a blue-footed booby backcross hybrid displayed in dark 

grey. Dashed line indicates qi = 0.5 threshold above which the classification of an individual was 

accepted.
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The same individual was classified as a backcross hybrid by STRUCTURE according to the 

threshold q values defined here. Unlike STRUCTURE, NEWHYBRIDS indicated that introgression 

between blue-footed and Peruvian boobies is absent: no individuals were classified as backcross 

hybrids. 

 Linkage disequilibrium peaked at the estimated location of the hybrid zone (Fig. 5.6), 

indicating that introgression between blue-footed and Peruvian boobies is low or potentially 

absent. 

 

5.5 Discussion 

We used 19 putatively neutral genetic markers to evaluate the fit of three hybrid zone models to 

the blue-footed/Peruvian booby hybrid zone by explicitly testing the predictions of each model.  

Blue-footed and Peruvian boobies were well differentiated at neutral genetic markers, hybrids 

occurred infrequently across the hybrid zone, the majority of hybrids were likely F1 individuals, 

and the hybrid zone was bimodal.  The characteristics of the hybrid zone were consistent with 

those predicted by the tension zone model, and were inconsistent with either the neutral diffusion 

or bounded hybrid superiority models.   

 

5.5.1 Hybrid frequency, hybrid class, and hybrid zone modality 

Across the hybrid zone, introgression was extremely low at nuclear loci and absent for the 

mitochondrial control region (Figs. 5.2, 5.3, 5.5).  Other than the five morphological hybrids, 

molecular data suggested only two individuals were not pure parentals.  According to 

STRUCTURE both of these individuals possessed nuclear genotypes characteristic of backcross 

hybrids of the species that they were identified as by morphology, and a control region haplotype 

appropriate to their morphology.  Given the low power of the dataset to classify backcross 
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Figure 5.6 Number of locus pairs in linkage disequilibrium in each population. Diamonds 

indicate population value; black lines are moving average trend lines.
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hybrids reliably (see Results), we interpret these results with caution.  A more conservative 

interpretation of the data, that these individuals are not hybrids, nonetheless remains congruent 

with our suggestion that introgression is very rare in this hybrid zone.  Importantly, STRUCTURE 

did not misidentify simulated F1s or back-crosses as parentals, so introgression should not be 

underestimated.  The majority of sampled hybrids were likely F1 individuals as hypothesized in 

Taylor et al. (2010b) (Figs 5.3, 5.5).   

The hybrid zone models described here assume random mating at the centre of the hybrid 

zone; however, observations during field work and from other studies (i.e., Ayala 2006; Figueroa 

& Stucchi 2008) indicate that mating at the centre of the blue-footed / Peruvian booby hybrid 

zone is significantly nonrandom.  Nonrandom mating within a hybrid zone, often the result of 

sexual selection, acts to stabilize the zone by increasing premating isolation (Barton & Hewitt 

1985).  Sexual selection has played an important role in the evolution of blue-footed boobies 

(Torres & Velando 2005; Velando et al. 2006), and likely for sulids in general, and the ability of 

sexual selection to drive changes in mate recognition likely explains to a large degree the 

extensive premating isolation we observed (see below).  Although premating isolation appears 

strong in this hybrid zone, courting or paired hybrid individuals were recorded during each 

scientific visit to the islands where blue-footed and Peruvian boobies are sympatric, and they 

have frequently been documented with eggs and chicks (Ayala 2006, Figueroa & Stucchi 2008, 

Taylor et al. 2010b).  The absence of significant introgression in this system indicates that the 

reproductive success of hybrids may be limited and/or fitness of F2 hybrids and backcrosses may 

be low (see below). 
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5.5.2 Cline analysis and hybrid zone models 

Variation in both nuclear and mitochondrial DNA described a stepped cline across the sampling 

transect (Fig. 5.4).  The centres of the clines were coincident.  Cline centre could be constrained 

to a single location, a position 2790 km north of Isla Pajaros and 50 km north of Lobos de Tierra, 

the northernmost island where both blue-footed and Peruvian boobies breed, and within the 

transition between the Peruvian upwelling system and the North Equatorial Countercurrent. 

 The clines were not concordant.  Estimated cline widths ranged from 50 km – 3300 km 

using the centre constrained full piecewise cline model.  As stated previously the absence of 

concordance can result from any of three factors including stochastic processes, homoplasy, or 

differential selection. Under the neutral diffusion model stochastic processes can cause 

differences in cline width (Endler 1977); however, the hybrid zone does not appear to fit the 

neutral diffusion model (see below) and stochastic process are probably not responsible for the 

absence of concordance.  Homoplasy could also be responsible for this pattern.  If variable loci 

had a higher number of shared alleles due to homoplasy, the compound allele method could result 

in wide clines for highly variable loci.  Given that the number of alleles or haplotypes and cline 

width were not correlated (Fig C.1), homoplasy is probably not responsible for the absence of 

cline concordance.  An absence of concordance could also indicate that the loci are experiencing 

different levels of selection and/or mutation, which may be occurring given that selection against 

hybrids appears strong (see below).   

Overall, results from cline analyses and Bayesian assignments suggest that the neutral 

diffusion and bounded hybrid superiority models are less likely to explain the blue-

footed/Peruvian booby hybrid zone than the tension zone model.  

 

 



 

140 

 

Neutral diffusion 

Although dispersal appears to be restricted by natal and breeding philopatry, for blue-footed 

boobies at least (Kim et al. 2007, 2009), both blue-footed and Peruvian boobies are capable of 

long distance dispersal (Aid et al. 1985; Simeone et al. 2002).  For example, seven individuals 

banded by Kim et al. (2009) dispersed >400 km from their natal site, and Taylor et al. (2011) 

found evidence from molecular markers for high migration between colonies of blue-footed 

boobies in coastal Ecuador and the Galapagos (a distance > 1000km).  Given that high dispersal 

would quickly result in very wide, shallow genetic clines, the narrow and stepped nature of most 

clines in the present study argue against the neutral diffusion model for this hybrid zone (Table 

5.3; Fig. 5.4).  Additionally, hybrids were uncommon and there was no evidence of introgression.   

 

Bounded hybrid superiority 

The hybrid zone‟s characteristics are also inconsistent with the bounded hybrid superiority model.  

The hybrid zone spans an environmental change that occurs over approximately 300 km, the 

terminus of the Peruvian upwelling, but within which suitable nesting habitat is limited.  A 

number of estimates of cline width were congruent with the expected width of the hybrid zone 

under the bounded hybrid superiority model when suitable nesting habitat is taken into 

consideration (50-100 km); however, hybrids were not common in the centre of the zone, the 

width of the zone was not equal to the width of the environmental change for at least five of 13 

loci, and the combined model could not be constrained to a common cline width.  Furthermore, 

although no fitness data exist for hybrid individuals, hybrid fitness does not appear to be greater 

than parental fitness within the hybrid zone, we found little evidence of introgression as would be 

expected under this model, and parentals outnumbered hybrid individuals (Ayala 2006; Figueroa 

& Stucchi 2008; Taylor et al. 2010b).  These results suggest that reproductive success of hybrids 
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and/or fitness of F2 and backcrosses is likely low.  Hybrid breakdown, the disassociation of 

genetic recombinants, may be responsible for this result (Barton 2001).  

 

Tension zones and their maintenance 

The blue-footed/Peruvian booby hybrid zone most closely resembles a tension zone.  As expected 

under the tension zone model, the width of the zone is narrow relative to the dispersal potential of 

either species for the majority of loci, hybrids are uncommon within the hybrid zone, and hybrids 

appear to have a fitness disadvantage.   

Tensions zones may be maintained by endogenous and/or exogenous selection.  Cline 

coincidence is expected under the tension zone model with endogenous selection (Barton & 

Hewitt 1985), but is only expected with exogenous selection if the ecotonal change is very sharp 

because the strength of selection could differ between loci (Barton & Hewitt 1985; Hewitt 1988).  

However, when the ecotonal change is sharp, equivalent clines are produced by both endogenous 

and exogenous selection (Kruuk et al. 1999; Reugg 2008).  Given that we did not detect 

significant introgression or later generation hybrids across the sampling transect, F2 and later 

generation hybrids appear to suffer hybrid breakdown.  Thus, endogenous selection may be 

partially maintaining the hybrid zone.  To test this hypothesis, detailed studies of hybrid fitness 

are necessary.  Regardless, several potential exogenous factors also may be maintaining the 

hybrid zone.  

  

Potential sources of exogenous selection 

Sexual selection 

Sexual selection appears to be an important generator of biodiversity within the Sulidae, which is 

known for elaborate colouration of bare parts and feet (Nelson 1978).  This colouration is 
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important for signaling quality during courtship and pair bond maintenance in blue-footed 

boobies at least (Torres & Velando 2005; Velando et al. 2006).  F1 hybrids between blue-footed 

and Peruvian boobies possess mottled blue-grey feet (Taylor et al. 2010b), and so may appear to 

be of low quality to potential blue-footed booby mates.  The courtship displays of blue-footed and 

Peruvian boobies also differ (Nelson 1978): blue-footed booby courtship displays are essentially 

an exaggeration of those of Peruvian boobies (Nelson 1978), which may also promote 

reproductive isolation.  Direct selection on foot colour or courtship behaviour may significantly 

isolate hybrids.   

 

Ecological selection 

Ecological selection can also prevent introgression.  The centre of the blue-footed/Peruvian 

booby hybrid zone is located in northern Peru at the terminus of the Humboldt Current upwelling 

system, an ecosystem characterized by high productivity where the Humboldt Current meets the 

coastal shelf along South America (Fig. 5.7, Duffy 1987; Pennington et al. 2006).  Environmental 

conditions within the zone of upwelling, to which Peruvian boobies are endemic, are very 

different than those experienced by blue-footed boobies throughout most of their range (Nelson 

1978; Duffy 1987): e.g., the average water temperature is significantly lower, and air 

temperatures on the islands can fluctuate considerably (Duffy 1987).  Thus, blue-footed and 

Peruvian boobies may be adapted to different marine environments.  Blue footed boobies possess 

significantly smaller amounts of contour feather down than Peruvian boobies, especially on their 

head feathers, which could reduce ability of blue-footed boobies to withstand the cold 

environments within the Humboldt Current upwelling system (Taylor et al. unpublished data).  

Hybrid individuals may possess combinations of parental characteristics that make them poorly 

adapted to environmental extremes.  
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Figure 5.7 Eastern Tropical Pacific Aqua MODIS Chlorophyll-a (monthly average for June 2010, 

a La Niña year). Dashed line indicates position of ecotonal change between Humboldt Current 

upwelling system and the North Equatorial Counter Current; bracket indicates extent of upwelling 

system. Refer to Fig. 5.1 for distribution of sampled colonies.  See Figure A.1 in Appendix A for 

El Niño conditions. 
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The islands on which blue-footed boobies breed within the hybrid zone can experience 

colder temperatures than are typical of blue-footed booby nesting habitat, and blue-footed 

boobies appear to select nest sites that attain higher temperatures than do Peruvian boobies (Duffy 

1987).  Examination of adult and nestling tolerance to heat and wind chill are important avenues 

of future research given that both species may be constrained by their thermal tolerance when 

choosing nesting sites (Vogt 1942; Duffy 1987).  Of particular interest would be studies of hybrid 

thermal tolerance and nest site selection.   

Although ecological factors may be responsible for some level of selection against 

hybrids, and may in large part explain the location of the tension zone along the ecological 

gradient in the eastern Pacific, the aforementioned sources of premating isolation and / or 

endogenous selection against hybrids likely further explain the rarity of hybrids within the blue-

footed / Peruvian booby tension zone. 

 

5.5.3 A comparison with other hybrid zones 

Our results are similar to those found for other seabirds (Gay et al. 2007, 2008) and provide 

additional support to Barton & Hewitt‟s (1985) assertion that the majority of hybrid zones are 

tension zones .  Both gull species pairs studied by Gay et al. (2007, 2008) diverged recently, 

exhibited relatively low levels of genetic differentiation at putatively neutral nuclear markers, and 

exhibited high levels of differentiation at mitochondrial markers; however, phenotypic 

intermediates occurred at relatively high frequencies at the centre of both hybrid zones.  

Additionally, both gull studies found clinal distributions of neutral molecular markers and 

evidence for direct selection on bare part colouration, particularly eye ring colouration (Gay et al. 

2007, 2008).   
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Bare part colouration is involved in mate choice in seabirds (Pierotti 1987), and this is 

particularly evident in sulids (Torres & Velando 2005; Velando et al. 2006).  Gay et al. (2008) 

hypothesized that strong selection on bare part colouration likely leads to assortative mating in 

the gull hybrid zones and may lead to hybrid zone stability.  Although we did not directly 

measure colouration of bare parts in our study, blue-footed and Peruvian boobies differ greatly in 

these traits.  Gay et al. (2009) hypothesized that the genes underlying the phenotypic differences 

between white-headed gulls may represent only restricted regions of the genome, an explanation 

for the relatively low levels of neutral nuclear differentiation they recorded.  Direct selection on 

bare part colouration could similarly be resulting in disruptive selection on restricted regions of 

the blue-footed and Peruvian booby genomes, and may be important in maintaining the blue-

footed / Peruvian booby hybrid zone.   

Examinations of numerous avian hybrid zones have revealed that they often possess the 

characteristics of tension zones (e.g, Carling & Brumfield 2008; Ruegg 2008; Brelsford & Irwin 

2009; Mettler & Spellman 2009), which are maintained by reduced hybrid fitness and, in many 

cases, by ecologically mediated barriers to gene flow and/or sexually selected traits such as 

plumage colouration and song (Barton & Hewitt 1989; Harrison 1993; Price 2008).  Hybrid zones 

have been most extensively studied in the northern hemisphere and the majority exist in regions 

that were glaciated during the last glacial maxima (Hewitt 1998).  Most have been attributed to 

secondary contact following postglacial range expansion.  This is true for many continental bird 

species, but also for some small mammals, salamanders, frogs, grasshoppers, and fish (Hewitt 

1988; Barton & Hewitt 1989; Jiggins & Mallet 2000).  For the majority of studied hybrid zones, 

postzygotic incompatibilities are known and play a major role in hybrid zone maintenance as 

appears to be the case for blue-footed and Peruvian boobies (Hewitt 1988; Barton & Hewitt 1989; 

Jiggins & Mallet 2000).  When these incompatibilities are incomplete, i.e., gene flow still occurs 
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but is directional, environmental and sexual selection appear to further stabilize hybrid zones 

(Jiggins & Mallet 2000). 

 

5.5.4 Tension zones and the divergence of populations 

At least for birds, tensions zones appear to be maintained by a combination of high dispersal, low 

hybrid fitness, and sexual selection, which is known to shape plumage and behaviour (Price 

2008).  That these tensions zones most frequently occur in ecologically transitional areas, as 

predicted by some models (Endler 1977), highlights the complexity of their maintenance and 

should encourage researchers to evaluate both endogenous and exogenous sources of selection 

when examining hybrid zones.  Hybridization between bird species is frequent compared to most 

taxonomic groups (Grant & Grant 2000); however, birds remain diverse and most avian hybrid 

zones are stable.  The potential importance of sexual selection as a mechanism of divergence and 

hybrid zone maintenance appears high not only for birds, but also in numerous other organisms 

including frogs, insects, and small mammals (Hewitt 1989; Jiggins & Mallet 2000; Panhuis et al. 

2001). 

 

5.5.5 Summary 

Like a number of other well-studied avian hybrid zones, the blue-footed/Peruvian booby hybrid 

zone closely resembles a tension zone in that it is bimodal and narrow, and hybrids appear to have 

a fitness disadvantage; however, the contributions of endogenous and exogenous selection to the 

establishment and maintenance of the hybrid zone are difficult to determine without detailed 

studies of hybrid fitness and the physiology of either species (Duffy 1987; Hewitt 1988; Jiggins 

& Mallet 2000).  This study described the genetic differentiation that exists between blue-footed 
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and Peruvian boobies, and used neutral genetic markers to examine hybridization between the 

species.  Our results provide additional evidence for the existence of tension zones between 

hybridizing seabird taxa, and for the potential importance of sexual selection in maintaining avian 

hybrid zones.  The recent divergence of blue-footed and Peruvian boobies from their common 

ancestor and bimodal nature of the hybrid zone suggest that the process of speciation may be 

nearing completion (Jiggins & Mallet 2000).  Given that studies of speciation with gene flow 

commonly use recently diverged species that continue to experience restricted gene flow via rare 

hybridization, blue-footed and Peruvian boobies may be excellent candidates for such an 

examination. 
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Chapter 6: Evidence for gene flow and a role for the Z chromosome in 

the divergence of blue-footed (Sula nebouxii) and Peruvian (S. variegata) 

boobies  

6.1 Abstract 

Understanding the process of speciation and generation of biodiversity requires a solid 

understanding of how gene flow influences divergence.  Recent analyses of large multilocus 

datasets with newly developed analytical programs have indicated that divergence takes place in 

the presence of gene flow more often than previously assumed.  These analyses have also 

highlighted the potential role of sex chromosomes in the speciation process.  Using an eight 

marker dataset including autosomal, Z-linked, and mitochondrial loci we sought to evaluate the 

hypothesis that blue-footed (Sula nebouxii) and Peruvian (S. variegata) boobies diverged from 

their common ancestor with gene flow, and to elucidate the role of the Z chromosome in the 

divergence process.  We found an absence of gene flow for mitochondrial markers, and evidence 

from both autosomal and Z-linked loci that blue-footed and Peruvian boobies diverged from their 

common ancestor with gene flow; however, we cannot rule out an allop-parapatric divergence 

scenario.  Divergence time estimates were an order of magnitude higher for Z-linked and 

mitochondrial markers compared to autosomal markers.  Directional gene flow at autosomal loci 

may be caused by the preference of female F1 hybrids for the exaggerated sexual displays of male 

blue-footed boobies, possibly the result of female preference and male trait linkage on the Z 

chromosome.  Extensive hybridization and introgression may be absent from the system because 

of strong natural selection related to the marine environment.  Our results add to growing 

evidence both for divergence with gene flow and for the importance of the Z chromosome in 

avian diversification and speciation. 
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6.2 Introduction 

Understanding speciation necessarily involves understanding the influence of gene flow on the 

process of divergence (Coyne & Orr 2004; Nosil 2008; de Leon et al. 2010).  Until recently, 

quantifying gene flow and introgression in studies of speciation and population divergence was 

difficult; however, advances both in sequencing technology and in analytical methods based on 

coalescent theory are facilitating such studies (Hey 2006; Niemiller et al. 2008; de Leon et al. 

2010; Pinho & Hey 2010).    

In both historic and contemporary times the predominant view has been that divergence 

and speciation occur in allopatry, that is, speciation most often occurs in the absence of gene flow 

between diverging populations (Coyne & Orr 2004; Fitzpatrick et al. 2009).  However, the 

allopatric model has repeatedly failed to provide satisfactory explanations for numerous 

evolutionary events (Endler 1977; Via 2001; Nosil 2008; Milá et al. 2009).  Use of recently 

developed analytical methods based on coalescent theory has revealed that divergence occurs 

with some level of gene flow much more commonly than originally thought (Nosil 2008; 

Fitzpatrick et al. 2009; Pinho & Hey 2010).  Some studies have even tested statistically the 

likelihood of one divergence scenario over another, allowing robust conclusions about divergence 

and speciation in some taxa (Storchová et al. 2010; Carling et al. 2010).  To thoroughly evaluate 

the frequency of divergence with versus divergence without gene flow more studies must seek to 

explicitly test between the two scenarios in a diverse array of taxa. 

New analytical methods also facilitate the investigation of hybridization between closely 

related taxa (Carling et al. 2010; Sætre & Sæther 2010).  Until recently, introgression has been 

evaluated almost exclusively using cline theory to examine allele and haplotype frequency 

changes across hybrid zones (Barton & Hewitt 1985; Sætre et al. 2003; Ruegg 2008; Gay et al. 

2008; Carling & Brumfield 2008).  These studies often report reduced introgression of some loci 
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compared to others, in particular reduced introgression of the mitochondrial genome and, when 

examined, of sex-linked loci (Carling & Brumfield 2008; Borge et al. 2005).  Cline theory has 

limitations, however: differences in effective population size can influence cline width and are 

not accounted for by cline-based analyses, and most cline-based analyses are applied to secondary 

contact zones rather than situations where divergence takes place with ongoing gene flow 

(Carling et al. 2010).    

Results from studies of population divergence, hybridization, and speciation indicate that 

the sex chromosomes can play a disproportionately large role in the establishment of postzygotic 

isolation, manifested as hybrid sterility and / or inviability (Storchová et al. 2004; Oka et al. 

2004).  This is particularly true for the X chromosome, which has been studied extensively in the 

laboratory (Storchová et al. 2004; Oka et al. 2004; Teeter et al. 2008; Good et al. 2008) and also 

appears true for the Z chromosome in birds and lepidopterans, where females are the 

heterogametic sex (Fridolfsson & Ellegren 1999; Traut et al. 2007; Carling & Brumfield 2008; 

Carling et al. 2010; Storchová et al. 2010).  In fact, the Z chromosome appears to experience 

faster evolution than other chromosomes, which could facilitate the rapid development of 

postzygotic isolation (Ellegren 2009; Storchová et al. 2010).  Alternatively, or perhaps in concert, 

the Z chromosome could function in sexual selection and prezygotic isolation (Ritchie 2007).  

Linkage of female preferences and male traits on the Z chromosome, which appears to occur both 

in birds (Sætre et al. 2003; Sætre & Sæther 2010) and in lepidopterans (Iyenger et al. 2002), 

could facilitate sexual selection when sons inherit the Z chromosome from their fathers 

(Storchová et al. 2010).  Studies investigating the relative importance of the Z chromosome in 

avian diversification have found convincing evidence that it may be involved in reproductive 

isolation (pre and / or postzygotic), but the subject requires further investigation (Carling et al. 

2010; Storchová et al. 2010). 
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We previously used cline-based and Bayesian analyses to investigate hybridization 

between blue-footed (Sula nebouxii) and Peruvian (S. variegata) boobies (Taylor et al. in review).  

Unlike most hybrid zone studies, which investigate zones of secondary contact where divergence 

without gene flow has taken place, the nature of the hybrid zone between blue-footed and 

Peruvian boobies is unknown but appears to be a primary contact zone.  The eastern tropical 

Pacific has been occupied by members of the Sulidae since the middle Miocene (Stucchi & 

Devries 2003), and the islands where blue-footed and Peruvian boobies breed sympatrically have 

been occupied by both species at least since recorded history, but probably for thousands of years 

prior to their discovery (Murphy 1925).  Additionally, blue-footed and Peruvian boobies diverged 

from their common ancestor long after the establishment of the Peruvian upwelling  (Hartley et 

al. 2005; Patterson et al. 2010), and both species regularly travel long distances within the eastern 

tropical Pacific (Aid et al. 1985; Simeone et al. 2002), which could increase potential encounters 

with conspecifics and potentially facilitate interspecific gene flow.   For all of these reasons we 

hypothesize that blue-footed and Peruvian boobies diverged from their common ancestor with 

gene flow. 

 

6.2.1 Study system 

Blue-footed and Peruvian boobies are large, plunge-diving, primarily tropical members of the 

Sulidae (Aves: Pelecaniformes) found throughout the eastern tropical Pacific Ocean (Fig. 6.1), 

and exhibit weak (blue-footed boobies; Taylor et al. 2011) or no (Peruvian boobies; Taylor et al. 

2010b) intraspecific population differentiation at neutral loci. 
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Figure 6.1 Map of Middle and South America showing sampling locations.  Approximate 

breeding and at sea distributions shaded in downward diagonal for blue-footed boobies and in 

upward diagonal for Peruvian boobies; blue-footed booby sample sites indicated by black circles, 

Peruvian booby sample sites indicated by white circles. Isla San Ildefonso, Mexico (SI; 5), 

Farallon de San Ignacio, Mexico (FS; 5), El Rancho, Mexico (ER; 4), Islas Marietas, Mexico 

(MA; 1), La Plata, Ecuador (LP; 4), Champion Island, Galapagos (CH; 1), Seymour Island, 

Galapagos (SE; 1), Espanola Island, Galapagos (ES; 1), Isla Chincha Norte, Peru (CN; 6), Isla 

Pajaros, Chile (IP; 10).
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They are sister species (Friesen & Anderson 1997; Patterson et al. 2010) that hybridize where 

their ranges overlap on two islands in northern Peru (Ayala 2006; Figueroa & Stucchi 2008; 

Taylor et al. 2010a; Taylor et al. in review); however, the species are well differentiated at the 

mitochondrial control region and are significantly differentiated at multiple unlinked nuclear loci 

(Taylor et al. 2010b, 2011, in review).   

These species are also well differentiated morphologically (see Fig. 2 in Taylor et al. 

2010a), and a number of these differences may be the product of strong sexual selection (Pierotti 

1987; Torres & Velando 2005).  Blue-footed boobies possess bright blue feet and yellow irises, 

while Peruvian boobies possess grey feet and have dark red irises.  Foot colouration is known to 

be important for sexual selection and signaling in blue-footed boobies (Torres & Velando 2005; 

Velando et al. 2006), and the diversity of foot colour within members of the Sulidae, and 

evidence that bare part colouration is important in signaling in seabirds (Pierotti 1987), suggests 

that foot colour may be universally important for sulids and potentially the target of sexual 

selection. 

Hybridization between blue-footed and Peruvian boobies regularly produces viable F1 

individuals (Ayala 2006; Taylor et al. 2010a); however, introgression across the hybrid zone is 

low suggesting that backcross hybrids experience strong negative selection (Taylor et al. in 

review).  In a survey of 321 individuals across the range of each species only two were likely 

backcross hybrids and there was no evidence of mitochondrial introgression.  Explanations for the 

absence of widespread introgression are explored in detail in Taylor et al. (in review), and include 

strong sexual or ecological selection against hybrids.   

 Although blue-footed and Peruvian boobies are well differentiated genetically and 

morphologically, previous research indicated that they may not have diverged from their common 

ancestor in a classic allopatric manner, in the absence of gene flow.  Friesen & Anderson (1997) 
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suggested that the most likely mode of speciation for this species pair was through parapatric 

divergence.  Divergence in parapatry involves gene exchange limited by strong selection; a 

divergence with gene flow scenario.  Indeed, the species possess the geographic signature of 

parapatric speciation: they are sister species that experience limited hybridization where their 

ranges overlap at an ecotone.   

In the present paper we sought to 1) compare gene flow estimates between different 

marker types (autosomal, sex-linked, and mitochondrial) to test if Z-linked and mitochondrial 

markers experienced reduced gene flow compared to autosomal markers, to evaluate their 

importance in the divergence of blue-footed and Peruvian boobies, and 2) to evaluate the 

hypothesis that blue-footed and Peruvian boobies diverged from their common ancestor with gene 

flow using Bayesian and coalescent theory to explicitly compare models of divergence with gene 

flow to those where gene flow is constrained to zero. 

 

6.3 Methods 

6.3.1 Sample collection 

Although hybridization occurs regularly between blue-footed and Peruvian boobies it is restricted 

to two islands in northern Peru and does not result in extensive introgression (Taylor et al. 2010a, 

in review).  However, to minimize the influence of ongoing hybridization on gene flow and 

divergence time estimates, samples for each species were assembled from areas of allopatry.  

Sampling included 21 blue-footed boobies from Mexico, Galapagos, and Ecuador, and 15 

Peruvian boobies from Isla Chincha Norte in southern Peru and Isla Pajaros in central Chile (Fig. 

6.1).  Samples consisted of blood collected and stored as described in Taylor et al. (2010b, 2011).  
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DNA was extracted either using a PureLink
®
 extraction kit (Invitrogen: Burlington, Canada) or a 

standard protease-K phenol/chloroform technique (Sambrook & Russell 2001). 

 

6.3.2 Laboratory methods – introns 

Initially, up to 10 birds of both species were screened for sequence variation at 12 autosomal and 

seven Z-linked introns (Friesen et al. 1997; Backström et al. 2006).  Sequences of nine of 19 

introns were identical in blue-footed and Peruvian boobies, while the other introns showed low 

levels of variation between species (Table D.1).  Seven introns, including introns in the genes for 

α-enolase (ENOL; Friesen et al. 1997), lipoprotein lipase (LIPO; V.L.F unpulb. data ), 

triosephosphate isomerase (TIM; V.L.F unpulb. data), β-fibrinogen (FIB; Driskell & Christidis 

2004) and three from the Z chromosome (24105, 25189, ALDOB; Backström et al. 2006) were 

selected for further analyses based on amplification success and variability (Table 6.1).   

Polymerase chain reactions (PCR) were performed in 25μL volumes containing 1x 

Multiplex Mix (QIAGEN, Mississauga, Ontario), 0.4mM each of forward and reverse primers, 

and ~5 ng of DNA template.  PCR products were sequenced at Genome Quebec (McGill 

University, Quebec) using a 3730xl DNA Analyzer system (Applied Biosystems: Streetsville, 

Ontario).  Sequences were aligned using CULSTALW (Thompson et al. 1994) as implemented in 

BioEdit Ver. 7.0.5.3 (Hall 1999), and each variable site was confirmed against the sequencing 

trace using FinchTV Ver. 1.4.0 (Geospiza Inc., www.geospiza.com/finchtv.html).   

To ensure that females were not scored as homozygous males, and that the appropriate 

numbers of alleles were included in coalescent analyses, all individuals were sexed using the 

universal avian sexing primers 2550F and 2718R developed by Fridolfsson & Ellegren (1999). 

PCR products were subjected to electrophoresis and visualized on 2% agarose gels. 

http://www.geospiza.com/finchtv.html
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Table 6.1  Details of loci used to evaluate divergence of blue-footed and Peruvian boobies 

including sequence length, number of chromosomes (autosomal loci) or individuals (mtDNA) 

analyzed (N), haplotype diversity (h), nucleotide diversity (π), and estimates of Tajima‟s D 

(Tajima 1983). 

 

Locus Species Length (bp) N h  π Tajima’s D 

mtDNA       

ND2+CYTB+control S. nebouxii 1742 12 0.97 0.0049  -0.009 

 S. variegata  10 1.00 0.0072  -0.79 

Autosomal       

FIB S. nebouxii 506 24 0.00 0.000 - 

 S. variegata  22 0.09 0.0002  -1.2 

ENOL S. nebouxii 165 42 0.05 0.0003  -1.1 

 S. variegata  30 0.07 0.0004  -1.1 

TIM S. nebouxii 211 24 0.16 0.0008  -0.68 

 S. variegata  22 0.40 0.0021  -1.2 

LIPO S. nebouxii 114 24 0.51 0.0044  1.5 

 S. variegata  22 0.00 0.000 - 

Sex-linked       

24105 S. nebouxii 452 28 0.36 0.0009  -0.38 

 S. variegata  21 0.00 0.000 - 

ALDOB S. nebouxii 428 28 0.35 0.0008  0.57 

 S. variegata  24 0.49 0.0011  1.4 

25189 S. nebouxii 470 16 0.00 0.000 - 

 S. variegata  17 0.00 0.000 - 
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Allele sequences were inferred directly from the sequencing trace for homozygous 

individuals, for heterozygous individuals that possessed a single variable site, and for all females 

at Z-linked introns.  When possible, sequences of homozygotes were used to infer allele 

sequences for heterozygotes.  To determine the alleles possessed by heterozygous individuals 

when a homozygous individual for an allele was not present or for males heterozygous at sex-

linked loci the program PHASE (Version 2.1, Stephens et al. 2001, Stephens & Donnelly 2003) 

was used.  Appropriate run length was determined by examining the consistency of the haplotype 

frequency estimates across ten runs.  All PHASE analyses were run with a burn-in of 1000 

iterations, 2000 iterations after burn-in and the default thinning interval of one.  Phase 

determination was conservatively accepted at probabilities of 0.85 and higher because Harrigan et 

al. (2008) found that haplotypes inferred by PHASE with a probability greater than 0.60 likely 

reflect haplotypes found during cloning.  Individuals for which the program could not determine 

the allele phase with this level of certainty were removed from subsequent analyses.   

 

6.3.3 Laboratory methods – mitochondrial markers 

As part of two separate studies characterizing intraspecific population differentiation in each 

species (Taylor et al. 2010b, 2011), and two examining hybridization between blue-footed and 

Peruvian boobies (Taylor et al. 2010a, in review), a 540 bp fragment of the mitochondrial control 

region was amplified for each individual.  See Taylor et al. (2010b, 2011) for laboratory 

protocols, diversity measures and results of tests of neutrality.  In addition, a 721 bp fragment of 

the Cytochrome b gene (Cyt b) was amplified using the primers described in Patterson et al. 

(2010), and a 463 bp fragment of the ND2 gene was amplified using primers developed by 

Sorenson et al. (1999).  Both loci were amplified and sequenced for 12 blue-footed boobies and 
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ten Peruvian boobies as for introns above.  All sequences generated for this study have been 

deposited in GenBank (accession numbers XXX-XXX). 

 

6.3.4 Data analyses 

Each intron was examined for intralocus recombination using the four-gamete test as 

implemented in DnaSP ver. 4.10 (Rozas et al. 2003), and only the largest non-recombining 

sequence block of the intron was used for subsequent analyses.  DnaSP was also used to calculate 

Tajima‟s D to determine if variation in any locus deviated from neutral expectations within either 

species (Tajima 1983), as well as to calculate haplotype diversity (h) and nucleotide diversity (π).  

Additionally, all pairs of intron loci were tested for deviations from linkage equilibrium. 

To evaluate the likelihood that blue-footed and Peruvian boobies diverged from their 

common ancestor with gene flow versus a strict allopatric model of divergence, the program IMa 

(Hey & Nielsen 2007) was used.  IMa implements the coalescent based “Isolation-with-Migration 

analytic” model and makes a number of assumptions about the data, including that i) the sampled 

populations are each other‟s closest relatives and no unsampled populations are exchanging genes 

with them, ii) the loci being used are selectively neutral, iii) there is no within-locus 

recombination, iv) there is free between-locus recombination, and v) the correct mutation model 

is selected for the data.  For the present analyses IMa was first used to estimate six demographic 

parameters including divergence time (t), gene flow (m1- gene flow from population two to 

population one going forwards in time and m2 – gene flow from population one to population two 

going forward in time), and effective population size (q1 – effective size of population one at time 

of splitting, q2 – effective size of population two at splitting, and qA – effective size of the 

ancestral population) (Hey & Nielsen 2007), which constitutes the full IMa model.  
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To evaluate the relative contribution of autosomal, Z-linked, and mitochondrial markers 

to the evolutionary history of blue-footed and Peruvian boobies, four separate IMa analyses were 

completed, each of which included all available individuals.  The datasets in the full model 

analyses included i) autosomal and Z-linked loci only, ii) autosomal loci only, and iii) Z-linked 

loci only.  Appropriate inheritance patterns were assigned to the data and accommodated by IMa.  

The fourth dataset included only mitochondrial loci, and was analyzed using a simplified dataset 

where gene flow was constrained to zero because the mitochondrial data were reciprocally 

monophyletic.   The mitochondrial loci were not added to the combined autosomal and Z-linked 

data set because of the potential for differences in migration rates between the loci due to 

differences in dispersal tendencies between male and female sulids (Kim et al. 2007a,b, 2009). 

Initial runs of IMa were given wide priors (q1, q2, qA = 10; m1, m2 = 60, t = 5), which were 

used to determine priors that allowed each parameter estimate to reach convergence.  Once 

appropriate priors were identified each dataset was run three times with identical priors and a 

geometric heating scheme (g1=0.96, g2=0.90) that utilized at least 30 chains, with a burn-in of 

10
6 
steps and an additional run length of at least 10

7
 steps .  Each of these three runs was started 

using a different random number seed.  To evaluate chain mixing and parameter convergence, 

trend line plots were visually inspected and effective sample size (ESS) values were monitored.  

ESS values for all parameters were allowed to reach at least 100 for all final runs. 

Following run convergence, the „Load-trees‟ (L) mode of IMa was used to test the fit of 

each dataset to the simplified model where gene flow (m1, m2) was constrained to zero.  This 

simplified model approximates an allopatric divergence scenario, the likelihood of which was 

then compared statistically to a divergence with gene flow scenario (the full model).  The fit of 

the data to each divergence scenario was evaluated using a nested model approach as 

implemented in L mode and at least 10
5
 trees (Hey & Nielsen 2007).  The nested model approach 
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calculates log-likelihood ratio statistics for all possible nested models (Hey & Nielsen 2007).  The 

significance of these log-likelihood ratio statistics can then be evaluated using a chi-square test 

(Hey & Nielsen 2007), providing a statistical test of the consistency of the data with an allopatric 

divergence scenario versus a divergence-with-gene flow scenario.   

Because migration estimates indicated unidirectional gene flow of Z-linked loci (see 

results), we also estimated the likelihood of a model where gene flow from blue-footed boobies to 

Peruvian boobies (m2) was restricted to zero, but gene flow from Peruvian boobies to blue-footed 

boobies (m1) was allowed.  The fit of the data to the unidirectional gene flow model was then 

compared to the full model as described above. 

All IMa parameter estimates are scaled to the neutral mutation rate (μ), and so the 

conversion of divergence time (t) and effective population sizes (q1, q2 and qA) to demographic 

parameter estimates requires mutation rate calculations.  Intron mutation rates were calculated 

following the methods described in Peters et al. (2008), using an estimate of the 

phalacrocoracid/sulid divergence time obtained using a relaxed molecular clock and multiple 

fossil calibrations (35 million years; Patterson et al. 2010).  Using the aforementioned laboratory 

protocols, sequence was obtained for the ENOL, 24105, LIPO, TIM and ALDOB introns from 

one red-faced cormorant (Phalacrocorax urile) and up to five other sulid species, and BEAST 

(Version 1.5.4; Drummond & Rambaut 2007) was used to estimate the mean genetic distance 

between cormorants and boobies for each locus.  These values were divided by 35 million years 

to yield substitutions/site/year for each locus, and then multiplied by the length of each locus to 

determine the mutation rate in substitutions/locus/year (Table D.1).   

The mutation rates of FIB and 25189 were not calculated due to time constraints, so 

estimates of demographic parameters were made using the geometric mean of the appropriate 

mutation rate scalars from other loci (Hey & Nielsen 2007).  Mutation rates differ between 
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autosomal and sex-linked loci; however IMa can accommodate these differences and all 

geometric mean mutation rates were calculated appropriately.  As was done in Carling et al. 

(2010), we multiplied the average intron mutation rate by ten to generate an approximate 

mutation rate for the mitochondrial locus (Graur & Li 2000).  Because robust estimates of 

divergence times between blue-footed and Peruvian boobies have been calculated from both 

mitochondrial (Friesen & Anderson 1997) and nuclear (Patterson et al. 2010) data, divergence 

time estimates were not of primary concern for the present study.  To evaluate how divergence 

time estimates differ between marker types, however, a generation time of four years was used to 

convert divergence time estimates (t) to years (Kim et al. 2009). 

 

6.4 Results 

The average length of non-recombining sequence blocks for the nuclear markers was 335 bp, and 

the average for all markers (including mtDNA) was 511 bp.  Lengths of sequence blocks ranged 

from 114 bp for LIPO to 1742 for the concatenated mitochondrial sequence of Cyt b, ND2 and 

control region (Table 6.1).  Apart from the mitochondrial data, haplotype and nucleotide diversity 

were generally low ranging from zero to one and from zero to 0.007 respectively (Table 6.1).  

Due to the low variability of the data, PHASE was only required to determine ENOL haplotypes; 

however, reliable sequencing data were not obtained for all individuals at all loci (Table 6.1).  No 

loci showed deviations from neutrality using Tajima‟s D (all P > 0.05; Table 6.1).  Blue-footed 

and Peruvian boobies were reciprocally monophyletic at mitochondrial loci (Taylor et al. 2010a, 

in review).  

 Estimates of effective population sizes and gene flow from Peruvian boobies into blue-

footed boobies moving forward in time were comparable for the complete (autosomal loci + Z-
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linked loci) dataset and autosomal dataset; however, estimates for blue-footed booby into 

Peruvian booby gene flow and divergence time differed by an order of magnitude for the two 

datasets (Table 6.2).  The program had difficulty reaching convergence when the Z-linked dataset 

was analyzed alone suggesting that the loci did not contain enough information for the full six 

parameter model.  Nonetheless, we have included demographic parameters estimated from Z-

linked loci with the caveat that more data should be added.   

Estimated effective population size for blue-footed boobies was approximately half of the 

estimated effective population size for Peruvian boobies for both the full dataset and the 

autosomal dataset.  This pattern was opposite for the Z-linked dataset but this may be the result of 

the aforementioned power issue or because of sex-biased gene flow into blue-footed boobies.  

Estimates of gene flow from Peruvian boobies into blue-footed boobies (m1) were similar for all 

three datasets and were significantly greater than zero for the total dataset (Fig. 6.2a).  The 

estimate of gene flow from blue-footed boobies to Peruvian boobies (m2) was zero for Z-linked 

loci and for the total dataset, but greater than zero for the autosomal dataset (Table 6.2; Fig.6.2b).  

Although gene flow estimates for the autosomal and Z-linked datasets appear to be non-zero, the 

confidence intervals all included the lowest bins of their respective probability distributions and 

we cannot rule out the absence of gene flow; however, the consistency of the results over 

numerous runs indicates that the results are robust.  The low confidence of the parameter 

estimates is likely the result of using fewer loci in the autosomal and Z-linked datasets compared 

to the total dataset.
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Table 6.2 Demographic parameter estimates with 90% highest posterior density intervals for divergence of blue-footed (BFBO) and Peruvian 

(PEBO) boobies.  Model parameter estimates have been converted to demographic parameter estimates using appropriate geometric mean 

mutation rates.  N = effective population size, m = per gene per generation population migration rate going forwards in time. 

 

 

 

 

  BFBO PEBO ancestral PEBO  BFBO BFBO  PEBO 

Dataset t (years) N1 N2 NA m1 m2 

Autosomal +  

Z-linked loci 

1,800,000 6500 

(1800 – 32,00) 

12,000 

(2400 – 49,000) 

200 

(200 – 380,000) 

0.14 

(0.02 – 0.64) 

0.013 

(0 – 0.20) 

Autosomal loci 180,000 10,000 

(2200 – 38,00) 

35,000 

(8000 – 300,000) 

360 

(100 – 180,000) 

0.10 

(0 – 0.34) 

0.12 

(0 – 0.92) 

Z-linked loci 2,800,000 30,000 

(1600 – 180,000) 

7,000 

(650 – 65,000) 

490 

(650 – 850,000) 

0.28 

(0 – 0.95) 

0.00 

(0 – 0.09) 

Mitochondrial 21,000,000 2,000,000 

(1,000,000 – 6,000,000) 

4,000,000 

(2,000,000 – 12,000,000) 

2,000,000 

(0 – 2,000,000) 

--- --- 
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Figure 6.2 A) Posterior probability distributions from IMa (Hey & Nielsen, 2007) for gene flow 

from Peruvian boobies to blue-footed boobies (m1) for the total, autosomal, and Z-linked datasets. 

B) Posterior probability distributions from IMa (Hey & Nielsen, 2007) for gene flow from blue-

footed boobies to Peruvian boobies (m2) for the total, autosomal, and Z-linked datasets.
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The strict allopatric model of divergence was rejected for all three datasets, supporting a 

divergence with gene flow scenario (Table 6.3).  The unidirectional gene flow model, which 

included only gene flow from Peruvian boobies to blue-footed boobies, could be rejected for the 

autosomal dataset, but could not be rejected for the complete dataset or the Z-linked dataset 

(Table 6.3). 

 

6.5 Discussion 

Blue-footed and Peruvian boobies appear to have diverged from their common ancestor with gene 

flow via a mechanism other than the allopatric model.  Estimates of gene flow between blue-

footed and Peruvian boobies during divergence were significantly greater than zero for the total 

dataset, and greater than zero at Z-linked loci for gene flow from Peruvian into blue-footed 

boobies.  A strict allopatric model of divergence was rejected for the total dataset, the autosomal 

dataset, and the Z-linked dataset, and a model which included unidirectional gene flow from 

Peruvian into blue-footed boobies could not be rejected for the total dataset.   

Gene flow during divergence seems to have occurred primarily at autosomal loci, as has 

been found in similar investigations (Storchová et al. 2010; Carling et al. 2010), but also appears 

to have involved unidirectional gene flow of Z-linked loci from Peruvian boobies into blue-footed 

boobies.  Mitochondrial loci did not show evidence of gene flow between blue-footed and 

Peruvian boobies.  Limited gene flow of mitochondrial and Z-linked loci could potentially be the 

result of strong sexual and natural selection (see below).  Limited gene flow of Z-linked loci has 

been found in other studies of avian divergence and adds weight to the hypothesis that the Z 

chromosome likely plays an important role in the development of reproductive isolation in birds 

(Carling et al. 2010; Storchová et al. 2010); however, unique to this study is the unidirectional 
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Table 6.3 Results from nested model testing as implemented in “Load-trees” mode of IMa for the 

divergence between blue-footed and Peruvian boobies.  Tests one through three were between the 

full, six parameter model of divergence (θ1, θ2, θ2, m1, m2, t) and the strict allopatric model of 

divergence (θ1, θ2, θ2, m1 = 0, m2 = 0, t).  Tests four through six were between the full, six 

parameter model of divergence and a model of divergence without gene flow from blue-footed 

boobies into Peruvian boobies (θ1, θ2, θ2, m1, m2 = 0, t).  Significance (P < 0.05) indicates the 

reduced model can be rejected in favour of the divergence with gene flow model. 

Test Dataset log(p'(Θ|X)) d.f. 2LLR critical χ
2 
value P 

1 Autosomal + Z-linked loci 0.25 2 6.15 5.99 < 0.05 

2 Autosomal loci 0.038 2 9.85 5.99 < 0.01 

3 Z-linked loci -1.24 2 6.04 5.99 < 0.05 

       

4 Autosomal + Z-linked loci 3.23 2 0.18 5.99 > 0.05 

5 Autosomal loci 1.91 2 6.12 5.99 < 0.05 

6 Z-linked loci 1.77 2 1.77 5.99 > 0.05 
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nature of Z-linked locus gene flow.   

 Although divergence of the mitochondrial genome and of some Z-linked introns is high 

between blue-footed and Peruvian boobies, the majority of markers that were tested or used in the 

present study exhibited only weak, if any, differentiation between the species (Table D.1).  The 

low levels of divergence at autosomal introns between blue-footed and Peruvian boobies are 

interesting and provide evidence that the marked differences in morphology, behaviour, and 

potentially physiology between the species may be the result of small but highly divergent 

regions of the genome, with the majority of the genome being relatively similar (Hey 2006; Gay 

et al. 2009; Carling et al. 2010; Storchova et al, 2010).  Additional evidence for this hypothesis 

comes from a comparison of interspecific differentiation between blue-footed and Peruvian 

boobies that used a panel of 18 microsatellite loci.  The majority of loci possessed numerous 

shared alleles and levels of divergence between blue-footed and Peruvian boobies were low 

compared to mitochondrial loci (Taylor et al. in review).  This pattern, low differentiation at 

autosomal loci but high differentiation at mitochondrial and Z-linked loci, as well as strong 

morphological differentiation, has been found in other closely related species pairs (Gay et al. 

2009).   

 Although divergence time estimates from the complete and autosomal datasets were of 

the same magnitude as estimates from phylogenetic studies of the Sulidae (Friesen & Anderson 

1997; Patterson et al. 2010), estimates of divergence time when sex-linked loci were included 

were an order of magnitude higher (Table 6.2).  This difference may reflect a lack of gene flow 

between the species at sex-linked loci and earlier speciation at sex-linked loci than autosomal 

loci.  A similar pattern was found by Storchová et al. (2010) in their investigation of nightingales 

(Luscinia luscinia and L. megarhynchos) and they attributed their finding either to an 

underestimation of effective population size due to the absence of shared polymorphisms, or to 
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earlier speciation at sex-linked loci than autosomal loci.  Additionally, the divergence time 

estimated from mitochondrial loci was significantly greater than the divergence time estimated by 

Friesen & Anderson (1997); however, the present study included the highly variable control 

region in the concatenated mitochondrial sequence, which likely inflated the divergence time 

estimate.    

Low gene flow at Z-linked loci could be caused by reduced fitness of backcrossed female 

hybrids due to adherence to Haldane‟s Rule, which states that the viability and / or fertility of 

hybrids will be reduced in the heterogametic sex (Haldane 1922).  Under Haldane‟s rule a finding 

of unidirectional gene flow would occur if female offspring from one cross were less fit than 

female offspring from the opposite cross.  Obtaining data regarding hybrid viability and how it 

varies with cross type should improve understanding of blue-footed and Peruvian booby 

divergence and hybridization.  Taylor et al. (in review) did not include Z-linked loci in their 

investigation of hybridization between blue-footed and Peruvian boobies; however, reduced 

introgression at these loci was expected given the potential importance of the sex chromosomes in 

sexual selection, and results from similar studies (Carling et al. 2010; Storchová et al. 2010). 

The finding of directional autosomal gene flow from Peruvian boobies into blue-footed 

boobies is consistent with recorded backcrossing events (Ayala 2006; Taylor et al. 2010a, in 

review) and supports the hypothesis that the majority of backcrossing between blue-footed and 

Peruvian boobies takes place between F1 females and male blue-footed boobies.  This also 

appears to be the dominant pattern when interspecific mating occurs: female Peruvian boobies 

mate with male blue-footed boobies producing F1 hybrids with Peruvian booby mitochondrial 

DNA.  This pattern was recently reported in Taylor et al. (2010a) and attributed primarily to mate 

choice, rather than genetic incompatibilities between male Peruvian boobies and female blue-

footed boobies. 
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Introns on the Z chromosome may be closely linked to regions under intense selection.  

The directional autosomal gene flow recorded here could be explained by linkage between female 

blue-footed booby preference and male courtship traits (Sæther et al. 2007).  If individuals 

preferentially backcross in on direction autosomal gene flow would subsequently be directional, 

in this case from Peruvian to blue-footed boobies.  Blue-footed booby foot colour is a known 

product of sexual selection and the potential for iris colour and courtship behaviour to be under 

similar selection is high given their importance in signalling in other organisms (Andersson & 

Iwasa 1996). 

Peruvian booby females may choose to mate with blue-footed booby males because their 

sexually selected traits are an exaggerated version of the traits possessed by male Peruvian 

boobies.  If blue-footed booby preference and courtship traits are linked, F1 individuals with 

blue-footed booby fathers would preferentially select male blue-footed boobies for backcross 

mating, thus leading to directional gene flow of autosomal loci from Peruvian boobies into blue-

footed boobies.  Evidence for linkage between male traits and female preferences on the Z 

chromosome is growing (Sæther et al. 2007; Sætre & Sæther 2010) and would explain why sex-

linked loci experience lower levels of gene flow than autosomal loci, and also why directional 

gene flow of autosomal loci can occur.  There are examples from other avian systems that 

indicate females will choose exaggerated sexual displays of heterospecific males over conspecific 

males including the preference of female black ducks (Anas rubripes) for male mallard ducks (A. 

platyrhynchos), and the preference of female thick-billed murres (Uria lomvia) for male common 

murres (U. aalge) (D‟Eon et al. 1994; Wirtz 1999; Taylor et al. unpubl data).  This is not 

surprising given the important role of display and behaviour in mate choice in birds, and the 

tendency for the development of exaggerated traits (Price 2008). 
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Unfortunately, the lack of studies investigating reproductive behaviour and signaling in 

Peruvian boobies makes discussion of this type necessarily speculative.  Although no studies have 

examined potential roles of foot colour in sexual selection for Peruvian boobies, there are 

significant differences in adult morphology (Taylor et al. 2010a) and these difference appear to 

lead to strong assortative mating (Taylor et al. in review).  The present results and conclusions 

from similar studies indicate that sexual selection and the Z chromosome, either through 

prezygotic, intrinsic or extrinsic postzygotic isolation, likely played a major role in the divergence 

of blue-footed and Peruvian boobies (Panhuis et al. 2001; Ritchie 2007; Storchová et al. 2010; 

Carling et al. 2010). 

 The absence of introgression at mitochondrial loci and the high level of divergence found 

in the present study could be the result of Haldane‟s Rule; however, backcross hybrids are 

produced.  Whether backcross hybrids suffer hybrid breakdown due to mito-nuclear dysfunction 

or whether they experience environmental selection is unknown.  The mitochondria in these 

species could, however, be under strong divergent natural selection.  Although general 

understanding of mitochondrial function is increasing there are still large knowledge gaps 

(Ballard & Whitlock 2003).  Blue-footed and Peruvian boobies inhabit different marine 

environments throughout much of their ranges, and studies on the two islands where both species 

breed indicate that they may have different environmental tolerances (Vogt 1942; Duffy 1987).  

The importance of the mitochondria for general physiological function is well established and 

comparative studies of blue-footed and Peruvian physiology may suggest potential sources of 

selection during the divergence process. 

Although the strict allopatric model of divergence was rejected for autosomal loci, 

determining if gene flow was ongoing during the divergence process or if gene flow occurred 

between periods of allopatry is impossible using the present data.  That being said, there are a 
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number of aspects of the eastern tropical Pacific that may have facilitated ongoing gene flow 

during divergence.  Suitable breeding sites for large tropical seabirds are distributed in a stepping-

stone pattern throughout the eastern tropical Pacific.  This distribution may have facilitated 

movement of individuals across large distances.  As well, the marine environments on which 

blue-footed and Peruvian boobies feed were well established prior to the divergence of the 

species, which may have allowed relatively free movement of individuals across large distances 

(Hartley et al. 2005).  Finally, blue-footed and Peruvian boobies have the ability to travel long 

distances when food shortages occur, and have been recorded thousands of kilometres north and 

south of their contemporary ranges (Aid et al. 1985; Simeone et al. 2002).  All of these factors 

may have facilitated interspecific interaction, and potentially gene flow, throughout the 

divergence process. 

Alternatively, the divergence of Peruvian and blue-footed boobies may have taken place 

with gene flow, but via an allo-parapatric model of speciation.  This model, described by Endler 

(1977; Irwin pers. comm.), describes a scenario where species diverge during periods of allopatry 

but come into secondary contact and exchange genes numerous times during the divergence 

process.  Although no major vicariance events have occurred within the Eastern Tropical Pacific 

within the timeframe of divergence of blue-footed and Peruvian boobies, the present dataset 

cannot be used to rule out such a scenario.  It is important to note that both scenarios, allo-

parapatric and parapatric, involve at least periods of gene exchange between the diverging 

populations.  As such, evidence for either process is evidence for a divergence with gene flow 

scenario, and supports the assertion that divergence with some level of gene flow is potentially 

common and important for biodiversity generation and maintenance. 

  We acknowledge that the autosomal and Z-linked datasets used in this study may have 

lacked sufficient power for robust demographic parameter estimates.  Because estimates were 



 

182 

 

consistent across runs, between loci, and under a variety of heating schemes, we feel that they are 

representative of true patterns in the data.  Future studies of this system will add additional loci to 

improve demographic parameter estimates and ensure that nested model testing is providing 

reliable results. 

In the present paper we sought to evaluate the hypothesis that blue-footed and Peruvian 

boobies diverged from their common ancestor with gene flow using multiple autosomal, Z-linked, 

and mitochondrial loci, as well as to examine the potential role of the Z chromosome in the 

divergence process.  The findings indicate that the divergence process most likely took place with 

gene flow and that gene flow was directional from Peruvian boobies into blue-footed boobies, 

possibly because of linkage of female blue-footed booby preferences and male traits on the Z 

chromosome.  These results add to a growing body of literature highlighting that 1) the Z 

chromosome may play a disproportionately large role in avian divergence and speciation, and 2) 

that divergence with gene flow may occur even for large marine vertebrates and is more common 

than previously thought.  As future studies seek to gain a better understanding of the generation 

of biodiversity by studying population divergence and speciation, additional investigations of the 

importance of the Z chromosome in avian divergence should increase our understanding of 

divergence with gene flow and speciation in this diverse group.  Second and third generation 

sequencing will make the collection of large amounts of genetic data cost-effective and should 

allow for extremely thorough investigations of this nature. 
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Chapter 7: General Discussion 

If conservation programs aimed at stemming biodiversity loss are to be successful, we must gain 

a better understanding of the mechanisms by which new species are generated.  Intraspecific 

population differentiation and hybridization are often key components of species generation, 

making them similarly important topics within the study of evolutionary biology (Barton & 

Hewitt 1985; Coyne & Orr 2004; Fitzpatrick et al. 2009).  Of particular interest is the growing 

body of literature indicating that speciation can take place while diverging populations are 

exchanging genes (Nosil 2008; Pinho & Hey 2010).  The feasibility and importance of this 

speciation mechanism has been widely debated, and divergence in the absence of gene flow is 

viewed as the most prevalent mechanism by which new species diverge (Coyne & Orr 2044: 

Fitzpatrick et al. 2009).  However, new analytical techniques are enabling explicit tests of 

competing speciation hypotheses, and are providing much needed insight into the frequency at 

which divergence with gene flow occurs in nature. 

 I examined the evolutionary genetics of blue-footed and Peruvian boobies to test 

explicitly the hypothesis that these species diverged from their common ancestor with gene flow.  

Previous research indicated that this species pair diverged recently and they possess the 

biogeographic signature of parapatric speciation, speciation with restricted gene flow (Friesen & 

Anderson 1997).  To accomplish my goal I first characterized population genetic differentiation 

and gene flow in each species and found that both display little population genetic structure, an 

uncommon pattern in seabirds.  Through comparison to their close relatives I inferred that the low 

population differentiation both species exhibited was a result of their specialization to cold-water 

upwelling systems.  Next I examined hybridization by using morphology and molecular markers 

to determine the nature of the hybrid zone, to determine levels of introgression, and to classify 
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morphologically aberrant individuals.  My results showed that the hybrid zone is most likely a 

tension zone maintained by strong selection against hybrids and dispersal of parentals into the 

hybrid zone, that introgression is rare at nuclear loci and non-existent at mitochondrial loci, and 

that the aberrant individuals were all first generation (F1) hybrids with Peruvian booby mothers.  

The assumptions of the final analysis (Chapter 6) required all of these data.  Finally, I used 

coalescent theory and Bayesian statistics to test explicitly the divergence with gene flow 

hypothesis.  I found that a divergence without gene flow scenario could be rejected: gene flow 

likely occurred at both autosomal and Z-linked loci during divergence.  Interestingly gene flow at 

Z-linked loci was likely unidirectional during the divergence process, from Peruvian boobies into 

blue-footed boobies. 

The results of this study are important for a number of reasons.  The finding that tropical 

seabirds can exhibit very low levels of population differentiation is unique (Friesen et al. 2007) 

and has important implications both for the conservation of blue-footed and Peruvian boobies and 

for understanding population differentiation more generally.  From a conservation perspective the 

fact that both species exhibit low levels of population differentiation and appear more dispersive 

than other sulids, which is most likely the product of their reliance on unpredictable foraging 

resources, may enable both species to persist in the face of increasing pressure from fisheries and 

climate change.   Indeed, other species similarly adapted to cold-water upwelling systems have 

shown recent range shifts in response to increased competition with fisheries (L. Nupen pers. 

comm.).   

From an evolutionary ecologist‟s perspective, the association between specialization to a 

variable food resource and low population differentiation is interesting and warrants further 

investigation.  Our preliminary data from other seabirds specialized to forage in cold-water 

upwellings support the hypothesis (Taylor et al. unpubl. data); however, a robust test of the 
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upwelling hypothesis should include a diverse array of taxa.  Since population differentiation is 

often considered the first step towards speciation (Mayr 1963; Coyne & Orr 2004), gaining a 

better understanding of the factors that inhibit or promote differentiation is important. 

My finding that the hybrid zone is most likely a tension zone fits numerous hybrid zone 

studies (reviewed in Harrison 1993; Gay et al. 2007, 2008; Carling & Brumfield 2008; Ruegg 

2008; Mettler & Spellman 2009) and the claim by Barton & Hewitt (1985) that the majority of 

hybrid zones are tension zones.  This study adds to the hybridization literature and represents one 

of the few in-depth analyses of a seabird hybrid zone.  A growing body of literature indicates that 

divergence with gene flow occurs with some frequency in nature (Nosil 2008; Carling et al. 2010; 

de Leon et al. 2010; Pinho & Hey 2010; Storchová et al. 2010).  The finding that blue-footed and 

Peruvian boobies most likely diverged from their common ancestor with gene flow adds to this 

evidence.  Additionally, there is growing evidence that the Z chromosome may play a role in 

speciation (Sætre et al. 2003, 2007; Carling et al. 2010; Storchová et al. 2010).  My finding of 

unidirectional gene flow of Z-linked loci supports this hypothesis and highlights the need for 

further investigation of the role of the Z chromosome in speciation for both the present system 

and additional studies. 

There are a number of avenues of future research that stem from this investigation.  First, 

explicit tests of the upwelling hypothesis in a diverse array of organisms will add to our 

understanding of the generation of population differentiation.  If other species reliant on cold-

water upwellings also exhibit low levels of population differentiation we may be able to draw 

conclusions about the influence of variable food resources on the generation of population 

differentiation.  Perhaps organisms specialized on variable resources are less prone to population 

differentiation than those specialized on predictable resources.  Knowing this will enable future 



 

195 

 

researchers to approach new species with some expectations about population differentiation, 

given they have a solid understanding of the species‟ natural history.   

Next, to understand hybridization and speciation between blue-footed and Peruvian 

boobies better, a combination of field and laboratory studies are required.  Field studies of mate 

choice in Peruvian boobies should be conducted, as should studies of comparative physiology.  

Ideally, field studies of mate choice and hybridization should follow the fate of first and second 

generation hybrids and study interspecific mate choice to determine the selective forces at work, 

to further elucidate the role of the Z-chromosome in speciation, and to determine if species 

recognition is inherited on the Z-chromosome in sulids as it is in Ficedula flycatchers (Sæther et 

al. 2007).  Physiological tolerance may also have played a role in the speciation process.  As 

such, comparative physiological studies will be valuable and should be carried out on both 

species, within and away from the hybrid zone.  Ideally, the physiology and tolerances of hybrid 

individuals should be studied in depth to determine if hybrids suffer any physiological costs 

compared to parentals.  Overall, our understanding of the natural history and ecology of the 

system needs to be improved. 

Additionally, to gain a better understanding of the degree to which the genomes of blue-

footed and Peruvian boobies are differentiated, more sophisticated molecular investigations, 

including next generation sequencing and whole genome sequencing, should be undertaken.  

Blue-footed and Peruvian boobies are morphologically quite distinct but share numerous genetic 

polymorphisms.  The genomic differences between the species may be restricted such that only 

very small regions of their genomes are differentiated.  The regions of high differentiation may 

play key roles in reproductive isolation, the hallmark of speciation.  Clearly, determining if these 

regions exist, and ultimately the genes that exist within them, will go a long way towards 

increasing our understanding of speciation and the generation of Earth‟s biodiversity. 
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Summary of Data Chapters 

Chapter 2.  I used eight putatively neutral molecular markers, including seven microsatellites 

and 540 base pairs (bp) of the mitochondrial control region, to characterize population 

differentiation and gene flow across the range of the blue-footed booby.  I had four main findings: 

1. Unlike the majority of tropical seabirds, blue-footed boobies exhibited only weak 

range-wide population differentiation. 

2. Gene flow was generally high between blue-footed booby colonies separated by over 

1000 km, but was restricted between colonies in Mexico and colonies to the south. 

3. Low population differentiation in blue-footed boobies is most likely the result of high 

dispersal between colonies, which may be facilitated by the reliance of blue-footed 

boobies on cold-water upwelling systems for foraging.  

4. Genetic data did not support the current subspecific classifications of blue-footed 

boobies.  

 

Chapter 3.   I used eight putatively neutral molecular markers, including seven microsatellites 

and 540 bp of the mitochondrial control region, to characterize population differentiation and 

gene flow across the range of the Peruvian booby, and to evaluate genetic diversity.  I also 

evaluated explicitly the hypothesis that seabirds specialized to feed on cold-water upwelling 

systems should exhibit low population differentiation.  This study had two main findings:  

1. Peruvian boobies exhibited rage-wide genetic panmixia at neutral loci, supporting the 

hypothesis that cold-water specialization may influence dispersal and subsequently 

population genetic differentiation.  
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2. Peruvian booby populations were genetically diverse at neutral loci despite 

significant historical and contemporary population fluctuations. 

Conditions on the Peruvian and Chilean guano islands, including ectoparasitism and crowding, 

might also increase dispersal between colonies and prevent population genetic differentiation.  

 

Chapter 4.  I used morphological data and a panel of nine neutral molecular markers to evaluate 

the hybrid category of five morphologically aberrant boobies sampled on Lobos de Tierra and 

Lobos de Afuera in northern Peru.  I had three main findings: 

1. All aberrant individuals were most likely first generation (F1) hybrids. 

2. Interspecific pairing appears to occur only between female Peruvian boobies and 

male blue-footed boobies: all F1 hybrids possessed Peruvian booby mitochondrial 

DNA which is inherited maternally. 

3. Hybrids appeared to be larger than either parental species providing some evidence 

of transgressive segregation (hybrid vigour). 

 

Chapter 5.  Using cline theory and Bayesian assignment programs I analyzed an expanded 

dataset of 19 putatively neutral loci, including 18 microsatellites and 540 bp of the mitochondrial 

control region, in 321 individuals (including both blue-footed and Peruvian boobies) to 

characterize the nature of the hybrid zone, to determine the extent of introgression, and to further 

evaluate the hybrid category of five morphologically aberrant individuals.  This study had four 

main findings:  

1. The hybrid zone was most likely a tension zone, maintained by a balance of dispersal 

of parentals into the hybrid zone and selection against hybrids. 
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2. There was no evidence of mitochondrial introgression and very little evidence of 

nuclear introgression. 

3. Selection against hybrids is strong and appears to be a combination of both 

endogenous (i.e., hybrid breakdown) and exogenous (i.e., sexual and environmental) 

selection. 

4. The morphologically aberrant individuals are most likely F1 hybrids. 

 

Chapter 6.  Using autosomal, Z-linked, and mitochondrial markers I tested explicitly the 

hypothesis that blue-footed and Peruvian boobies diverged with gene flow and evaluated the 

relative roles of each marker type in the origin of blue-footed and Peruvian boobies.  I had four 

main findings: 

1. A model of strict allopatric divergence did not fit the data, indicating that blue-footed 

and Peruvian boobies exchanged genes during divergence. 

2. Autosomal gene exchange during divergence was equal between the species. 

3. There was no evidence of mitochondrial gene exchange during divergence. 

4. Z-linked gene exchange appeared unidirectional, from Peruvian to blue-footed 

boobies, during divergence  

Unidirectional Z-linked gene exchange was potentially the outcome of linkage of female 

preference and male traits on the Z-chromosome. 
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Figure A.1 (a) La Niña Chlorophyll a concentrations (mg / m
3
) in the eastern tropical Pacific for 

the period of September 2007 to January 2008 from the Goddard Earth Sciences Data and 

Information Services Centre. (b) La Niña average daily sea surface temperature (SST, °C) for the 

period of September 2007 to January 2008 from the Goddard Earth Sciences Data and 

Information Services Centre. (c) El Niño Chlorophyll a concentrations (mg / m
3
) in the eastern 

tropical Pacific for the period of September 1997 to January 1998 from the Goddard Earth 

Sciences Data and Information Services Centre. (d) El Niño average daily sea surface temperature 

(SST, °C) for the period of December 2006 to March 2007 from the Goddard Earth Sciences Data 

and Information Services Centre. (e) Distribution of Pacific sardine (Sardinops sagax/caeruleus) 

and Peruvian anchovy (Engraulis ringens) in the eastern tropical Pacific Ocean. Biodiversity 

occurrence data provided by: FishBase [Accessed through GBIF Data Portal, www.gbif.net, (22 

October 2009) and Ocean Biogeographic Information System,(22 October 2009) www.iobis.org] 

(Whitehead et al. 1988; Froese & Pauly 2000). Colony locations are included for reference. See 

Figure 1 for colony abbreviations. 

http://www.iobis.org/
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Sample Treatment  

Original tissue samples are archived at Queen‟s University in ethanol at -80°C.  We extracted 

DNA from blood using a PureLink
®
 extraction kit (Invitrogen: Burlington, Canada) or a standard 

protease-K phenol/chloroform technique (Sambrook & Russell 2001).   

 

Laboratory protocol: mitochondrial control region 

Sulids possess a duplicated region within their mitochondrial genome that contains the control 

region, a partial copy of the cytochrome b gene, and complete copies of the genes that code for 

tRNA-Glu, ND6, tRNA-Pro, and tRNA-Thr.  Several lines of evidence suggest that at least parts 

of the duplicated region are functional: flanking tRNA sequences fold correctly (Desjardins & 

Morais 1990), no stop codons exist within flanking ND6 sequences, and conserved sequence 

blocks exist in their correct locations within the control region (detailed in Morris-Pocock et al. 

2010b). The duplicated sections are evolving in concert, and both copies of the control region 

amplify when non-specific primers are used (Morris-Pocock et al. 2010b).  We amplified a 540 

base pair fragment of the mitochondrial control region containing all of Domains I and II and part 

of Domain III from 154 blue-footed boobies (Sula nebouxii) using primers the SdMCR-H750 and 

SlMCR-L160A, using a BIOMETRA T-gradient Thermocycler (Biometra Analytik; Göttingen, 

Germany), and the conditions described in Morris-Pocock et al. (2010b) (GenBank accession 

numbers HQ334018-HG334172).  Domains I and III are the most variable segments of the 

control region, while Domain II generally possesses less variation (Wenink et al. 1994). Thus, the 

region amplified is highly variable and is generally an appropriate and informative genetic region 

for population genetic inquiry (Wenink et al. 1994). A single copy of the control region is 

amplified when the aforementioned primers are used.  PCR products were sequenced at Genome 

Quebec (McGill University, Quebec) using a 3730xl DNA Analyzer
®
 (Applied Biosystems: 
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Streetsville, Ontario).  We aligned sequences using CULSTALW (Thompson et al. 1994) as 

implemented in BioEdit ver. 7.0.5.3 (Hall 1999), and checked each variable site against the 

sequencing trace using FinchTV ver. 1.4.0 (Geospiza Inc., www.geospiza.com/finchtv.html).  

Sequence ambiguities were found at one or two sites in about 20% of the samples [similar to 

results from red-footed (S. sula), brown (S. leucogaster), and masked (S. dactylatra) boobies; 

Steeves et al. 2005; Morris-Pocock et al. 2010a]. Examination of similar ambiguous bases in red-

footed boobies indicated that they probably represent true heteroplasmy rather than amplification 

of the duplicate mitochondrial control region or a nuclear copy of the mitochondrial control 

region (Morris-Pocock et al. 2010a,b). We therefore created two sequence files: conservative and 

non-conservative.  For the conservative file, we deleted any individual with heteroplasmic bases 

and proceeded with analysis.  For the non-conservative file we assigned heteroplasmic bases 

using known haplotypes that lacked ambiguity from within the data set.  Briefly, if the sequence 

containing the heteroplasmic site was otherwise identical to two or more haplotypes without 

heteroplasmy then we assigned the nucleotide to the base present in the most common and / or 

most basal of the nonambiguous haplotypes as described in Steeves et al. (2005).  All subsequent 

analyses were carried out on both data sets and our conclusions did not differ between them (data 

not shown).  As such, results presented throughout are for the non-conservative data set unless 

otherwise stated. 

 

Laboratory protocol: microsatellites 

We amplified seven microsatellite loci from 172 individuals using the PCR methods detailed in 

Taylor et al. (2010). We excluded one individual because of amplification problems. We used 

two mutliplexes and one single locus amplification [(1) Sn2B-68, Sv2A-53 Ss1B-100; (2) Ss1B-

88, Sn2B-83, Sv2A-47; (3) Ss2B-138]. Three of the primer pairs used in this study were 



 

207 

 

originally designed to amplify polymorphic loci in the red-footed booby (loci Ss1b-88, Ss1B-100, 

Ss2B-138) (Molecular Ecology Resources Primer Development Consortium 2010); however, 

primers for locus Ss1B-88 and locus Ss1B-100 were redesigned for blue-footed boobies after the 

original primers failed to amplify a product (new primers: Ss1B-88 F: 5‟- 

GCACTGAGAAATGACCACT - 3‟, R: 5‟ – AAGTCTTTAGAAACATCTGTCC – 3‟; Ss1B-

100, F: 5‟ – AAATGATGGTCGAAGTCC – 3‟, R: 5‟ – AGAACTGGAGTGGAAGGAT – 3‟).  

Of the other four primer pairs, two (for loci Sn2B-83, Sn2B-68) were designed from a blue-

footed booby microsatellite library and two (for loci Sv2A-47, Sv2A-53) were designed from a 

Peruvian booby (S. variegata) microsatellite library (Taylor et al. 2010). Amplifications were 

performed as described in Taylor et al. (2010). The success of amplifications was confirmed 

using electrophoresis in 2% agarose gels containing 2% ethidium bromide in 1mM Tris acetate 

pH 8.0.  DNA fragments were sized using a Beckman-Coulter CEQ
TM

 8000 genetic analysis 

system (Core Genotyping Facility, Department of Biology, Queen‟s University). A total of 90 

randomly chosen individuals, about 6% of the total sample, were re-amplified and rescored at 

each locus to check for repeatability in allele size scoring; a 0.5% scoring error rate was found.  
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        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

            5          15         25         35         45         55                      

BFBO    TTCCTCCTAG AAAGGCATGA CAATTCATGG AAACAATCGC ATCAAACCTT CATGAACCTA  

   **Control region: Domain I  

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

            65         75         85         95        105        115                    

BFBO    ACACAATTCT ATAAACCTTG GGCAATCCCT CTGAACCTCC CCTGACAAAC CTACTGACTA  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           125        135        145        155        165        175                

BFBO    AC-TCTGTAA TGCTCTATTC AACAGCTACC TTTCAGTTCT CCTACCCAAA CCATAACCCT  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           185        195        205        215        225        235                

BFBO    GCTCACTTAT ACCTCTCTCA AATTTCGTAG GGTACGGAAG TGGCTACCAG GACAAACCTC  

Control region: Domain II ** 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           245        255        265        275        285        295                

BFBO    GTGAAATGGT AACAAGACAT AGCCTCTCAA CTCTTCTCGA AGTGCCGGCT TCTGAAGGAT  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           305        315        325        335        345        355                

BFBO    TAGGTTATCT ATTGATCGAG CTTCTCACGT GAAATCAGCA ACGCGCCGCA CAAAAGATCC  

      F-Box 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           365        375        385        395        405        415                

BFBO    TACGTTACTA GCTTCAGGAC CATTCATTCC CCCTACACCC CTAGCACAAC TTGCTCTTTT  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           425        435        445        455        465        475                

BFBO    GCGCCTCTGG TTCCTCGGTC AGGACCATCC CCTGATTAAC TCAAATGTTT CTCACCTTTC  

   D-Box 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|... 

           485        495        505        515        525        535          

BFBO    ACAGAGTCAT CTGGTATGCT ATTTATCAAC TTTCTCCCTC TTAATCGCGT CACCGTAA 

   C-Box 

 

 

Figure A.2 Consensus sequence of the most common control region fragment haplotype of blue-

footed (BFBO) boobies screened in this study. Variable sites are highlighted in grey, conserved 

sequence blocks are in bold. Asterisks indicate the beginning of domains. 
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Table A.1 Blue-footed booby mitochondrial haplotype frequencies by colony.  Colony 

abbreviations are as in Figure 1. 

Haplotype SI FS ER LP LT SE CH ES 

A  3 2      

B  2 3      

C    5     

D 1  3      

E     4    

F    3 1    

G    4     

H   1 1   1  

I 2  1      

J  2 1      

K    3     

L    2 1    

M    1   1  

N     1  1  

O  1 2      

P      1  1 

Q 1 1       

R     2    

S     2    

T    1 1    

U     2    

V     2    

W    1 1    

X    2     

Y    2     

Z    2     

AA 2        

BB    1 1    

Champ10       1  

Champ04       1  

Champ05       1  

Esp05        1 

Esp09        1 

Seym10      1   

Seym02      1   

Seym03      1   

Seym05      1   

Seym06      1   

ER01   1      

ER14   1      

ER09   1      

FSI01  1       

FSI10  1       
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Haplotype SI FS ER LP LT SE CH ES 

FSI11  1       

FSI15  1       

FSI03  1       

FSI08  1       

SS10 1        

SS05 1        

SS07 1        

SS08 1        

LdT244     1    

LdT245     1    

LdT246     1    

LdT248     1    

LdT251     1    

LdT252     1    

LdT253     1    

LdT327     1    

LdT329     1    

LdT330     1    

LdT332     1    

LdT334     1    

LdT407     1    

LdT408     1    

LdT409     2    

LdT410     1    

LdT411     1    

LdT414     1    

LdT415     1    

LdT230     1    

LdT309     1    

LdT344     1    

LdT364     1    

LdT376     1    

LdT417     1    

LdT418     1    

LdT422     1    

LP01    1     

LP03    1     

LP08    1     

LP09    1     

LP12    1     

LP13    1     

LP14    1     

LP15    1     

LP18    1     

LP20    1     

LP29    1     
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Haplotype SI FS ER LP LT SE CH ES 

LP30    1     

LP34    1     

LP35    1     

LP38    1     

LP39    1     

LP41    1     

LP47    1     

LP48    1     

LP49    1     

LP53    1     

LP55    1     

LP56    1     

LP57    1     

LP58    1     

LP59    1     
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Table A.2 Sample sizes (N), allele frequencies, and observed and expected heterozygosities (HO 

and HE, respectively) for 7 loci within 8 populations of blue-footed boobies. P is the probability 

that observed heterozygosity fits expected heterozygosity under Hardy-Weinberg proportions. 

Blank cells indicate that the allele was not found. Population abbreviations are as in Figure 1. 

Locus/allele CH SE ES ER SI FS LT LP 

Ss1b88 

             N 10 10 10 17 10 15 50 47 

200 

  

0.10 

     216 

  

0.05 

     218 0.20 0.10 0.10 0.059 0.10 0.033 0.04 0.11 

220 0.30 0.60 0.40 0.71 0.65 0.67 0.53 0.52 

222 0.50 0.30 0.35 0.24 0.25 0.30 0.43 0.37 

HE 0.65 0.56 0.73 0.45 0.53 0.48 0.54 0.58 

HO 0.60 0.40 0.90 0.58 0.70 0.67 0.52 0.68 

P 0.83 0.27 0.39 0.55 0.49 0.32 0.57 0.24 

Ss1b100 

             N 10 11 10 17 10 15 50 50 

191 

 

0.045 

      197 0.30 0.32 0.25 0.21 0.10 0.067 0.28 0.23 

199 0.10 0.14 0.20 0.59 0.35 0.60 0.34 0.33 

201 0.60 0.50 0.55 0.21 0.55 0.33 0.38 0.43 

203 

       

0.01 

HE 0.56 0.65 0.62 0.58 0.59 0.54 0.67 0.66 

HO 0.60 0.45 0.80 0.76 0.70 0.67 0.64 0.62 

P 0.18 0.31 1.00 0.41 0.47 0.17 0.38 0.73 

Ss2b138 

             N 10 11 10 17 10 14 50 48 

351 0.10 

  

0.029 0.050 0.11 0.070 0.010 

353 0.60 0.77 0.95 0.50 0.45 0.61 0.73 0.72 

355 0.050 0.23 

 

0.059 0.050 

 

0.020 0.021 

357 0.050 

 

0.050 0.059 

  

0.14 0.15 

359 0.20 

  

0.35 0.45 0.29 0.040 0.10 

HE 0.62 0.37 0.10 0.64 0.62 0.56 0.45 0.45 

HO 0.80 0.45 0.10 0.71 0.80 0.79 0.46 0.50 

P 0.88 1.00 1.00 0.92 0.36 0.17 0.69 0.29 

Sn2b68 

             N 10 11 10 17 10 15 48 50 

168 0.25 0.41 0.35 0.82 0.40 0.77 0.31 0.28 

170 0.15 0.23 0.35 0.18 0.50 0.23 0.37 0.42 

172 0.60 0.36 0.30 

 

0.10 

 

0.32 0.30 

HE 0.58 0.68 0.70 0.29 0.61 0.37 0.67 0.67 

HO 0.60 0.91 0.60 0.24 0.90 0.33 0.75 0.66 

P 0.60 0.21 0.35 0.41 0.20 1.00 0.72 0.24 

Locus/allele CH SE ES ER SI FS LT LP 
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Sv2a53 

             N 9 11 9 16 10 13 48 50 

300 

    

0.05 

   304 

  

0.056 

   

0.021 0.060 

308 0.056 0.045 0.17 0.16 0.10 0.23 0.16 0.27 

310 

      

0.083 0.060 

312 

    

0.05 

 

0.010 

 314 0.11 0.045 

 

0.031 0.10 0.31 0.17 0.10 

316 0.22 0.36 0.56 

 

0.05 

 

0.15 0.22 

318 0.056 0.18 

 

0.094 0.050 0.12 0.16 0.12 

320 0.28 0.23 0.11 0.063 0.050 0.038 0.063 0.050 

322 

 

0.045 

 

0.031 

  

0.010 0.010 

324 

      

0.021 

 326 0.22 0.045 0.056 0.41 0.35 0.19 0.083 0.050 

328 

   

0.156 

 

0.038 

 

0.010 

330 0.056 

 

0.056 0.063 0.20 0.038 0.073 0.030 

336 

      

0.010 0.010 

338 

 

0.045 

   

0.038 

 

0.010 

HE 0.84 0.81 0.68 0.79 0.82 0.83 0.88 0.85 

HO 0.88 0.72 0.56 0.69 0.90 0.92 0.77 0.84 

P 0.89 0.51 0.14 0.43 0.23 0.18 0.0030 0.50 

Sn2b83 

             N 10 11 10 17 10 15 48 50 

178 0.050 0.14 0.10 0.088 0.050 0.067 0.19 0.10 

180 0.60 0.41 0.40 0.88 0.90 0.90 0.66 0.62 

182 0.25 0.32 0.40 0.029 0.050 0.033 0.094 0.17 

184 0.10 0.14 0.10 

   

0.052 0.11 

HE 0.59 0.72 0.69 0.22 0.19 0.19 0.52 0.57 

HO 0.20 0.63 0.80 0.12 0.20 0.13 0.54 0.58 

P 0.0060 0.21 0.45 0.18 1.00 0.11 0.10 0.29 

   

        Sv2a47 

             N 10 11 10 17 10 15 47 50 

291 0.15 0.14 0.50 0.029 0.05 0.033 0.064 0.070 

293 0.55 0.55 0.30 0.47 0.45 0.37 0.39 0.46 

295 0.15 0.14 0.10 0.21 0.10 0.20 0.40 0.32 

297 

      

0.074 0.040 

299 0.15 0.18 0.10 0.29 0.40 0.40 0.064 0.11 

HE 0.66 0.66 0.67 0.67 0.65 0.69 0.67 0.67 

HO 0.70 0.64 0.80 0.47 0.50 0.73 0.63 0.60 

P 0.41 0.59 0.67 0.02 0.11 0.79 0.12 0.64 
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Table A.3 Results from STRUCTURE analyses including average Ln (likelihood) values for K = 

1 to 8 genetic populations (AVG LnP(D)), the probability of each K value (Pr[K=x]) calculated as 

described in Pritchard & Wen (2004), average variance (AVG var), average standard deviation 

(AVG std), the rate of change of the likelihood distribution L'(K), the absolute value of the 

second order rate of change of the likelihood distribution (|L"(K)|), and ΔK calculated as 

described in Evanno et al. (2005). * indicate highest probability and most likely ΔK value.  

 

K AVG Ln P(D) Pr[K=x] AVG Var AVG std L'(K) |L"(K)| ΔK 

1 -3004.96 6.5 x 10
-28

 19.23 4.39 --- --- --- 

2 -2942.36 *1.00 148.98 12.21 62.60 216.24 *17.72 

3 -3096.01 1.3 x 10
-67

 523.71 22.88 -153.65 46.89 2.05 

4 -3202.76 0 753.32 27.45 -106.75 13.46 0.49 

5 -3322.97 0 994.96 31.54 -120.21 90.4 2.87 

6 -3352.79 0 1077.38 32.82 -29.82 9.48 0.29 

7 -3373.12 0 1140.07 33.76 -20.33 29.29 0.87 

8 -3364.17 0 1125.09 33.54 8.95 --- --- 
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Appendix B 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

            5          15         25         35         45         55                      

PEBO    TTCCTCCTAG AAAGGCATGA CAATTCATGG AAACAGTCAC ATTAAATCTT CATGAACCTA  

  **Control region: Domain I 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

            65         75         85         95        105        115                    

PEBO    ACACAATCCC ATAAACCTCG GATAATTACT CT-AACCTCC TCTGACAAAC CTACTGACTA  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           125        135        145        155        165        175                

PEBO    ACACCTGTAA TGCTCTATCC AACAGGCGCC TTTCAACCCT CTTACCCAAA CCATGACCAT  

 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           185        195        205        215        225        235                

PEBO    GTTCGCTTAT ACCTTCCTCG AACTTCGCAA GATACGAAAG TGGCTACCAG GACAAACCCC  

Control region: Domain II ** 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           245        255        265        275        285        295                

PEBO    GTGAAATGGT AACAAGACAT AGCCTCTCAA CTCTTCTCGA AGTACCGGTT TCTGAAGGAT  

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           305        315        325        335        345        355                

PEBO    TAGGTTATCT ATTGATCGAG CTTCTCACGT GAAATCAGCA ACGCGCCGCA CGGAAGATCC  

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           365        375        385        395        405        415                

PEBO    TACGTTACTA GCTTCAGGAC CATTCATTCC CCCTACACCC CTAGCACAAC TTGCTCTTTT  

  F-Box 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

           425        435        445        455        465        475                

PEBO    GCGCCTCTGG TTCCTCGGTC AGGACCATCC CCTGATTAAT TCAAATGTTC CTCACCTTTC  

  D-Box 

        ....|....| ....|....| ....|....| ....|....| ....|....| ....|... 

           485        495        505        515        525        535          

PEBO    ACAGAGTCAT CTGGTATGCT ATTTATCAAC TTTCTCCCTC TTAATCGCGT CACCGTAA 

  C-Box 

 

Figure B.1 Consensus sequence of the most common control region fragment haplotype of 

Peruvian (PEBO) boobies screened in this study. Variable sites are highlighted in grey, conserved 

sequence blocks are in bold. Asterisks indicate the beginning of domains. 
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Table B.1 Mitochondrial haplotype frequencies by colony.  Colony abbreviations as in Fig 3.1. 

 Colony 

Haplotype LT LA MA CH IP 

A 2  3 1  

B   1 2  

C 1  1 1  

D    3  

E   1 1  

F    1 1 

G   1 1  

H    2  

K 2  2   

L   1  1 

M   1  1 

N   1  2 

O   2  3 

P 1  2   

Q  3    

R 2 1  2  

S  1  1  

T  4 1 1  

U  1  1  

V  1  1  

X  1  1  

C12    1  

C13    1  

C14    1  

C16    1  

C17    1  

C18    1  

C21    1  

C27    1  

C2    1  

C3    1  

C4    1  

C5    1  

PB5    1  

M10   1   

M12   1   

M14   1   

M17   1   

M19   1   

M30   1   

M3   1   

M6   1   
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Haplotype LT LA MA CH IP 

PB241 1     

PB243 1     

PB245 1     

PB247 1     

PB249 1     

PB251 1     

PB252 1     

T10 1     

T11 1     

T12 1     

T15 1     

T22 1     

T25 1     

T27 1     

T28 1     

T29 1     

T3 1     

T5 1     

T8 1     

T9 1     

A10  1    

A11  1    

A13  1    

A15  1    

A16  1    

A1  1    

A20  1    

A21  1    

A28  1    

A29  1    

A30  1    

A3  1    

A4  1    

A5  1    

A8  1    

A9  1    

IP6     1 

IP7     1 

IP8     1 

IP10     1 

IP12     1 

IP13     1 

IP15     1 

IP16     1 

IP17     1 

IP18     1 
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Haplotype LT LA MA CH IP 

IP20     1 

IP22     1 

IP24     1 

IP25     1 

IP26     1 

IP27     1 

IP28     1 
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Table B.2 Number of individuals genotyped (N), allele frequencies, observed and expected 

heterozygosities (HE and HO respectively), and probabilities of deviation from HWE expectations 

(P) for 7 loci within 5 colonies of Peruvian boobies. Blank cells indicate allele not found. Colony 

abbreviations as in Fig 3.1. 

 

Locus/allele LT LA MA CH IP 

Ss1b88      

     N 30 30 30 30 29 

220 0.38 0.37 0.30 0.22 0.26 

222 0.13 0.12 0.13 0.18 0.17 

224 0.35 0.33 0.38 0.43 0.48 

226 0.12 0.15 0.15 0.17 0.069 

228 0.017 0.033 0.033  0.017 

      

HE 0.71 0.72 0.73 0.71 0.67 

HO 0.80 0.70 0.63 0.67 0.55 

P 0.37 0.29 0.16 0.73 0.37 

      

Ss1b100      

     N 30 30 30 30 29 

193     0.034 

195 0.017   0.050  

197 0.62 0.58 0.62 0.55 0.39 

201 0.27 0.28 0.37 0.28 0.45 

203 0.050 0.033 0.017 0.067 0.052 

205 0.050 0.083  0.017 0.052 

207    0.033 0.017 

297  0.017    

      

HE 0.55 0.56 0.49 0.61 0.65 

HO 0.56 0.53 0.50 0.50 0.58 

P 1.0 0.43 1 0.35 0.040 
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Locus/allele LT LA MA CH IP 

Ss2b138      

     N 30 30 29 30 28 

      

349  0.05 0.017  0.018 

353 0.033   0.033  

355    0.017  

357 0.72 0.63 0.66 0.57 0.80 

359 0.23 0.27 0.26 0.35 0.18 

361 0.017 0.050 0.052 0.033  

363   0.017   

      

HE 0.44 0.53 0.51 0.56 0.33 

HO 0.37 0.43 0.38 0.50 0.32 

P 0.52 0.20 0.070 0.77 1.0 

      

Sn2b68      

     N 30 30 29 30 29 

168 0.033 0.033 0.069 0.083 0.034 

170 0.65 0.57 0.57 0.57 0.50 

172 0.033 0.017  0.033 0.21 

174 0.28 0.37 0.36 0.32 0.26 

176  0.017    

      

HE 0.50 0.55 0.54 0.58 0.65 

HO 0.57 0.46 0.58 0.50 0.48 

P 0.81 0.10 0.89 0.27 0.040 
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Locus/allele LT LA MA CH IP 

Sv2a53      

     N 28 30 29 30 29 

302 0.018 0.033 0.017 0.017  

308 0.018 0.033 0.034 0.017  

310 0.018 0.017 0.017 0.033 0.034 

312 0.036  0.017 0.033  

314 0.036 0.050 0.017 0.017  

316 0.16 0.22 0.14 0.083 0.17 

318 0.18 0.18 0.29 0.13 0.24 

320 0.089 0.12 0.034 0.15 0.052 

322 0.29 0.18 0.17 0.27 0.12 

324 0.018 0.050 0.10 0.15 0.16 

326 0.11 0.083 0.086 0.10 0.14 

328 0.018 0.017 0.034  0.052 

330 0.018    0.034 

332   0.017   

334   0.017   

336  0.017    

HE 0.85 0.87 0.85 0.86 0.86 

HO 0.86 0.80 0.89 0.73 0.96 

P 0.88 0.54 0.67 0.16 0.93 

      

Sn2b83      

     N 30 30 30 30 29 

172  0.017   0.017 

176  0.017 0.017 0.017  

178 0.63 0.53 0.68 0.67 0.62 

180 0.25 0.33 0.22 0.28 0.35 

182 0.12 0.10 0.083 0.017 0.017 

184    0.017  



 

224 

 

Locus/allele LT LA MA CH IP 

HE 0.53 0.60 0.49 0.48 0.51 

HO 0.37 0.43 0.50 0.40 0.55 

P 0.090 0.21 0.83 0.63 0.88 

      

Sv2a47      

     N 30 30 30 30 29 

285 0.18 0.12 0.13 0.15 0.12 

287 0.033 0.017 0.067 0.050 0.034 

289 0.017    0.017 

291 0.23 0.27 0.22 0.28 0.19 

293 0.32 0.27 0.25 0.217 0.17 

295 0.12 0.23 0.23 0.20 0.31 

297 0.10 0.10 0.10 0.10 0.12 

299     0.034 

      

HE 0.80 0.79 0.82 0.81 0.82 

HO 0.9 0.66 0.76 0.67 0.89 

P 0.58 0.25 0.36 0.060 0.55 
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Appendix C 

Table C.1 Microsatellite sample sizes (N, number of individuals), allele frequencies, observed 

(HO) and expected (HE) heterozygosities, and allelic richness (AR) by sampling location (LT 

includes both Peruvian and blue-footed boobies because both species were sampled at that 

colony). Colony abbreviations as in Fig. 5.1.  See Taylor et al. (2010c, 2011) for details on 

intraspecific mitochondrial control region variation and deviations from neutrality, as well as 

within species tests of microsatellite variability, deviations from HWE, and deviations from 

linkage equilibrium for  loci Ss1b-88, Ss1b-100, Ss2B-138, Sv2A-47, Sn2b-83, Sn2b-68, and 

Sv2A-53.  Values in bold indicate significant deviation from HWE. 

 

  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

 Locus: Ss1b88 

              N 10 15 17 31 47 82 31 29 30 29 

200 

   

0.03 

      216 

   

0.02 

      218 0.10 0.03 0.06 0.15 0.11 0.03 

    220 0.65 0.67 0.71 0.44 0.52 0.46 0.36 0.31 0.22 0.26 

222 0.25 0.30 0.24 0.37 0.37 0.32 0.13 0.14 0.18 0.17 

224 

     

0.14 0.34 0.40 0.43 0.48 

226 

     

0.04 0.15 0.12 0.17 0.07 

228 

     

0.01 0.03 0.03 

 

0.02 

HO 0.70 0.67 0.58 0.65 0.68 0.62 0.71 0.65 0.67 0.55 

HE 0.53 0.48 0.45 0.66 0.58 0.66 0.73 0.72 0.71 0.67 

AR 3.00 2.67 2.84 3.85 2.92 4.17 4.49 4.51 3.98 4.16 

               Locus: Ss1b100 

             N 10 15 17 31 47 82 31 29 30 29 

191 

   

0.02 

      193 

         

0.03 

195 

     

0.01 

  

0.05 

 197 0.10 0.07 0.21 0.29 0.25 0.41 0.58 0.60 0.55 0.40 

199 0.35 0.60 0.59 0.15 0.32 0.20 

    201 0.55 0.33 0.21 0.55 0.43 0.35 0.31 0.38 0.28 0.45 

203 

    

0.01 0.02 0.03 0.02 0.07 0.05 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

205 

     

0.02 0.08 

 

0.02 0.05 

207 

        

0.03 0.02 

HO 0.70 0.66 0.76 0.61 0.59 0.62 0.52 0.51 0.50 0.58 

HE 0.59 0.54 0.59 0.60 0.66 0.67 0.57 0.50 0.61 0.64 

AR 3.00 2.90 3.00 3.30 3.21 3.76 3.41 2.35 4.42 4.37 

               Locus: Ss2b138 

             N 10 14 17 31 47 82 31 29 30 29 

349 

      

0.05 0.02 

 

0.02 

350 

     

0.01 

    351 0.05 0.11 0.03 0.03 0.01 0.04 

    353 0.45 0.61 0.50 0.77 0.75 0.45 0.02 

 

0.03 

 355 0.05 

 

0.06 0.10 0.01 0.01 

  

0.02 

 357 

  

0.06 0.03 0.14 0.37 0.63 0.66 0.57 0.79 

359 0.45 0.29 0.35 0.07 0.10 0.12 0.26 0.26 0.35 0.19 

361 

     

0.01 0.05 0.05 0.03 

 363 

       

0.02 

  
HO 0.80 0.78 0.71 0.45 0.46 0.46 0.45 0.37 0.50 0.34 

HE 0.62 0.58 0.63 0.39 0.42 0.65 0.54 0.51 0.56 0.34 

AR 4.00 2.98 4.26 3.80 3.29 4.01 3.72 3.42 3.45 2.34 

               Locus: Sn2b-68 

             N 10 15 17 31 47 82 31 29 30 29 

168 0.40 0.77 0.82 0.34 0.29 0.20 0.03 0.10 0.08 0.03 

170 0.50 0.23 0.18 0.24 0.42 0.48 0.58 0.53 0.57 0.50 

171 

    

0.01 

     172 0.10 

  

0.42 0.29 0.21 0.02 

 

0.03 0.21 

173 

       

0.02 

  174 

     

0.11 0.36 0.35 0.32 0.26 

176 

      

0.02 

   
HO 0.90 0.33 0.24 0.70 0.65 0.68 0.45 0.58 0.50 0.48 

HE 0.61 0.37 0.29 0.66 0.66 0.67 0.54 0.59 0.58 0.65 

AR 3.00 2.00 2.00 3.00 3.21 3.90 3.19 3.28 3.44 3.57 

               Locus: Sv2a-53 

             N 10 15 17 31 47 82 31 28 30 29 

300 0.05 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

302 

     

0.01 0.03 0.02 0.02 

 304 

   

0.02 0.06 0.01 

    308 0.10 0.27 0.15 0.08 0.25 0.10 0.05 0.04 0.02 

 310 

    

0.06 0.06 0.02 0.02 0.03 0.03 

312 0.05 

    

0.02 

 

0.02 0.03 

 314 0.10 0.30 0.03 0.05 0.11 0.12 0.05 0.02 0.02 

 315 

    

0.01 

     316 0.05 

  

0.37 0.22 0.15 0.21 0.14 0.08 0.17 

318 0.05 0.10 0.09 0.08 0.13 0.16 0.19 0.30 0.13 0.24 

320 0.05 0.03 0.06 0.21 0.04 0.09 0.11 0.04 0.15 0.05 

322 

  

0.06 0.02 

 

0.11 0.18 0.18 0.27 0.12 

324 

     

0.02 0.05 0.11 0.15 0.16 

326 0.35 0.20 0.41 0.11 0.05 0.09 0.08 0.07 0.10 0.14 

328 

 

0.03 0.15 

 

0.01 0.01 0.02 0.02 

 

0.05 

330 0.20 0.03 0.06 0.05 0.03 0.06 

   

0.03 

332 

       

0.02 

  334 

       

0.02 

  336 

    

0.01 0.01 0.02 

   338 

 

0.03 

 

0.02 0.01 

     
HO 0.90 0.93 0.71 0.74 0.87 0.81 0.81 0.89 0.73 0.96 

HE 0.84 0.81 0.79 0.80 0.85 0.89 0.87 0.84 0.86 0.86 

AR 9.00 6.64 7.03 7.04 8.11 9.21 8.40 8.43 7.85 7.51 

               Locus: Sn2b-83 

             N 10 15 17 31 47 82 31 29 30 29 

172 

      

0.02 

  

0.02 

176 

      

0.02 0.02 0.02 

 178 0.05 0.07 0.09 0.10 0.11 0.37 0.53 0.71 0.67 0.62 

180 0.90 0.90 0.88 0.47 0.63 0.50 0.32 0.21 0.28 0.35 

182 0.05 0.03 0.03 0.32 0.18 0.10 0.11 0.07 0.02 0.02 

184 

   

0.11 0.09 0.03 

  

0.02 

 
HO 0.20 0.13 0.12 0.54 0.59 0.48 0.45 0.48 0.40 0.55 

HE 0.19 0.19 0.22 0.66 0.56 0.60 0.60 0.46 0.48 0.50 

AR 3.00 2.56 2.53 3.86 3.77 3.37 3.59 3.17 3.00 2.69 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

    Locus: Sv2a-47 

             N 10 15 17 31 47 81 31 29 30 29 

285 

     

0.07 0.11 0.14 0.15 0.12 

287 

     

0.01 0.02 0.07 0.05 0.03 

289 

     

0.01 

   

0.02 

291 0.05 0.03 0.03 0.26 0.07 0.13 0.26 0.22 0.28 0.19 

293 0.45 0.37 0.47 0.47 0.46 0.38 0.27 0.22 0.22 0.17 

295 0.10 0.20 0.21 0.13 0.32 0.28 0.24 0.24 0.20 0.31 

297 

    

0.03 0.09 0.10 0.10 0.10 0.12 

299 0.40 0.40 0.29 0.15 0.12 0.04 

   

0.03 

HO 0.50 0.73 0.47 0.70 0.59 0.74 0.67 0.79 0.67 0.89 

HE 0.66 0.68 0.67 0.68 0.67 0.75 0.79 0.82 0.81 0.82 

AR 4.00 3.67 3.59 3.94 4.28 5.52 5.18 5.73 5.61 6.40 

               Locus: RM4-G03 

             N 10 15 17 31 47 81 31 29 30 29 

128 

        

0.02 

 143 

        

0.02 

 158 

   

0.03 

      163 

   

0.02 0.05 0.03 

    168 0.40 0.37 0.44 0.10 0.27 0.23 0.11 0.16 0.17 0.26 

173 

 

0.03 

 

0.08 0.10 0.08 0.19 0.16 0.15 0.12 

178 0.15 0.27 0.21 0.53 0.21 0.35 0.18 0.21 0.15 0.16 

183 0.25 0.33 0.24 0.08 0.31 0.10 0.23 0.12 0.08 0.12 

186 

        

0.02 

 188 0.05 

 

0.03 0.05 

 

0.12 0.15 0.14 0.17 0.16 

193 0.10 

   

0.03 0.03 0.08 0.17 0.18 0.14 

198 0.05 

 

0.09 0.11 0.03 0.04 0.03 0.02 0.02 

 203 

     

0.03 0.02 0.02 

 

0.05 

208 

      

0.02 0.02 0.03 

 213 

     

0.01 

    
HO 0.70 0.86 0.76 0.80 0.70 0.75 0.77 0.86 0.79 0.79 

HE 0.77 0.71 0.72 0.68 0.78 0.79 0.85 0.86 0.86 0.85 

AR 6.00 3.67 4.53 6.16 5.63 6.71 6.97 6.92 7.71 6.59 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

    Locus: RM4-F11 

             N 10 15 17 31 47 82 31 29 30 29 

189 

        

0.02 

 196 

        

0.02 

 247 

       

0.03 

  249 

       

0.02 

  268 

       

0.03 

  272 

      

0.02 

  

0.02 

277 0.10 

   

0.02 0.02 0.07 0.02 0.02 0.03 

282 

   

0.10 0.01 0.10 0.23 0.26 0.22 0.28 

286 

     

0.01 

  

0.05 

 287 0.20 0.53 0.62 0.48 0.35 0.26 0.26 0.17 0.25 0.29 

292 0.70 0.40 0.24 0.29 0.35 0.41 0.24 0.31 0.20 0.17 

294 

     

0.01 0.03 

   296 

     

0.01 0.02 

 

0.03 

 297 

 

0.03 0.03 0.08 0.13 0.08 0.08 0.07 0.12 0.10 

298 

       

0.03 

  302 

  

0.06 0.03 0.13 0.09 0.05 0.03 0.07 0.03 

307 

 

0.03 0.06 0.02 0.01 0.03 

  

0.02 

 312 

      

0.02 0.02 

 

0.07 

HO 0.40 0.60 0.52 0.61 0.70 0.67 0.51 0.71 0.72 0.72 

HE 0.48 0.57 0.57 0.67 0.72 0.74 0.82 0.81 0.83 0.81 

AR 3.00 3.33 4.26 4.65 4.72 5.85 6.87 7.15 7.36 6.24 

               Locus: RM4-C03 

             N 10 15 17 31 47 82 31 29 30 29 

286 

   

0.02 

      290 

   

0.02 

      310 

     

0.01 

    338 0.50 0.27 0.27 0.13 0.27 0.11 

    340 

 

0.03 

 

0.18 0.01 0.04 

    341 0.05 

   

0.01 0.01 

    348 

    

0.01 0.01 

    352 

   

0.02 

 

0.01 

 

0.05 0.02 0.03 

354 

     

0.01 

 

0.02 0.02 

 356 

     

0.02 0.08 0.03 0.02 

 358 

     

0.01 0.02 0.07 0.02 

 360 

   

0.02 

 

0.04 0.03 0.03 0.05 0.09 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

362 

     

0.01 0.03 

   364 

     

0.05 0.08 0.14 0.10 0.05 

365 

       

0.02 0.03 

 367 

     

0.03 0.08 0.16 0.03 0.07 

369 

     

0.01 

   

0.02 

372 

     

0.03 0.13 0.09 0.07 0.03 

373 

     

0.01 

 

0.02 

 

0.03 

375 

    

0.01 0.04 0.05 0.02 0.05 

 377 

       

0.03 

  378 

   

0.02 0.01 0.01 

    379 

     

0.02 0.03 0.02 0.10 0.07 

381 

     

0.01 0.02 0.03 

 

0.03 

382 

   

0.05 0.04 0.02 0.02 0.03 0.05 0.07 

384 

     

0.01 0.02 0.02 0.02 

 386 

   

0.03 0.01 0.02 0.02 0.02 0.05 0.09 

388 

      

0.03 0.02 0.02 0.03 

390 0.15 0.17 0.18 0.05 0.02 0.02 0.03 

 

0.10 0.05 

392 

     

0.01 0.02 0.02 

 

0.02 

394 0.15 0.33 0.21 0.02 0.04 0.01 0.02 

  

0.03 

396 

        

0.03 

 398 

 

0.07 0.12 0.02 

 

0.02 

 

0.03 

  402 

 

0.03 

 

0.05 0.04 0.05 

  

0.02 

 405 

   

0.07 

 

0.02 

    406 

     

0.01 0.05 0.03 0.02 0.09 

408 

  

0.09 0.03 0.05 0.01 

    410 

      

0.03 0.03 

 

0.02 

412 

     

0.01 0.02 0.02 

  414 

     

0.01 0.02 0.02 0.05 0.02 

416 0.10 0.07 0.12 0.18 0.07 0.04 

    418 

     

0.01 0.03 

  

0.03 

420 

   

0.02 0.09 0.04 

    421 

     

0.02 

  

0.02 

 422 

      

0.03 

  

0.02 

424 

  

0.03 0.02 0.03 0.04 0.02 0.02 0.02 

 425 

    

0.02 

     426 

     

0.01 0.03 

 

0.03 

 428 

 

0.03 

 

0.03 0.04 0.04 0.03 

 

0.03 0.02 

430 

        

0.02 

 432 

   

0.02 0.03 0.05 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

436 0.05 

  

0.02 0.03 0.02 

    440 

   

0.02 0.05 0.02 

    444 

   

0.02 0.03 0.01 

    446 

        

0.02 0.02 

448 

    

0.03 0.01 

    450 

      

0.03 0.02 

  452 

        

0.02 

 454 

         

0.02 

456 

     

0.01 

    458 

    

0.01 

     460 

    

0.01 

     462 

    

0.01 

     463 

      

0.02 

  

0.05 

HO 0.70 0.80 0.82 0.80 0.93 0.93 0.90 0.89 0.80 0.65 

HE 0.73 0.80 0.84 0.91 0.90 0.96 0.96 0.94 0.95 0.96 

AR 6.00 6.79 6.48 11.67 11.85 15.35 14.50 13.48 14.27 14.11 

               Locus: RM4-D07 

             N 10 15 17 31 47 82 31 29 30 29 

202 

         

0.03 

220 

   

0.02 

 

0.02 0.05 0.03 0.03 0.02 

224 

   

0.07 0.15 0.10 0.05 0.10 0.05 0.03 

228 0.05 

  

0.19 0.17 0.28 0.32 0.33 0.42 0.31 

232 0.70 0.53 0.59 0.40 0.51 0.43 0.39 0.36 0.23 0.50 

236 0.20 0.47 0.38 0.18 0.15 0.15 0.15 0.10 0.18 0.03 

238 0.05 

         240 

  

0.03 0.08 0.02 0.02 0.03 0.03 0.07 0.07 

242 

     

0.01 

    244 

   

0.07 

  

0.02 0.03 0.02 

 
HO 0.60 0.53 0.59 0.74 0.68 0.59 0.83 0.82 0.76 0.62 

HE 0.48 0.51 0.52 0.77 0.67 0.71 0.73 0.75 0.74 0.65 

AR 4.00 2.00 2.59 5.78 4.32 4.73 5.24 5.59 5.41 4.90 

               Locus: RM4-E10 

             N 10 15 17 31 46 82 31 29 30 29 

240 

     

0.01 0.03 0.02 0.02 0.02 

244 

   

0.02 

 

0.04 0.03 0.07 0.03 

 



 

232 

 

  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

248 

   

0.03 

 

0.04 0.13 0.16 0.22 0.10 

252 

 

0.10 0.15 0.13 0.07 0.18 0.32 0.16 0.22 0.17 

256 0.30 0.10 0.15 0.15 0.25 0.26 0.18 0.29 0.20 0.36 

260 0.40 0.37 0.21 0.32 0.30 0.13 0.19 0.14 0.10 0.07 

264 0.25 0.40 0.50 0.24 0.21 0.17 0.05 0.09 0.15 0.03 

268 0.05 0.03 

  

0.11 0.07 

 

0.07 0.03 0.12 

272 

   

0.07 0.02 0.02 

    273 

     

0.02 0.07 

 

0.03 0.10 

276 

   

0.03 0.02 0.02 

 

0.02 

 

0.02 

280 

   

0.02 0.02 0.02 

    
HO 0.80 0.60 0.59 0.87 0.73 0.68 0.83 0.68 0.83 0.79 

HE 0.72 0.70 0.68 0.81 0.79 0.84 0.81 0.84 0.84 0.81 

AR 4.00 4.61 3.99 6.48 5.87 7.60 6.54 7.18 6.91 6.90 

               Locus: RM4-E03 

             N 10 15 17 31 47 82 31 29 30 29 

308 

     

0.01 

    310 

      

0.02 0.02 

 

0.02 

312 

 

0.03 

 

0.11 0.14 0.06 0.02 

 

0.02 0.02 

314 0.20 

 

0.06 0.15 0.07 0.04 

 

0.05 

 

0.07 

316 0.50 0.70 0.74 0.39 0.46 0.52 0.65 0.45 0.62 0.74 

318 0.30 0.27 0.21 0.36 0.33 0.23 0.02 

   320 

     

0.02 0.07 0.03 0.07 0.03 

322 

     

0.07 0.23 0.31 0.13 0.10 

324 

     

0.05 

 

0.14 0.12 0.02 

326 

     

0.02 0.02 

 

0.05 

 
HO 0.70 0.33 0.41 0.87 0.74 0.52 0.51 0.79 0.63 0.37 

HE 0.65 0.45 0.42 0.70 0.66 0.67 0.54 0.69 0.59 0.44 

AR 3.00 2.67 2.84 3.92 3.79 5.53 4.09 4.62 4.78 4.37 

 

  

            Locus: RM2-F07 

             N 10 15 16 31 47 82 31 29 30 29 

387 

     

0.006 

    389 0.55 0.3 0.156 0.403 0.511 0.28 

    391 

     

0.018 0.016 0.034 0.05 0.034 

393 

     

0.018 0.016 

   395 0.4 0.6 0.781 0.581 0.298 0.549 0.919 0.828 0.867 0.914 



 

233 

 

  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

397 0.05 0.1 0.063 0.016 0.191 0.122 0.016 0.121 0.083 0.052 

399 

     

0.006 

    405 

       

0.017 

  437 

      

0.016 

   453 

      

0.016 

   
HO 0.40 0.66 0.31 0.51 0.57 0.41 0.16 0.34 0.20 0.17 

HE 0.56 0.55 0.37 0.51 0.62 0.61 0.16 0.30 0.24 0.17 

AR 3.00 2.97 2.86 2.32 2.99 3.83 2.61 2.88 2.59 2.30 

               Locus: RM3-F11 

             N 10 15 17 31 47 82 31 29 30 29 

264 

   

0.03 

      314 

        

0.02 0.03 

318 

     

0.01 0.03 0.05 

 

0.03 

320 

     

0.01 

    321 

       

0.02 

  322 

     

0.01 

    324 

     

0.01 

  

0.05 0.02 

325 

     

0.01 0.03 

   326 

     

0.01 

 

0.02 0.03 0.02 

329 

     

0.01 0.03 0.02 0.07 

 331 

   

0.03 0.02 0.02 

 

0.02 0.02 

 334 

     

0.02 0.03 0.02 0.02 0.02 

335 

         

0.02 

336 0.10 0.03 0.06 

 

0.02 0.01 

 

0.09 0.05 0.09 

339 

        

0.02 

 340 

     

0.01 0.02 0.07 0.02 

 341 

 

0.03 

 

0.03 0.04 0.01 

    342 

     

0.02 0.11 0.07 0.08 0.05 

344 

     

0.02 

 

0.05 0.05 0.07 

346 0.05 0.03 0.03 0.03 0.05 0.04 0.10 0.07 0.05 0.07 

348 

        

0.02 

 350 

     

0.01 0.07 0.02 

 

0.02 

351 0.05 

 

0.15 0.08 0.03 0.01 

    352 

     

0.06 0.08 0.07 0.05 0.10 

354 

   

0.02 

    

0.02 0.03 

356 

     

0.04 0.03 0.07 0.08 0.07 

357 

 

0.03 0.03 0.10 0.05 0.03 

    



 

234 

 

  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

359 

     

0.01 

    360 

     

0.01 0.02 0.02 0.07 0.05 

362 

     

0.01 0.10 0.05 0.05 0.07 

363 

 

0.10 

 

0.11 0.11 0.06 

    365 

     

0.01 0.02 0.02 0.05 0.03 

368 0.10 0.03 0.09 0.07 0.03 0.09 0.02 

 

0.05 0.02 

370 

     

0.01 0.03 

  

0.03 

373 0.05 0.07 0.12 0.05 0.07 0.10 0.07 0.02 0.03 0.03 

375 

     

0.01 

   

0.02 

376 

     

0.01 0.05 0.07 0.07 

 378 

 

0.10 0.09 0.08 0.07 0.04 

 

0.02 0.02 0.02 

380 

      

0.03 0.02 

  383 0.15 0.03 0.03 0.03 0.04 0.03 0.02 0.02 

 

0.03 

387 

       

0.02 

  388 0.05 0.07 0.03 0.07 0.11 0.07 0.03 0.03 

 

0.02 

393 

  

0.03 0.07 0.14 0.02 0.03 

  

0.02 

395 

    

0.02 0.01 

    397 

     

0.01 

    398 

 

0.07 0.06 0.11 0.01 0.04 

    400 

  

0.03 

       402 

   

0.02 

   

0.03 

  404 0.05 0.03 0.03 

 

0.04 0.03 0.05 

 

0.02 

 409 0.05 0.10 0.03 0.03 0.02 0.01 0.02 0.03 

  414 0.10 0.17 0.06 

  

0.03 

   

0.02 

418 

       

0.02 

  419 0.10 0.03 0.12 

 

0.01 0.01 

    420 

        

0.02 

 423 

     

0.01 

    424 

 

0.03 0.03 0.02 0.04 

     430 0.15 0.03 

   

0.02 

    436 

   

0.02 

 

0.01 

    440 

     

0.01 

    441 

   

0.02 0.01 

     448 

    

0.01 

     452 

     

0.01 

    454 

    

0.01 

     460 

    

0.02 

     
HO 0.90 0.93 0.82 0.87 0.89 0.86 0.87 0.86 0.86 0.79 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

HE 0.95 0.94 0.94 0.94 0.93 0.96 0.95 0.96 0.96 0.96 

AR 12.00 13.27 12.64 12.52 12.37 14.60 13.47 14.58 14.34 14.40 

               Locus: RM4-B03 

             N 10 15 16 31 47 80 31 29 30 29 

288 0.03 

         306 

 

0.03 

       308 

  

0.03 

       362 

        

0.02 

 372 

  

0.06 

     

0.02 0.02 

376 

    

0.01 

     378 

     

0.01 

    380 

   

0.05 0.09 0.01 

    382 0.05 

  

0.10 0.18 0.17 0.13 0.21 0.18 0.16 

384 0.25 0.20 0.06 0.55 0.38 0.55 0.65 0.53 0.52 0.64 

386 0.40 0.63 0.50 0.11 0.15 0.12 0.11 0.09 0.07 0.07 

388 0.30 0.13 0.25 0.15 0.10 0.09 0.11 0.14 0.20 0.12 

390 

     

0.01 

    392 

     

0.01 

    396 

   

0.02 0.09 0.05 

 

0.03 

  398 

    

0.01 

     402 

  

0.03 

       404 

  

0.03 0.02 

      483 

   

0.02 

      
HO 0.70 0.53 0.75 0.67 0.72 0.58 0.48 0.55 0.50 0.52 

HE 0.72 0.55 0.70 0.66 0.78 0.64 0.55 0.65 0.66 0.55 

AR 4.00 3.66 6.23 5.50 6.01 4.94 3.86 4.44 4.47 4.11 

               Locus: RM3-D07 

             N 10 15 17 31 47 82 31 29 30 29 

272 

      

0.02 

 

0.07 

 276 

        

0.02 0.02 

280 

      

0.02 0.02 0.02 

 310 

        

0.03 

 314 0.20 0.10 0.12 0.02 0.02 0.01 

    318 0.05 0.03 

 

0.02 

      324 

 

0.07 

 

0.02 0.02 0.01 

    



 

236 

 

  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

328 

  

0.06 0.07 

 

0.01 

 

0.02 

  332 

 

0.10 0.06 0.03 0.02 0.01 0.02 

   336 

  

0.09 

 

0.02 0.01 

 

0.02 

  340 

   

0.02 0.06 0.02 

    344 

 

0.03 

 

0.07 0.02 0.01 

 

0.02 0.02 0.07 

348 

  

0.03 0.03 0.01 0.04 0.02 0.02 

 

0.02 

350 0.05 

 

0.03 0.07 0.05 0.02 

    352 

     

0.01 

 

0.03 0.08 

 354 0.05 0.10 0.03 0.02 0.03 0.06 0.05 0.02 0.03 0.03 

358 

      

0.05 0.07 0.03 0.07 

360 

 

0.10 0.06 0.03 0.07 0.04 

 

0.02 

  362 0.15 

 

0.06 0.10 0.05 0.09 0.11 0.10 0.10 0.05 

364 

      

0.02 0.02 

  366 0.10 0.07 0.15 0.05 0.09 0.07 

    368 

     

0.04 0.05 

 

0.03 0.05 

370 0.10 0.17 0.15 0.03 0.06 0.06 0.07 0.12 0.03 0.07 

372 

         

0.02 

374 0.15 0.03 0.03 0.13 0.09 0.08 0.08 0.12 

 

0.03 

378 0.10 0.03 0.03 0.03 0.10 0.03 0.07 0.12 0.13 0.07 

382 

 

0.10 0.09 0.08 0.09 0.10 0.03 0.07 0.10 0.16 

384 

         

0.02 

386 0.05 

  

0.03 0.05 0.05 0.05 0.07 0.02 0.10 

388 

   

0.03 

      390 

 

0.07 

 

0.05 0.02 0.06 0.16 0.05 0.03 0.02 

392 

        

0.02 

 394 

    

0.05 0.06 0.08 0.03 0.02 0.03 

396 

     

0.01 

    398 

   

0.07 0.01 0.04 0.03 

  

0.07 

400 

     

0.01 0.03 0.02 0.02 0.02 

402 

   

0.02 0.03 0.02 

    404 

   

0.02 0.01 0.02 0.03 

  

0.02 

412 

    

0.01 0.01 

 

0.02 0.02 0.02 

416 

      

0.02 0.02 

  418 

     

0.01 

    420 

     

0.02 0.02 

 

0.02 0.02 

422 

  

0.03 

       432 

         

0.03 

436 

       

0.02 

  440 

     

0.01 
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  SI FS ER+MA CH+SE+ES LP LT LA MZ CN IP 

HO 0.80 0.73 0.82 0.90 0.82 0.90 0.93 0.89 0.86 0.93 

HE 0.92 0.94 0.93 0.95 0.94 0.95 0.94 0.93 0.92 0.94 

AR 10.00 11.21 11.72 13.41 12.86 13.30 12.49 12.30 11.85 12.90 

               Locus: Sn2A-36 

             N 10 15 16 31 47 82 31 29 30 29 

334 

     

0.01 

    336 0.90 0.77 0.53 0.84 1.00 0.60 0.07 

   338 0.10 0.13 0.38 0.11 

  

0.03 

   340 

 

0.10 0.09 0.05 

 

0.39 0.87 0.98 1.00 1.00 

342 

      

0.03 0.02 

  
HO 0.00 0.13 0.13 0.06 N/A 0.06 0.00 0.03 N/A N/A 

HE 0.18 0.40 0.59 0.28 N/A 0.48 0.24 0.03 N/A N/A 

AR 2.00 2.96 2.96 2.64 1.00 2.12 2.89 1.35 1.00 1.00 
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Table C.2 Blue-footed booby microsatellite allele frequencies and simple sizes (N), allelic 

richness (AR, based on min. sample size of 10 diploid individuals.), observed (HO) and expected 

(HE) heterozygosity. Colony abbreviations as in Fig. 5.1. 

  SI FS ER+MA CH+SE+ES LP LT 

Locus: RM4-G03 

 

 

    N 10 15 17 31 47 47 

158 

  

 0.03 

  163 

  

 0.02 0.05 0.05 

168 0.40 0.37 0.44 0.10 0.27 0.20 

173 

 

0.03  0.08 0.10 0.09 

178 0.15 0.27 0.21 0.53 0.21 0.48 

183 0.25 0.33 0.24 0.08 0.31 0.14 

188 0.05 

 

0.03 0.05 

 

0.02 

193 0.10 

 

 

 

0.03 0.01 

198 0.05 

 

0.09 0.11 0.03 0.01 

HO 0.70 0.87 0.76 0.81 0.70 0.72 

HE 0.77 0.70 0.72 0.68 0.78 0.71 

AR 6.00 3.67 4.53 6.16 5.63 5.34 

   

 

   Locus: RM4-F11 

 

 

    N 10 15 17 31 47 48 

277 0.10 

 

 

 

0.02 0.01 

282 

  

 0.10 0.01 0.03 

287 0.20 0.53 0.62 0.48 0.35 0.30 

292 0.70 0.40 0.24 0.29 0.35 0.40 

294 

  

 

  

0.02 

297 

 

0.03 0.03 0.08 0.13 0.06 

302 

  

0.06 0.03 0.13 0.14 

307 

 

0.03 0.06 0.02 0.01 0.04 

HO 0.40 0.60 0.52 0.61 0.70 0.75 

HE 0.48 0.57 0.57 0.67 0.72 0.73 

AR 3.00 3.33 4.26 4.65 4.72 5.43 

    

 

 Locus: RM4-C03 

 

 

    N 10 15 17 31 47 48 

286 

  

 0.02 

  290 

  

 0.02 

  310 

  

 

  

0.01 

338 0.50 0.27 0.27 0.13 0.27 0.19 

340 

 

0.03  0.18 0.01 0.06 

341 0.05 

 

 

 

0.01 0.02 

348 

  

 

 

0.01 

 352 

  

 0.02 

  360 

  

 0.02 

  372 

  

 

  

0.03 

375 

  

 

 

0.01 
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  SI FS ER+MA CH+SE+ES LP LT 

378 

  

 0.02 0.01 0.02 

382 

  

 0.05 0.04 

 386 

  

 0.03 0.01 0.03 

390 0.15 0.17 0.18 0.05 0.02 0.02 

394 0.15 0.33 0.21 0.02 0.04 0.02 

398 

 

0.07 0.12 0.02 

 

0.03 

402 

 

0.03  0.05 0.04 0.08 

405 

  

 0.07 

 

0.03 

408 

  

0.09 0.03 0.05 0.02 

412 

  

 

  

0.01 

416 0.10 0.07 0.12 0.18 0.07 0.07 

420 

  

 0.02 0.09 0.06 

424 

  

0.03 0.02 0.03 0.04 

425 

  

 

 

0.02 

 428 

 

0.03  0.03 0.04 0.06 

432 

  

 0.02 0.03 0.08 

436 0.05 

 

 0.02 0.03 0.03 

440 

  

 0.02 0.05 0.03 

444 

  

 0.02 0.03 0.01 

448 

  

 

 

0.03 0.01 

456 

  

 

  

0.01 

458 

  

 

 

0.01 

 460 

  

 

 

0.01 

 462 

  

 

 

0.01 

 HO 0.70 0.81 0.82 0.81 0.93 0.91 

HE 0.72 0.80 0.84 0.91 0.90 0.93 

AR 6.00 6.79 6.48 11.67 11.85 12.39 

    

 

 Locus: RM4-D07 

 

 

 N 10 15 17 31 47 48 

220 

  

 0.02 

 

0.01 

224 

  

 0.07 0.15 0.15 

228 0.05 

 

 0.19 0.17 0.23 

232 0.70 0.53 0.59 0.40 0.51 0.51 

236 0.20 0.47 0.38 0.18 0.15 0.06 

238 0.05 

 

 

   240 

  

0.03 0.08 0.02 0.02 

242 

  

 

  

0.02 

244 

  

 0.07 

  HO 0.60 0.53 0.58 0.74 0.68 0.62 

HE 0.48 0.51 0.52 0.76 0.67 0.66 

AR 4.00 2.00 2.59 5.78 4.32 4.69 

    

 

  Locus: RM4-E10 

 

 

     

N 10 15 17 31 46 48 



 

240 

 

  SI FS ER+MA CH+SE+ES LP LT 

244 

  

 0.02 

  248 

  

 0.03 

  252 

 

0.10 0.15 0.13 0.07 0.09 

256 0.30 0.10 0.15 0.15 0.25 0.29 

260 0.40 0.37 0.21 0.32 0.30 0.20 

264 0.25 0.40 0.50 0.24 0.21 0.25 

268 0.05 0.03  

 

0.11 0.08 

272 

  

 0.07 0.02 0.04 

276 

  

 0.03 0.02 0.03 

280 

  

 0.02 0.02 0.01 

HO 0.80 0.60 0.58 0.87 0.73 0.66 

HE 0.72 0.70 0.68 0.81 0.79 0.80 

AR 4.00 4.61 3.99 6.48 5.87 6.07 

   

 

   Locus: RM4-E03 

 

 

      

N 10 15 17 31 47 48 

312 

 

0.03  0.11 0.14 0.08 

314 0.20 

 

0.06 0.15 0.07 0.06 

316 0.50 0.70 0.74 0.39 0.46 0.52 

318 0.30 0.27 0.21 0.36 0.33 0.33 

HO 0.70 0.33 0.41 0.87 0.73 0.41 

HE 0.65 0.45 0.42 0.71 0.66 0.61 

AR 3.00 2.67 2.84 3.92 3.79 3.62 

   

 

   Locus: RM2-F07 

 

 

 N 10 15 16 31 47 48 

389 0.55 0.30 0.16 0.40 0.51 0.46 

393 

  

 

  

0.03 

395 0.40 0.60 0.78 0.58 0.30 0.31 

397 0.05 0.10 0.06 0.02 0.19 0.19 

399 

  

 

  

0.01 

HO 0.40 0.66 0.31 0.52 0.57 0.54 

HE 0.56 0.55 0.37 0.51 0.62 0.66 

AR 3.00 2.97 2.86 2.32 2.99 3.71 

Locus: RM3-F11 

 

 

 N 10 15 17 31 47 48 

264 

  

 0.03 

  325 

  

 

  

0.02 

331 

  

 0.03 0.02 0.01 

336 0.10 0.03 0.06 

 

0.02 0.01 

341 

 

0.03  0.03 0.04 0.01 

346 0.05 0.03 0.03 0.03 0.05 0.03 

351 0.05 

 

0.15 0.08 0.03 0.02 

354 

  

 0.02 

  357 

 

0.03 0.03 0.10 0.05 0.05 



 

241 

 

  SI FS ER+MA CH+SE+ES LP LT 

363 

 

0.10  0.11 0.11 0.10 

368 0.10 0.03 0.09 0.07 0.03 0.15 

373 0.05 0.07 0.12 0.05 0.07 0.09 

375 

  

 

  

0.02 

378 

 

0.10 0.09 0.08 0.07 0.05 

383 0.15 0.03 0.03 0.03 0.04 0.04 

388 0.05 0.07 0.03 0.07 0.11 0.07 

393 

  

0.03 0.07 0.14 0.04 

395 

  

 

 

0.02 0.01 

397 

  

 

  

0.01 

398 

 

0.07 0.06 0.11 0.01 0.06 

400 

  

0.03 

   402 

  

 0.02 

  404 0.05 0.03 0.03 

 

0.04 0.03 

409 0.05 0.10 0.03 0.03 0.02 0.02 

414 0.10 0.17 0.06 

  

0.05 

419 0.10 0.03 0.12 

 

0.01 0.02 

424 

 

0.03 0.03 0.02 0.04 

 430 0.15 0.03  

  

0.03 

436 

  

 0.02 

 

0.01 

440 

  

 

  

0.01 

441 

  

 0.02 0.01 

 448 

  

 

 

0.01 

 452 

  

 

  

0.01 

454 

  

 

 

0.01 

 460 

  

 

 

0.02 

 HO 0.90 0.93 0.82 0.87 0.89 0.85 

HE 0.94 0.94 0.94 0.94 0.93 0.94 

AR 12.00 13.27 12.64 12.52 12.37 12.74 

Locus: RM4-B03 

 

 

 N 10 15 16 31 47 47 

288 

 

0.03  

   306 

  

0.03 

   308 

  

0.03 

   372 

  

0.06 

   376 

  

 

 

0.01 

 380 

  

 0.05 0.09 0.01 

382 0.05 

 

 0.10 0.18 0.12 

384 0.25 0.20 0.06 0.55 0.38 0.52 

386 0.40 0.63 0.50 0.11 0.15 0.15 

388 0.30 0.13 0.25 0.15 0.10 0.12 

396 

  

 0.02 0.09 0.09 

398 

  

 

 

0.01 

 402 

  

0.03 

   404 

  

0.03 0.02 

  483 

  

 0.02 

  



 

242 

 

  SI FS ER+MA CH+SE+ES LP LT 

HO 0.70 0.53 0.75 0.67 0.72 0.63 

HE 0.72 0.55 0.69 0.66 0.78 0.67 

AR 4.00 3.66 6.23 5.50 6.01 4.93 

Locus: RM3-D07 

 

 

 N 10 15 17 31 47 48 

314 0.20 0.10 0.12 0.02 0.02 0.01 

318 0.05 0.03  0.02 

  324 

 

0.07  0.02 0.02 0.01 

328 

  

0.06 0.07 

 

0.02 

332 

 

0.10 0.06 0.03 0.02 0.01 

336 

  

0.09 

 

0.02 0.01 

340 

  

 0.02 0.06 0.03 

344 

 

0.03  0.07 0.02 

 348 

  

0.03 0.03 0.01 0.03 

350 0.05 

 

0.03 0.07 0.05 0.03 

354 0.05 0.10 0.03 0.02 0.03 0.08 

360 

 

0.10 0.06 0.03 0.07 0.06 

362 0.15 

 

0.06 0.10 0.05 0.05 

366 0.10 0.07 0.15 0.05 0.09 0.12 

370 0.10 0.17 0.15 0.03 0.06 0.06 

374 0.15 0.03 0.03 0.13 0.09 0.06 

378 0.10 0.03 0.03 0.03 0.10 0.02 

382 

 

0.10 0.09 0.08 0.09 0.09 

386 0.05 

 

 0.03 0.05 0.03 

388 

  

 0.03 

  390 

 

0.07  0.05 0.02 0.03 

394 

  

 

 

0.05 0.07 

398 

  

 0.07 0.01 0.05 

402 

  

 0.02 0.03 0.04 

404 

  

 0.02 0.01 0.02 

412 

  

 

 

0.01 0.02 

418 

  

 

  

0.01 

420 

  

 

  

0.01 

422 

  

0.03 

   HO 0.80 0.73 0.82 0.90 0.82 0.87 

HE 0.92 0.93 0.93 0.95 0.94 0.94 

AR 10.00 11.21 11.72 13.41 12.86 13.09 

Locus: Sn2A-36 

 

 

 N 10 15 16 31 47 48 

334 

  

 

  

0.01 

336 0.90 0.77 0.53 0.84 1.00 0.99 

338 0.10 0.13 0.38 0.11 

  340 

 

0.10 0.09 0.05 

  HO 0.00 0.13 0.12 0.06 N/A 0.02 

HE 0.18 0.39 0.58 0.28 N/A 0.02 

AR 2.00 2.96 2.96 2.64 1.00 1.21 
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Table C.3 Peruvian booby microsatellite allele frequencies, sample sizes (N), allelic richness 

(AR, based on minimum sample size of 28 diploid individuals.), observed (HO) and expected (HE) 

heterozygosity. Colony abbreviations as in Fig. 5.1. 

    LT LA MZ CN IP 

    Locus: RM4-G03 

        N 34 31 29 30 29 

128 

   

0.02 

 143 

   

0.02 

 168 0.27 0.11 0.16 0.17 0.26 

173 0.07 0.19 0.16 0.15 0.12 

178 0.16 0.18 0.21 0.15 0.16 

183 0.04 0.23 0.12 0.08 0.12 

186 

   

0.02 

 188 0.25 0.15 0.14 0.17 0.16 

193 0.06 0.08 0.17 0.18 0.14 

198 0.07 0.03 0.02 0.02 

 203 0.06 0.02 0.02 

 

0.05 

208 

 

0.02 0.02 0.03 

 213 0.02 

    HO 0.80 0.76 0.86 0.79 0.79 

HE 0.83 0.85 0.86 0.86 0.84 

AR 8.82 8.80 8.90 10.73 7.00 

    Locus: RM4-F11 

        N 34 31 29 30 29 

189 

   

0.02 

 196 

   

0.02 

 247 

  

0.03 

  249 

  

0.02 

  268 

  

0.03 

  272 

 

0.02 

  

0.02 

277 0.03 0.07 0.02 0.02 0.03 

282 0.19 0.23 0.26 0.22 0.28 

286 0.02 

  

0.05 

 287 0.19 0.26 0.17 0.25 0.29 

292 0.43 0.24 0.31 0.20 0.17 

294 

 

0.03 

   296 0.02 0.02 

 

0.03 

 297 0.10 0.08 0.07 0.12 0.10 

298 

  

0.03 

  302 0.02 0.05 0.03 0.07 0.03 

307 0.02 

  

0.02 

 312 

 

0.02 0.02 

 

0.07 

      HO 0.53 0.50 0.72 0.72 0.72 

    LT LA MZ CN IP 
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HE 0.75 0.81 0.81 0.83 0.80 

AR 8.27 9.70 10.89 10.73 7.96 

    Locus: RM4-C03 

   
           N 34 31 29 30 29 

348 0.02 

    352 0.03 

 

0.05 0.02 0.03 

354 0.02 

 

0.02 0.02 

 356 0.04 0.08 0.03 0.02 

 358 0.03 0.02 0.07 0.02 

 360 0.09 0.03 0.03 0.05 0.09 

362 0.02 0.03 

   364 0.12 0.08 0.14 0.10 0.05 

365 

  

0.02 0.03 

 367 0.07 0.08 0.16 0.03 0.07 

369 0.02 

   

0.02 

372 0.03 0.13 0.09 0.07 0.03 

373 0.03 

 

0.02 

 

0.03 

375 0.09 0.05 0.02 0.05 

 377 

  

0.03 

  379 0.04 0.03 0.02 0.10 0.07 

381 0.02 0.02 0.03 

 

0.03 

382 0.04 0.02 0.03 0.05 0.07 

384 0.02 0.02 0.02 0.02 

 386 0.02 0.02 0.02 0.05 0.09 

388 

 

0.03 0.02 0.02 0.03 

390 0.03 0.03 

 

0.10 0.05 

392 0.02 0.02 0.02 

 

0.02 

394 

 

0.02 

  

0.03 

396 

   

0.03 

 398 0.02 

 

0.03 

  402 

   

0.02 

 406 0.03 0.05 0.03 0.02 0.09 

410 

 

0.03 0.03 

 

0.02 

412 0.02 0.02 0.02 

  414 0.02 0.02 0.02 0.05 0.02 

418 0.03 0.03 

  

0.03 

421 0.06 

  

0.02 

 422 

 

0.03 

  

0.02 

424 0.04 0.02 0.02 0.02 

 426 0.02 0.03 

 

0.03 

 428 

 

0.03 

 

0.03 0.02 

430 

   

0.02 

 436 0.02 

    446 

   

0.02 0.02 

    LT LA MZ CN IP 

450 

 

0.03 0.02 
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452 

   

0.02 

 454 

    

0.02 

463 

 

0.02 

  

0.05 

HO 0.96 0.90 0.89 0.80 0.65 

HE 0.95 0.95 0.94 0.95 0.96 

AR 26.49 26.85 25.55 26.12 23.72 

    Locus: RM4-D07 

        N 34 31 29 30 29 

202 

    

0.03 

220 0.03 0.05 0.03 0.03 0.02 

224 0.03 0.05 0.10 0.05 0.03 

228 0.35 0.32 0.33 0.42 0.31 

232 0.31 0.39 0.36 0.23 0.50 

236 0.27 0.15 0.10 0.18 0.03 

240 0.02 0.03 0.03 0.07 0.07 

244 

 

0.02 0.03 0.02 

 HO 0.56 0.83 0.82 0.76 0.62 

HE 0.71 0.73 0.74 0.74 0.65 

AR 5.77 6.89 7.00 6.93 6.96 

    Locus: RM4-E10 

        N 34 31 29 30 29 

240 0.03 0.03 0.02 0.02 0.02 

244 0.10 0.03 0.07 0.03 

 248 0.10 0.13 0.16 0.22 0.10 

252 0.31 0.32 0.16 0.22 0.17 

256 0.22 0.18 0.29 0.20 0.36 

260 0.04 0.19 0.14 0.10 0.07 

264 0.06 0.05 0.09 0.15 0.03 

268 0.04 

 

0.07 0.03 0.12 

273 0.04 0.07 

 

0.03 0.10 

276 0.02 

 

0.02 

 

0.02 

280 0.03 

    HO 0.66 0.83 0.68 0.83 0.79 

HE 0.82 0.81 0.84 0.84 0.81 

AR 10.75 7.98 8.93 8.92 8.93 

Locus: RM4-E03 

        N 34 31 29 30 29 

308 0.02 

    310 0.00 0.02 0.02 

 

0.02 

312 0.02 0.02 

 

0.02 0.02 

314 

  

0.05 

 

0.07 

316 0.52 0.65 0.45 0.62 0.74 

318 0.07 0.02 

       LT LA MZ CN IP 

320 0.06 0.07 0.03 0.07 0.03 

322 0.16 0.23 0.31 0.13 0.10 



 

246 

 

324 0.12 

 

0.14 0.12 0.02 

326 0.04 0.02 

 

0.05 

 HO 0.66 0.50 0.79 0.63 0.37 

HE 0.67 0.53 0.69 0.59 0.44 

AR 7.64 6.61 5.97 5.93 6.90 

     Locus: RM2-F07 

        N 34 31 29 30 29 

387 0.02 

    389 0.03 

    391 0.04 0.02 0.03 0.05 0.03 

393 

 

0.02 

   395 0.88 0.92 0.83 0.87 0.91 

397 0.03 0.02 0.12 0.08 0.05 

405 

  

0.02 

  437 

 

0.02 

   453 

 

0.02 

   HO 0.20 0.16 0.34 0.20 0.17 

HE 0.18 0.16 0.30 0.24 0.16 

AR 4.76 5.52 3.97 3.00 3.00 

      Locus: RM3-F11 

          N 34 31 29 30 29 

314 

   

0.02 0.03 

318 0.02 0.03 0.05 

 

0.03 

320 0.02 

    321 

  

0.02 

  322 0.02 

    324 0.02 

  

0.05 0.02 

325 

 

0.03 

   326 0.02 

 

0.02 0.03 0.02 

329 0.02 0.03 0.02 0.07 

 331 0.03 

 

0.02 0.02 

 334 0.04 0.03 0.02 0.02 0.02 

335 

    

0.02 

336 0.02 

 

0.09 0.05 0.09 

339 

   

0.02 

 340 0.03 0.02 0.07 0.02 

 342 0.04 0.11 0.07 0.08 0.05 

344 0.04 

 

0.05 0.05 0.07 

346 0.04 0.10 0.07 0.05 0.07 

348 

   

0.02 

 350 0.03 0.07 0.02 

 

0.02 

352 0.15 0.08 0.07 0.05 0.10 

    LT LA MZ CN IP 

354 

   

0.02 0.03 

356 0.09 0.03 0.07 0.08 0.07 

359 0.02 
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360 0.02 0.02 0.02 0.07 0.05 

362 0.03 0.10 0.05 0.05 0.07 

365 0.02 0.02 0.02 0.05 0.03 

368 0.02 0.02 

 

0.05 0.02 

370 0.03 0.03 

  

0.03 

373 0.12 0.07 0.02 0.03 0.03 

375 

    

0.02 

376 0.02 0.05 0.07 0.07 

 378 0.02 

 

0.02 0.02 0.02 

380 

 

0.03 0.02 

  383 0.02 0.02 0.02 

 

0.03 

387 

  

0.02 

  388 0.06 0.03 0.03 

 

0.02 

393 

 

0.03 

  

0.02 

398 0.02 

    402 

  

0.03 

  404 0.03 0.05 

 

0.02 

 409 

 

0.02 0.03 

  414 

    

0.02 

418 

  

0.02 

  420 

   

0.02 

 423 0.02 

    HO 0.90 0.86 0.86 0.87 0.79 

HE 0.95 0.95 0.96 0.97 0.96 

AR 26.98 22.35 26.52 24.33 25.62 

    Locus: RM4-B03 

        N 33 31 29 30 29 

362 

   

0.02 

 372 

   

0.02 0.02 

378 0.02 

    382 0.24 0.13 0.21 0.18 0.16 

384 0.59 0.65 0.53 0.52 0.64 

386 0.08 0.11 0.09 0.07 0.07 

388 0.05 0.11 0.14 0.20 0.12 

390 0.015 

    392 0.015 

    396 

  

0.034 

  HO 0.53 0.46 0.55 0.50 0.51 

HE 0.59 0.54 0.65 0.66 0.55 

AR 6.54 4.00 5.00 5.87 4.97 

      
          LT LA MZ CN IP 

Locus: RM3-D07 

        N 34 31 29 30 29 

272 

 

0.02 

 

0.07 

 276 

   

0.02 0.02 
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280 

 

0.02 0.02 0.02 

 310 

   

0.03 

 328 

  

0.02 

  332 

 

0.02 

   336 

  

0.02 

  344 0.03 

 

0.02 0.02 0.07 

348 0.04 0.02 0.02 

 

0.02 

352 0.03 

 

0.03 0.08 

 354 0.03 0.05 0.02 0.03 0.03 

358 

 

0.05 0.07 0.03 0.07 

360 0.02 

 

0.02 

  362 0.13 0.11 0.10 0.10 0.05 

364 

 

0.02 0.02 

  368 0.09 0.05 

 

0.03 0.05 

370 0.06 0.07 0.12 0.03 0.07 

372 

    

0.02 

374 0.10 0.08 0.12 0.17 0.03 

378 0.04 0.07 0.12 0.13 0.07 

382 0.10 0.03 0.07 0.10 0.16 

384 

    

0.02 

386 0.07 0.05 0.07 0.02 0.10 

390 0.09 0.16 0.05 0.03 0.02 

392 

   

0.02 

 394 0.04 0.08 0.03 0.02 0.03 

396 0.02 

    398 0.03 0.03 

  

0.07 

400 0.02 0.03 0.02 0.02 0.02 

404 0.02 0.03 

  

0.02 

412 

  

0.02 0.02 0.02 

416 

 

0.02 0.02 

  420 0.03 0.02 

 

0.02 0.02 

432 

    

0.03 

436 

  

0.02 

  440 0.02 

    HO 0.93 0.93 0.89 0.86 0.93 

HE 0.94 0.94 0.93 0.92 0.94 

AR 18.96 20.29 21.59 20.38 21.69 

      
      
      
      
          LT LA MZ CN IP 

Locus: Sn2A-36 

        N 34 31 29 30 29 

336 0.06 0.07 

   338 0.00 0.03 

   340 0.94 0.87 0.98 1.00 1.00 

342 

 

0.03 0.02 
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HO N/A 0.00 0.03 N/A N/A 

HE N/A 0.18 0.03 N/A N/A 

AR 2.00 3.98 1.97 1.00 1.00 
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Table C.4  Results from STRUCTURE analyses for blue-footed and Peruvian boobies combined 

including average Ln (likelihood) values across 20 runs for K = 1 to 4 genetic populations (AVG 

LnP(D)), the probability of each K value (Pr[K=x]) calculated as described in Pritchard & Wen 

(2004), average standard deviation (AVG std), the rate of change of the likelihood distribution 

L'(K), the absolute value of the second order rate of change of the likelihood distribution 

(|L"(K)|), and ΔK calculated as described in Evanno et al. (2005). * indicate highest probability 

and most likely ΔK value.  

 

K AVG Ln P(D) Pr[K=x] AVG Var AVG std L'(K) |L"(K)| ΔK 

1 -21560.7 0 160.7 12.7 --- --- --- 

2 -19058.2 5 x10
-88

 324.3 18.1 2502 2301 *128 

3 -18857.3  *1.00 540.1 23.2 201 618 27 

4 -19274.7 0 785.3 28.0 -417 --- --- 

 

 

Literature Cited 

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.
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Figure C.1 Plot of number of alleles or haplotypes and log-transformed cline width, and Pearson 

product-moment correlation coefficient (P>0.05). 
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Appendix D 

Table S1.  Summary of variation of introns screened in an initial test panel of blue-footed (Sula 

nebouxii) and Peruvian (S. variegata) boobies. Amp = amplification success, N = number of 

variable sites, n = number of individuals screened for variation.  Loci used in the current study are 

highlighted in grey. 
† 
Friesen et al., 1997, 

ψ 
Friesen et al., 1999, 

‡ 
Backström et al. 2006, 

φ
Driskell 

& Christidis 2004, * V.L.F unpulb. data. 

 

 

 

 

 

Intron Amp Location N / n Mutation rate (μ) 
substitutions/locus/year 

IPO11
‡
 N Z chromosome n/a  

PARP8
‡
 N Z chromosome n/a  

24105
‡
 Y Z chromosome 2 / 5 0.000000139 

GAF
‡
 Y Z chromosome 0 / 5  

ALDOB
‡
 Y Z chromosome 2 / 5 0.000000278 

25189
‡
 Y Z chromosome 0 / 5 --- 

CHD12 Y Z chromosome 0 / 5  

ENOL
†
 Y Autosomal 9 / 4 0.000000336 

CBA? Y Autosomal 0 / 6  

Crystalin* Y Autosomal 0 / 6  

FOL* Y Autosomal 2 / 7  

GPD
†
 Y Autosomal 0 / 4  

LIPO* Y Autosomal 1 / 9 0.00000029 

OD
 ψ

 Y Autosomal 1 / 8  

LAM
†
 Y Autosomal 0 / 4  

Rhodopsin 1* Y Autosomal 0 / 4  

RP40
 ψ

 Y Autosomal 0 / 8  

TIM* Y Autosomal 2 / 10 0.000000357 

FIB
φ
 Y Autosomal 1 / 10 --- 


