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Abstract 

 

Evidence for the repeated, independent evolution of hot- and cool-season breeding 

populations across colonies of the Band-rumped Storm-petrel has garnered much interest 

from seabird ecologists and evolutionary biologists, alike.  Sympatric seasonal 

populations have been shown to be each other’s closest relatives, implying that ecological 

divergence into two seasonal foraging types has taken place several times independently 

across the species’ range, each time in the absence of geographical barriers to gene flow.  

I present data on the molecular genetic characteristics of a unique year-round breeding 

population in the Cape Verde archipelago.  Using mitochondrial control region sequence 

and five microsatellite loci, I characterized genetic relationships among 220 birds 

breeding in four different months (January, April, June and November) and tested for a 

relationship between temporal isolation and genetic differentiation.  Birds breeding in 

April, June and November were genetically indistinguishable at microsatellite loci, but 

control region sequence suggested differentiation between January and other months 

(pairwise !ST from 0.19 to 0.46, p"0.05).  No evidence for genetic isolation by time was 

found.  A comparison of birds breeding in June and November revealed significant 

differences in a suite of morphological traits related to foraging strategy (tarsus length, 

bill length, bill depth, head length, wing length and tail shape), and even significant 

variation among birds breeding in the same month, despite evidence for gene flow 

between these groups.  Interpreting these patterns in the context of Band-rumped Storm-

petrel populations range-wide, I suggest that divergent selection on standing variation 

within ancestral populations may be an important mechanism explaining the repeated, 

independent evolution of conserved seasonal foraging types in this species. 



! """!

Coauthorship 

 

Mark Bolton, Royal Society for the Protection of Birds, Bedfordshire, UK 

Mark played a central role in developing the early understanding of the Band-rumped 

Storm-petrel system, and continues to characterize differences in morphology and 

vocalization between seasonal populations range-wide.  For this project he shared specific 

directions for morphological measurements performed in the field, and contributed to the 

formation and synthesis of hypotheses presented in the introduction and discussion 

sections of this thesis. 

 

Jacob Gonzalez-Solis, Universitat de Barcelona, Barcelona, Spain 

Jacob has maintained a long-term presence in Cape Verde, investigating the breeding 

biology of seabirds in this archipelago.  He held permits for the field-work conducted for 

this thesis, and mobilized his network of local and international collaborators to make 

both field expeditions a success.  Jacob also shared a wealth of information and training 

about morphological characteristics, moult pattern, condition and breeding behaviour in 

this species.  Jacob was the first investigator to note the coexistence of distinct tail 

morphs within a single breeding season. 

 

Vicki Friesen, Queen’s University, Kingston, Ontario, Canada. 

Vicki supervised all aspects of the work for this thesis project, and supervised previous 

thesis projects from which this work draws extensive information and inspiration.  She 

was also the lead author on the paper that first described sister relationships between 

seasonal populations. 



! "#!

Acknowledgements 

 

I extend sincere thanks to Vicki Friesen for her guidance, patience and kindness 

throughout this project, and to all members of the Friesen-Birt lab, past and present.  Tim 

Birt kept the lab running and helped me troubleshoot problems, daily decoding the 

mystifying language of buffers and reagents.  Andrea Smith developed many of the lab 

protocols I used in this work, and both she and Elena Gomez-Dias generated preliminary 

data for the Cape Verde study site.  Zhengxin Sun, Elena and Anna Baillie initially 

developed the panel of microsatellite loci that I used to screen this population, and 

Zhengxin’s continued help with genotyping and scoring has been indispensable for that 

process.  Everyone that I have shared time with in the office, lab or department has 

contributed to this work in a myriad of ways.  In particular, Scott Taylor has been a 

fabulous friend, generous teacher, and an excellent sounding board for ideas.  Paul Martin 

and Scott Lamoureux have been helpful, thoughtful and empowering committee 

members.  Pedro Rodrigues, Teresa Militao and Joshua See assisted with data collection 

in the field.  Beyond their help with data sheets, navigating the logistical hurdles posed by 

research in Cape Verde would not have been possible without them.  Fatima Santos 

(DVM) provided sample export documentation.  Toi Lopes and Luis Coelho welcomed us 

with Cape Verde hospitality.  Thanks to Nestor Perez for measuring feathers stored in 

Jacob Gonzalez-Solis’ lab in Barcelona.  Lab work and field expenses were covered by a 

grant from NSERC to Vicki Friesen, and grants awarded to Jacob Gonzalez-Solis 

provided additional financial support in the field.  The grant from NSERC to Vicki, 

Queen’s University Graduate Awards and a CGS-M grant from NSERC provided 

personal financial support throughout the course of this work.   



! #!

Table of Contents 

Section          Page 

CHAPTER 1 

    Introduction         1 

Classifying modes of speciation     1 

Ecological speciation and adaptive divergence   4 

The role of allochrony and isolation by time (IBT)   5 

Selection on standing variation     6 

Seasonal populations in the Band-rumped Storm-petrel  7 

Explaining the pattern       12 

Band-rumped Storm-petrels in Cape Verde    13 

    Research questions        13 

CHAPTER 2 

Genetic relationships among temporally isolated populations 

    Materials and methods       16 

 Sample collection       16 

 Mitochondrial markers      16 

Microsatellite markers      17 

Data compilation       18 

Tests of assumptions       20 

Genetic variation       21 

Genetic relationships among temporally isolated populations 21 

Genetic isolation by time      23 

    Results         24 



! #"!

 Tests of assumptions       24 

• Neutrality       24 

• Gametic equilibrium      24 

• Hardy-Weinberg equilibrium     26 

Genetic variation       26 

Genetic relationships among temporally isolated populations 31 

Genetic isolation by time      35 

    Discussion         37 

 Tests of assumptions       37 

 Genetic relationships among temporally isolated populations 38 

 Genetic isolation by time      39 

    Directions for future work       40 

CHAPTER 3 

Addressing the significance of within-season morphological variation 

    Materials and methods       41 

 Morphometric analyses      41 

 Genetic analyses       43 

    Results         44 

    Discussion         54 

Summary         56 

Literature Cited        57 

Appendix         66 

!

!



! #""!

"#$%!&'!%()*+$!

!"#$%& & & & & & & & & & '"(%&

!

$% Location, date, sample size and origin for Band-rumped !

Storm-petrel samples from Cape Verde.! ! ! ! $&!

!

'%! Probabilities of deviation from neutrality from two neutrality  

tests for control region sequences of Band-rumped Storm-petrels  

sampled in Cape Verde. ! ! ! ! ! ! '(!

!

)%! Estimates of observed (HO) and expected (HE) heterozygosity,  

and probability of deviation from Hardy-Weinberg equilibrium  

for Band-rumped Storm-petrels sampled in Cape Verde, across  

five microsatellite loci. ! ! ! ! ! ! '*!

!

+%! Probabilities for two tests detecting population growth or  

decline from microsatellite data, under a stepwise mutation  

model, for Band-rumped Storm-petrels sampled in Cape Verde.  ! ',!

!

5. Sample size, number of mitochondrial control region  

haplotypes (NH), number of private haplotypes (NPH), gene  

diversity (h) and nucleotide diversity (#) for Band-rumped  

Storm-petrels sampled in Cape Verde.    29 



! #"""!

 

6. Number of samples (N), numbers of microsatellite alleles  

(NA), allelic richness (AR, for a minimum sample size of 19),  

gene diversity (HE) and Wright’s inbreeding coefficient (FIS)  

for each of five loci, with average gene diversity  ( HE ±sd)  

and FIS over all loci.         30 

 

7. Pairwise estimates of !ST based on sequence from the  

mitochondrial control region (below diagonal), and estimates  

of FST based on microsatellite loci (above diagonal) for  

Band-rumped Storm-petrels sampled from Cape Verde.    33 

 

8. Results of Mantel’s tests for correlations between genetic  

distance ($ = Slatkin’s linearized FST) and time (T =  

log-transformed temporal distance).       36 

 

9A. Morphological characteristics of Band-rumped Storm-petrels from Raso  

Island compared according to sampling month.   45 

 

9B. Morphological characteristics of Band-rumped Storm-petrels from Raso  

Island, comparing males and females.    46 

 

 



! "-!

9C. Morphological characteristics of Band-rumped Storm-petrels from Raso  

Island compared according to tail morph category.   49 

 

9D. Morphological characteristics of Band-rumped Storm-petrels  

from Raso Island compared according to breeding stage.   53 

 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



! -!

"#$%!&'!'#,-.+$!

)*(+,%&& & & & & & & & & & '"(%!

!

1. Seasonal breeding strategies on islands across the range  

of the Band-rumped Storm-petrel. ! ! ! ! ! ! ,!

!

2. Unrooted cladogram based on mitochondrial sequence data  

illustrating the sister relationships between hot (H) and cool (C)  

season populations of Band-rumped Storm-petrels within archipelagos,  

and the approximate timing of divergence. ! ! ! ! ! $$!

!

3. Mitochondrial control region haplotype frequencies by  

sampling month, for Band-rumped Storm-petrels from Raso  

Island and Branco Island.! ! ! ! ! ! ! )'!

!

4. Unrooted haplotype network based on 315bp of the control  

region for Band-rumped Storm-petrels sampled from Cape Verde,  

constructed by statistical parsimony. !! ! ! ! ! )+!

!

5. Illustration of categories for degree of tail forking, determined  

by the difference in length between R1 and R6, for Band-rumped  

Storm-petrels sampled from Cape Verde in June 2008 and November  

2009.         ! +' 



! -"!

!

.% Frequency of R6 length categories among Band-rumped !

Storm-petrels sampled from Cape Verde, compared between  

June 2008 and November 2009.      47 

 

7. Distribution of brood patch development in Band-rumped  

Storm-petrels sampled on 10 days from November 13 to 22,  

2009 on Raso Island.        50,51 !



! "!

CHAPTER 1 

 

Introduction 

 

Classifying modes of speciation 

 

Speciation, one of the most central questions in evolutionary biology, has proven to be a 

notoriously difficult concept to define.  Historically researchers tried to classify the 

process of speciation, but decades-old classifications are presently undergoing a rapid 

transformation (Gavrilets 2003; Fitzpatrick et al. 2008).  The classical framework for 

approaching questions in speciation has, until now, been centered on the “geographical” 

modes of speciation.  These define a given speciation event by the geographical context 

in which it occurs.  “Allopatric” is used to describe a case in which the populations 

undergoing divergence are geographically isolated.  “Peripatric” describes a case in which 

a new population is formed at the periphery of the range of the ancestral population.  

“Parapatric” describes a case in which the ranges of two diverging populations abut, but 

do not overlap.  Finally, “sympatric” describes a case in which the ranges of two 

populations overlap, and there is no geographical isolation between the two throughout 

divergence (Mayr 1942; Gavrilets 2003).  The problem with this classification as a 

framework for investigating speciation is that the mechanisms underlying divergence in 

each scenario are ambiguous.  In the case of allopatric divergence, the geographical 

context is inherently tied to an obvious speciation mechanism – genetic isolation.  

However, in the case of sympatric divergence, many different processes may be 

responsible for speciation under a co-distributed geographical context.  The most 
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commonly evoked mechanism in such a scenario is adaptive divergence, in which 

divergent selection on two groups is strong enough to over-ride the homogenizing effect 

of gene flow between those groups (reviewed in Via 2001, Bolnick and Fitzpatrick 2007).  

However, a growing body of research has shown that this is not the only mechanism by 

which populations may diverge under a sympatric context.  Ranges may overlap, but 

behavioural or ecological factors may create a “microallopatric” situation in which 

individuals from diverging populations are, in fact, genetically isolated.  This process has 

been demonstrated in many host-specific insects (reviewed in Stireman III et al. 2005), 

like the apple maggot fly, Rhagoletis pomonella (Feder 1994; Feder and Filchak 1999; 

Filchak et al. 2000), the goldenrod gall-ball fly, Eurosta solidaginis (Abrahamson and 

Weis 1997), and the pea aphid, Acyrthosiphon pisum pisum (Via 1999; Via et al. 2000; 

Hawthorne and Via 2001).  Similarly, events like polyploidization or hybridization in 

plants can instantly isolate one population from another (eg. Ungerer et al. 1998).  The 

fact that no single mechanism is responsible for divergence under a geographically 

sympatric context, together with the fact that the ability of divergent selection to isolate 

populations in the face of gene flow remains controversial, makes the “sympatric 

speciation” classification uninformative and potentially misleading as a hypothesis-testing 

framework.  These shortcomings, accompanied by a broader paradigm shift in the 

literature towards mechanistic definitions, are responsible for the decline in popularity of 

the geographical modes of speciation (Schluter 2000; Schluter 2001; Rundle and Nosil 

2005; Bolnick and Fitzpatrick 2007; Fitzpatrick et al. 2008). 

    One of the earliest alternatives was to classify speciation according to the levels of 

gene flow exchanged by diverging populations (Mayr 1963; Gavrilets 2004; Bolnick and 

Fitzpatrick 2007; Nosil 2008).  The argument was that the classic geographical definitions 
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were a proxy for scenarios involving different levels of gene flow, and that evolutionary 

biologists interested in speciation processes should directly address the mechanism in 

their classifications.  This paradigm shift was facilitated by a growing number of 

statistical programs designed to estimate gene flow accurately.  Although the level of 

gene flow experienced by populations undergoing divergence may fall anywhere along a 

spectrum of possible values, this method of classification has focused on describing 

speciation as having occurred in either the absence or the presence of gene flow.  

“Divergence without gene flow” is easily understood – this scenario applies to 

populations that, classically, might have been described as allopatric or microallopatric.  

“Divergence with gene flow” is presented as its alternative, however the meaningful 

application of this term is much more difficult to reconcile.  Although a substantially 

more mechanistic classification than “sympatric” speciation, “divergence with gene flow” 

leaves many important questions unanswered.  How much gene flow is required between 

populations for the speciation event to be considered “divergence with gene flow”?  

When did this gene flow occur, how consistently, and over what period of time?  These 

lingering questions emphasize the inability of such simplistic gene-flow-based 

classifications to address specifically the questions of most interest in any given 

divergence scenario.  Gene flow may be variable across different speciation events, and 

estimates of gene flow may inform our understanding of the processes occurring 

throughout divergence, but what are the higher-order processes responsible for that 

divergence? 

    The third and most recent approach to defining modes of speciation is based on the 

most fundamental processes driving reproductive isolation (Schluter 2000; Schluter 2001; 

Rundle and Nosil 2005).  In this framework, reproductive isolation that evolves by 
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mutation accumulation between two populations in isolation (typically, divergence 

without gene flow) is classified as “mutation order” speciation.  Reproductive isolation 

that evolves through disruptive selection (hypothetically, divergence either with or 

without gene flow, falling anywhere along a spectrum of possible values) is referred to as 

“ecological” speciation.  These concepts are flexible enough to accommodate any level of 

range overlap or gene flow, and shift the focus to the root cause of the speciation event – 

is it divergence in isolation, or adaptive divergence?  Estimates of gene flow and 

reconstructions of geographic context inform our understanding of speciation processes.  

However, if researchers intend to use a single classification to categorize different 

divergence scenarios as a means of developing a shared discourse with other evolutionary 

biologists, classifications based on the processes responsible for reproductive isolation 

best fit the bill.  This is particularly important for study systems involving adaptive 

divergence in a geographically sympatric context, where the meanings of words used to 

form and test hypotheses are critically important if the researcher wishes to avoid 

ambiguous and biologically misleading conclusions.  An appropriate classification system 

facilitates investigation into the most interesting questions about speciation. 

 

Ecological speciation and adaptive divergence 

 

The description “ecological speciation” encompasses any scenario in which the evolution 

of reproductive isolation between two groups is ultimately due to different environmental 

selection pressures experienced by those groups (Schluter 2000).  According to most 

definitions these potential selection pressures include abiotic factors like soil or climate, 

and biotic factors like competition, predation, parasitism or other community interactions.  
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The mechanisms by which each selection pressure may influence reproductive isolation 

are highly variable, and range from direct processes like differential survival and relative 

reproductive success, to more indirect processes like mate choice and sexual selection 

(Schluter 2001).  The common thread uniting all speciation scenarios under this 

classification is that divergence is in some way adaptive, no matter what the level of gene 

flow and regardless of the proximate mechanism responsible for divergence.   

 

The role of allochrony and isolation by time (IBT) 

 

Separation of populations by breeding time is referred to as allochrony, and is one 

candidate mechanism by which two groups could diverge under an ecological speciation 

model (Hendry and Day 2005, Friesen et al. 2007).  It is of particular interest to 

researchers studying cases of speciation that occur in sympatry, and for which the focal 

sister species are likely to have experienced some level of gene flow at the outset of 

divergence.  It is relevant to such scenarios because it offers a new dimension for genetic 

isolation – the temporal dimension. 

    For organisms in which individual breeding activity is distributed through time (either 

throughout the day, according to diurnal or nocturnal rhythms, throughout a breeding 

year, or over multiple years), individuals who breed furthest from one another in time are 

less likely to meet and mate.  In this way, temporally distributed breeding populations 

may be genetically isolated by time (IBT) in much the same way as geographically 

distributed populations may be isolated by distance (IBD) (Hendry and Day 2005).  Just 

as a bird breeding in Texas is unlikely to meet and breed with an individual from Ontario, 

a bird whose timing of moult, migration and development is geared for breeding in June 
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is unlikely to meet and breed with an individual whose timing of moult, migration and 

development is geared for breeding in January.  Theoretical work has suggested that, in 

an extreme case of IBT (in which timing of breeding is both stable across an individual’s 

lifetime and highly heritable), genetic drift may eventually lead to the development of two 

reproductively isolated populations breeding at opposite times of the year (Hendry and 

Day 2005).  Most importantly to the question of ecological speciation, individuals 

breeding at different times of day or at different times of the year may experience 

different selection pressures.  “Adaptation by time” (ABT) applies to scenarios in which 

the adaptive divergence of populations in time is facilitated by IBT (Hendry and Day 

2005). 

 

Selection on standing variation 

 

Complete genetic isolation is often cited as the most likely and most common context for 

speciation due to the myriad of challenges faced by a new, rare, adaptively advantageous 

mutation in spreading to fixation in a population that is experiencing some level of 

immigration (Barrett and Schluter 2008).  However the presence of pre-existing, or 

“standing” variation, in a population facilitates the spread of adaptive alleles by 

increasing their probability of fixation and by relaxing the fixation bias against recessive 

mutations.  The speed with which a population is able adapt to new environments is also 

increased by the presence of pre-existing variation upon which selection can act (Barrett 

and Schluter 2008).  Standing variation may therefore make certain cases of ecological 

speciation more plausible.  Repeated, independent selection events on an ancestral pool of 
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variation may also explain certain cases of parallel evolution in closely related taxa, such 

as the Band-rumped Storm-petrel. 

 

Seasonal populations in the Band-rumped Storm-petrel 

 

The Band-rumped Storm-petrel (Oceanodroma castro) is a highly pelagic seabird that 

comes to land only once a year to breed.  Colonies occur on remote, rocky islands in the 

open ocean and individuals use rock crevices for their breeding burrows.  Males and 

females form multi-year monogamous pair bonds in which both parents incubate a single 

egg and alternate foraging trips to provide continuous care for the chick as it develops 

(del Hoyo et al. 1992).  Generally, storm-petrels forage at nutrient rich, cold-water or 

wind-driven upwellings that occur around underwater seamounts in the open ocean 

(Haney 1985; Monteiro et al. 1996; Monteiro and Furness 1998). 

    On different breeding islands, populations are characterized by a diversity of seasonal 

breeding strategies (Fig. 1).  In Japan and Hawaii, birds breed during the northern 

hemisphere hot season (April through August).  In the Canaries, Vila Island in the 

Azores, and on stacks off coastal Portugal, birds breed during the northern hemisphere 

cool season (August through January) (Friesen et al. 2007).  Band-rumped Storm-petrels 

have received a lot of research attention in recent years, however, due to the discovery of 

distinct, sympatric, seasonal breeding populations on several islands across the species’ 

range, including the Galapagos, Azores, Desertas, Selvagem, Ascension and St. Helena 

islands (Monteiro and Furness 1998; Friesen et al. 2007).  On these islands, one cohort of 

birds breeds during the northern hemisphere hot season, and once they have fledged their 

chicks another cohort of birds replaces them to breed in the cool season.  In this  
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FIGURE 1 

 

Seasonal breeding strategies on islands across the range of the Band-rumped Storm-

petrel.  In this map, a black circle denotes breeding during the northern hemisphere hot 

season, an open circle denotes breeding during the northern hemisphere cool season, a 

grey circle denotes year-round breeding and a half-black/half-white circle denotes a 

breeding island where one cohort of birds breeds during the hot season, and once they 

have fledged their chicks another cohort of birds breeds during the cool season.  Figure 

adapted from Friesen et al. 2007 to reflect the discovery of seasonal populations on 

Ascension and St. Helena islands. 
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arrangement, the cool season breeding population often uses the same burrows as the hot 

season population. 

    There is convincing evidence that some of these seasonal populations constitute 

reproductively isolated species (Monteiro and Furness 1998; Bolton et al. 2008).  In the 

Azores, a hot season population lays eggs and incubates from May through August, and a 

cool season population does the same from October through January.  This unique timing 

is associated with two seasonal resource pulses, driven by seasonal fluctuations in 

current-driven or wind-driven upwelling at productive seamount ecosystems (Monteiro 

and Furness 1998).  In the hot season, upwelling is reduced at certain seamounts, due to 

either changes in ocean currents or a reduction in sea-surface wind, and bottom-dwelling 

benthic prey are not carried to the surface water.  Only surface dwelling, pelagic prey are 

available to birds breeding in this season.  However, in the cool season, deep-water or 

cold-water upwelling is strong and benthic prey are abundant (Monteiro and Furness 

1998).  Presumably in response to these distinct seasonal prey assemblages, seasonal 

populations in the Azores are characterized by distinct suites of morphological traits: Hot 

season birds have forked tails and longer, more pointed wings, whereas cool season birds 

have rectangular tails and shorter, blunter wings (Monteiro and Furness 1998; Bolton et 

al. 2008).  Accordingly, stable isotope analysis shows that these seasonal types have very 

different diets: Hot season birds feed at higher trophic levels, taking a higher proportion 

of epipelagic prey items, whereas cool season birds feed at lower trophic levels and take a 

higher proportion of benthic prey items (Bolton et al. 2008).  Furthermore, they have very 

different vocalizations, demonstrating little, if any, response to one another’s calls 

(Bolton 2007).  Seasonal populations are highly genetically differentiated from one 

another, with little or no gene flow between the seasons (Friesen et al. 2007).  Given this 
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evidence for assortative mating within seasonal populations and ecological differentiation 

between seasonal populations, researchers have proposed that the cool season birds be 

referred to as O. castro, and the hot season birds be recognized as a new species, O. 

monteiroi (Bolton et al. 2008). 

    One fascinating aspect about Band-rumped Storm-petrels is that, in many cases, 

seasonal populations are sister taxa (Friesen et al. 2007) (Fig. 2), suggesting that 

temporally segregated breeding populations have arisen within islands, or within 

archipelagos, several times independently.  For example, phylogenetic trees based on both 

the mitochondrial control region and nuclear microsatellite data provide support for a 

within-archipelago origin for seasonal populations in both Cape Verde and the Galapagos.  

The evolutionary affinities of sympatric seasonal pairs in the North Atlantic upholds the 

pattern, but on a broader geographical scale, where several distinct seasonal clades have 

arisen from a common ancestor within that ocean region (Friesen et al. 2007).  Both the 

sympatric context and the adaptive consequences of divergence in this system imply that 

the evolution of seasonal populations in the Band-rumped Storm-petrel may represent a 

case of ecological speciation. 

    Birds breeding at the same time of year exhibit a high degree of morphological 

similarity, across the species’ range.  Whether they are in Japan, the Galapagos, the 

Azores or St. Helena Island, birds breeding in the hot season tend to have more forked 

tails, whereas birds breeding in the cool season in Portugal, the Canaries, the Galapagos, 

the Azores or St. Helena tend to have more rectangular tails (Bolton et al. 2008, M. 

Bolton pers. comm.).  Since these colonies are independently derived, such 

morphological similarity constitutes a dramatic example of parallel evolution.   
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FIGURE 2 

Unrooted cladogram based on mitochondrial sequence data illustrating the sister 

relationships between hot (H) and cool (C) season populations of Band-rumped Storm-

petrels within archipelagos, and the approximate timing of divergence (tree does not 

include colonies from Hawaii, the Canaries, St. Helena or Ascension Islands).  Copied 

from Friesen et al. 2007, Fig. 3. 
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Explaining the pattern 

 

At this time, hypotheses to explain the evolutionary origins of seasonal populations 

revolve around two processes: 1) Disruptive selection, driven by different optimal 

foraging strategies in seasons of reduced upwelling versus strong upwelling (Monteiro 

and Furness 1998), facilitated by 2) genetic IBT, in which birds breeding at different 

times of the year are less likely to mate with one another than birds breeding at the same 

time of year (Hendry and Day 2005).  Combined, these two hypotheses suggest that 

seasonality in the Band-rumped Storm-petrel complex is a classic example of ABT, 

where the attenuation of gene flow resulting from IBT facilitates adaptive divergence in 

response to bimodal selection.  Other processes that may be important, like burrow 

limitation at certain breeding islands (Monteiro and Furness 1998, Bolton et al. 2004, 

Bolton et al. 2008), could either initiate or enhance selection for seasonal differentiation 

via allochrony. 

    These hypotheses address how characteristics of breeding populations may predispose 

them to adaptive evolution, and how selection can lead to reproductive isolation between 

seasonal populations without geographical barriers to gene flow.  What they fail to 

address is how similar seasonal forms have evolved several times independently, in a 

pattern of parallel evolution across the species’ range. 

 

 

 

 

 



! "#!

Band-rumped Storm-petrels in Cape Verde 

 

In the context of such strongly seasonal strategies range-wide, the Cape Verde 

archipelago is an interesting breeding site for this species because breeding birds are 

present on the islands year-round.  Although both the demographic composition of 

breeding cohorts and their timing of copulation, egg-laying, incubation and chick 

development have yet to be fully resolved in this remote, under-studied system, birds at 

nearly all stages of breeding may be found on the island at any given time (J.G.S pers. 

comm.; P.E.D. pers. obs.).  Cape Verde is particularly well suited for an investigation of 

the role of genetic isolation by time; the process initiating and facilitating seasonal 

adaptation in the hypothetical scenario outlined in the previous section. 

 

 

Research questions 

 

In this thesis I will address two specific research questions that follow from the 

hypothesis that Band-rumped Storm-petrels constitute a classic example of ABT.  

Additionally, I will explore a third research question that arose from unexpected findings 

in the field.  The two different lines of inquiry will be addressed in two chapters: 

 

Chapter 2  -  Genetic relationships among temporally isolated populations 

Chapter 3  -  Addressing the significance of within-season morphological variation 
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Chapter 2  -  Genetic relationships among temporally isolated populations 

 

1. What are genetic relationships among Band-rumped Storm-petrels breeding at 

different times of year in Cape Verde?  Despite year-round breeding, are distinct 

seasonal cohorts present? 

 

Genetic differentiation is predicted to be present among birds breeding in different 

months following from the work of Friesen et al. (2007) who found significant 

differentiation between birds breeding in January and April on Raso Island in this 

archipelago (!ST = 0.43, p < 0.05) although no differentiation was found in microsatellite 

loci.  

 

2. Can the genetic signature of IBT be detected? 

 

Although supported by theoretical models, IBT has not often been demonstrated in 

natural populations (Hendry and Day 2005).  Because moult and migration likely 

constrain timing of breeding to a consistent annual window within an individual’s 

lifetime, and because high levels of genetic differentiation between Band-rumped Storm-

petrel colonies range-wide suggest high natal philopatry, I predict that IBT will be evident 

in the temporal span of shared haplotypes throughout the breeding year (ie. birds breeding 

during neighbouring months will share more haplotypes than birds breeding at opposite 

times of the year).  Specifically, I predict that genetic distance between birds sampled at 

different times of year will correlate with the temporal distance between sampling dates. 
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Chapter 3  -  Addressing the significance of within-season morphological variation 

 

The third and final question I address follows from an initial observation of high levels of 

morphological variation in traits generally related to foraging strategy among individuals 

breeding in the same season.   

 

3. Are cryptic populations of birds with ecologically distinct foraging strategies 

breeding in the same season in Cape Verde? 

 

Birds with morphologies adapted to different foraging strategies are not expected to 

belong to genetically distinct groups since the variation in most traits was observed to be 

both continuous and roughly normally distributed.   
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CHAPTER 2 

 

Genetic relationships among temporally isolated populations 

 

Materials and Methods 

 

Sample collection 

 

Two field trips were conducted on Raso Island, in the Cape Verde Islands, from June 12
th

 

to 30
st
 2008 and from November 13

th
 to 22

nd
 2009.  In total, 139 birds (52 in June; 87 in 

November) were either caught by mist net during nocturnal aerial displays at both the 

northern (N 16.62048° W 024.57374°) and southern (N 16.60910° W 024.57463°) ends 

of the island (126 individuals) or captured directly from burrows in the south (13 

individuals).  Birds were ringed with a custom band issued to Jacob Gonzalez-Solis 

(University of Barcelona).  Blood samples were collected by withdrawing approximately 

0.1 - 0.2 mL directly from the brachial vein using a 0.3 mL syringe, and stopping the flow 

of blood with filter paper and cotton.  Blood drawn using syringes and blood spots on 

filter paper were suspended in separate tubes containing 99% ethanol.  DNA was 

extracted from blood on filter paper using protease K digestion and phenol-chloroform 

extraction (Sambrook et al. 1989). 

 

Mitochondrial markers 

 



! "#!

DNA preparations were screened with the mitochondrial control region primers OcL61 

(5’-CAGTAGCGGGGCGGCTYTATGTAT-3’) (Smith et al. 2007) and OcH521 (5’-

GCCCTGACCGAGGAACCAGA-3’) (Quinn and Wilson 1993), which amplify 266 bp 

of domain I and 180 bp of domain II in the Band-rumped Storm-petrel, following 

protocols outlined in Smith et al. (2007) and Friesen et al. (2007), except using 1x 

Multiplex Mix (Qiagen, Mississauga).  PCR products were confirmed by electrophoresis 

in 2% agarose gels set with 1mM pH 8.0 TA and 2% ethidium bromide, and were 

sequenced with both primers on a 3730XL automated sequencer from Applied 

Biosystems at Genome Quebec (Montreal).  Sequences were confirmed by visual 

comparison with the chromatogram output, any ambiguous sites were designated as ‘N’, 

and edited sequences were aligned using the program CLUSTAL (Thompson et al. 1997).  

Sequences generated by the light- and heavy-strand primers overlapped by approximately 

300 bp, and were compiled and trimmed to give a 318 bp fragment that aligned with 

previously published sequences.  The resulting data set encompassed sequence data from 

197 individuals.  The program TCS Version 1.21 (Clement et al. 2000) was used to 

identify shared haplotypes. 

 

Microsatellite markers 

 

DNA preparations were screened for allelic diversity at five nuclear microsatellite loci 

following the protocols outlined in Friesen et al. (2007), and using primers for loci Oc49, 

Oc51, Oc28B, Oc87B, and Oc79-2, developed by Sun et al. (2009).  For each individual, 

PCR products were amplified in two duplex reactions (Oc49 and Oc51; Oc28B and 

Oc87B) and one single-locus reaction (Oc79-2). 5 µL reaction volumes contained 1x 
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Multiplex Mix (Qiagen), 0.15 µM forward and reverse primers, 1 µL DNA extract and 1 

µM Dye4-labeled M13 forward primer.  The cocktail was cycled in a BIOMETRA T-

gradient Thermocycler (Biometra Analytik, Goettingen, Germany) at 95°C for 15 min, 

followed by 16 cycles of 95°C for 45 sec, annealing at 60°C for 60 sec and extension at 

72°C for 30 sec, followed by another 20 cycles of 95°C for 45 sec, annealing at 52°C for 

60 sec, and extension at 75°C for 30 sec.  PCR products were confirmed by 

electrophoresis in 2% agarose gels set with 1mM pH 8.0 TA and 2% ethidium bromide.  

Amplified fragments were scored for size using a Beckman-Coulter CEQ
TM

 8000 system 

(Core Genotyping Facility, Department of Biology, Queen’s University), and the size of 

each allele was manually confirmed using the accompanying CEQ™ Genetic Analysis 

System software package (Beckman Coulter, Inc., Fullerton, CA).  

 

Data compilation 

 

Previously published mitochondrial and microsatellite data from Raso Island in April and 

January and neighbouring Branco Island in June (Friesen et al. 2007) were compiled with 

the data described above to generate a data set spanning nearly the entire breeding year on 

that island (Table 1).  Microsatellite allele size calls for locus Oc79-2, a tri-nucleotide 

repeat, were adjusted because they had been scored as a dinucleotide repeat.  This locus 

seems to evolve in both a classic stepwise manner (alleles 219, 222, 225 and 228) and 

with single base-pair changes (alleles 223 and 224).  New calls were made by referring to 

the original reads in the CEQ™ system, generated by Friesen et al. (2007). 
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TABLE 1. Location, date, sample size and origin for Band-rumped Storm-petrel 

samples from Cape Verde. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LOCATION SAMPLING DATE SAMPLE SIZE REFERENCE 

Raso Island April, 1999 29 Friesen et al. 2007 

 January, 2006 24 Friesen et al. 2007 

 June, 2008 52 Deane et al. [MSc] 

 November, 2009 87 Deane et al. [MSc] 

Branco Island June, 1999 30 Friesen et al. 2007 

TOTAL  222  
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Tests of assumptions 

 

ARLEQUIN Version 3.11 (Excoffier et al. 2005) was used to test the assumption that 

mitochondrial control region sequence variation was neutral to selection (p < 0.05, using 

Ewens-Watterson, Chakroborty’s and Fu’s FS tests of selective neutrality).  ARLEQUIN 

was used to conduct Exact tests using a Markhov chain to assess whether microsatellite 

loci deviated from Hardy-Weinberg equilibrium (Guo and Thompson 1992) or gametic 

equilibrium (Slatkin 1994) after correction for multiple tests using the Benjamini-

Yekutieli method (Narum 2006).  Five loci for five populations involve 25 tests for 

Hardy-Weinberg equilibrium (new ! = 0.013) and ten locus-pairs for five populations 

involve 50 tests for gametic equilibirium (new ! = 0.010).  Deviations from either type of 

equilibrium could be due to violations of the assumptions underlying the equilibrium 

model, including non-random mating, immigration, population growth or decline, 

mutation or selection (Futuyma 1998).  Gametic disequilibrium could also result from the 

physical linkage of microsatellite loci (Slatkin 1994), and Hardy-Weinberg disequilibrium 

could also be the product of technical artifacts like null alleles, large-allele dropout, or 

scoring error due to stutter pattern.  Microsatellite alleles were explored using the 

program MICRO-CHECKER, which helps to identify technical artifacts such as null 

alleles (Van Oosterhout et al. 2004).  The program BOTTLENECK was used to infer 

population growth or decline from microsatellite data using sign and Wilcoxon tests (Piry 

et al. 1999), and the program FLUCTUATE was used to infer growth or decline from 

control region data (version 1.4; Kuhner et al. 1998).  FLUCTUATE uses a maximum 

likelihood approach based on coalescent theory to estimate " (2Nfµ, where µ is the per-

site per-generation mutation rate) and population growth rate (g, in 1/µ generations). The 
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empirical transition/transversion ratio and base frequencies were used, and Watterson’s 

estimate was used for the initial value of !; however, final results were robust even to 

large changes in these initial values. The program was run for 10 short chains with 2000 

steps each with a sampling increment of 200 steps, and 3 long chains of 200,000 steps 

each with sampling increments of 200 steps; these values were found to be sufficient for 

repeatable results. To test whether g differed from 0, the program was re-run with g 

constrained to 0, and a "
2
 statistic was calculated as 2 (ln L[max] – ln L[0]), where ln 

L[max] is the maximum ln likelihood value found by the program, and ln L[0] is the ln 

likelihood value at g=0. This statistic was compared to the critical values of "
2
 at 1 degree 

of freedom (M. Kuhner, pers. comm.). The program was run separately for populations 

suggested to be genetically different by pairwise estimates of FST (see Results). 

 

Genetic variation 

 

Summary statistics by population for control region sequence data were calculated using 

ARLEQUIN and MEGA (Tamura et al. 2007), and for microsatellite loci using the 

program FSTAT (Version 1.2, Goudet 1995). 

 

Genetic relationships among temporally isolated populations 

 

ARLEQUIN Version 3.11 (Excoffier et al. 2005) was used to perform an analysis of 

molecular variance (AMOVA) to estimate #ST between samples from different months.  

#ST is an index of population differentiation based on the correlation of haplotypes 

sampled within a group to haplotypes sampled from any other group (Excoffier et al. 
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1992; Wright 1951).  !ST was estimated for samples from 1) all months in the sample set, 

including June on the neighbouring island, 2) all sampling months from Raso Island, and 

3) pairwise comparisons between all months in the sample set.  Kimura’s two-parameter 

distance, which corrects for the possibility of multiple substitutions at a single site 

(Kimura 1980), was used to estimate !ST due to the high substitution rate that 

characterizes domain I (Baker and Marshall 1997).  The program TCS (Version 1.21, 

Clement et al. 2000) was used to infer genealogical relationships among haplotypes 

according to statistical parsimony (Templeton 1992).  Although most loops in the 

resulting haplotype network proved unbreakable, potentially indicating true homoplasies, 

three loops were broken following the guidelines described in Templeton (1998) in which 

the most parsimonious tree is the one with the shortest possible total tree length. 

    ARLEQUIN was also used to perform an AMOVA estimating FST between samples 

from different months.  FST is an index of population differentiation based on the 

correlation of genotypes sampled within a group to genotypes sampled from any other 

group (Wright 1951).  As for the mitochondrial sequence data, FST was estimated for 

samples from 1) all months in the sample set, including June on the neighbouring island, 

2) all sampling months from Raso Island, and 3) pairwise comparisons between all 

months in the sample set.  Bayesian assignment tests were also carried out using the 

program STRUCTURE (Version 2.3.1, Pritchard et al. 2000).  STRUCTURE uses 

microsatellite allele frequency data to calculate the likelihood of the data for k genetic 

populations.  The program then assigns a probability to each individual of belonging to 

each genetic population (Pritchard et al. 2000). 
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Genetic isolation by time 

 

ARLEQUIN was also used to conduct a Mantel’s test, most commonly employed to test 

for significant correlations between geographic distance and genetic distance (Mantel 

1967).  In this study, we used a Mantel’s test to test for significant correlations between 

temporal distance and genetic distance.  Temporal distance was measured as the shortest 

distance in days between each sampling month, and log-transformed.  This value was 

calculated from the 15
th

 of each month (2008-2009) since almost all birds were captured 

on that date or within 5 days on either side.  Genetic distance was based on Slatkin’s 

linearized FST (Slatkin 1995). 
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Results 

 

Tests of assumptions 

 

Neutrality 

 

Individual control region sequences represented 64 unique haplotypes (Supplementary 

Data Tables 1 and 2).  On average, each haplotype had six transitions and two 

transversions.  In total, 56 variable sites were distributed evenly throughout the amplified 

sequence.  The two largest conserved blocks spanned base pair 107 to 129 and 131 to 

151.  Both tests of neutrality were not significant for January and so provide no evidence 

against neutral evolution in sequence data from that month.  Chakraborty’s test of 

population amalgamation detected deviations in June and November samples from Raso 

(Table 2). 

 

Gametic equilibrium 

 

Evidence for gametic disequilibrium among some microsatellite loci was detected.  

Among samples from Branco in June, locus Oc87B showed significant disequilibrium 

with Oc28B (p<0.01).  Oc87B also showed significant disequilibrium with a different 

locus, Oc51, among samples from Raso in January (p<0.01).  Finally, locus Oc49 showed 

significant disequilibrium with Oc51 among samples from Raso in November (p<0.01).   
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Table 2. Probabilities of deviation from neutrality from two neutrality tests for 

control region sequences of Band-rumped Storm-petrels sampled in Cape 

Verde.  Significant values are indicated by an asterisk (*). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location 
Branco 

I. 
Raso I.    

Month Jun. Jun. Nov. Jan. Apr. 

Ewens-Watterson p (Slatkin's exact) 0.94 0.99 1.00 1.00 0.51 

Chakraborty p (!k haplotypes) 0.20 <0.01* <0.01* 0.34 0.57 
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The same locus pairs did not show significant disequilibrium in any other sampling 

month, so physical linkage of loci is unlikely to explain the observed deviations. 

 

Hardy-Weinberg equilibrium 

 

All months, with the exception of June on Branco, showed significant departures from 

Hardy-Weinberg equilibrium in at least one microsatellite locus (Table 3).  No single 

locus was responsible for these deviations, however, since all loci with the exception of 

Oc28B showed significant departures from equilibrium in at least one month.  Analyses 

performed in MICRO-CHECKER revealed the potential for null alleles and scoring error 

due to stutter pattern for several different loci (Table 3), but found no evidence for large-

allele dropout in this data set.  Results from the program BOTTLENECK provided no 

evidence for population growth or decline (Table 4), but results from FLUCTUATE 

suggest that Band-rumped Storm-petrels breeding on Raso in April, June and November 

have increased over recent evolutionary time (!
2
 = 7.68, p<0.05; g = 477, sd = 26.8). 

Otherwise, no evidence of recent population growth was found for birds breeding on Raso 

in January or on Branco in June (all p>0.05). 

 

Genetic variation 

 

For control region sequence, gene diversity was high across all months.  Nucleotide 

diversity varied widely across sampling months, particularly among months on Raso, 

from 0.009 in April and November to 0.581 in January (Table 5). 

    Allelic richness at microsatellite loci varied widely between months (Table 6). 
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TABLE 3. Estimates of observed (HO) and expected (HE) heterozygosity, and 

probability of deviation from Hardy-Weinberg equilibrium for Band-

rumped Storm-petrels sampled in Cape Verde, across five microsatellite 

loci.  Significant values are indicated by an asterisk (*).  Values for months 

characterized by homozygote excess, in which null alleles may be present, 

are indicated in bold.  Of these, italicized values indicate months in which 

there was the potential for scoring error due to stutter pattern. 

 

Location Branco I. Raso I.   
 

Month Jun. Jun. Nov. Jan. Apr. 

Oc28B HO 0.13 0.12 0.07 0.09 0.17 

 HE 0.13 0.11 0.07 0.17 0.16 

 p 1.00 1.00 1.00 0.05 1.00 

Oc49 HO 0.13 0.14 0.11 0.00 0.14 

 HE 0.13 0.19 0.10 0.16 0.36 

 p 1.00 0.08 1.00 <0.01* <0.01* 

Oc51 HO 0.07 0.21 0.10 0.16 0.21 

 HE 0.12 0.25 0.15 0.15 0.36 

 p 0.10 0.26 <0.01* 1.00 0.02 

Oc79-2 HO 0.20 0.13 0.16 0.05 0.18 

 HE 0.18 0.14 0.24 0.30 0.39 

 p 1.00 0.12 0.01* <0.01* <0.01* 

Oc87B HO 0.77 0.54 0.71 0.75 0.70 

 HE 0.71 0.71 0.72 0.80 0.72 

 p 0.86 0.01* 0.21 0.87 0.63 

 

 

 



! "#!

Table 4. Probabilities for two tests detecting population growth or decline from 

microsatellite data, under a stepwise mutation model, for Band-rumped 

Storm-petrels sampled in Cape Verde. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location Branco I. Raso I.    

Month Jun. Jun. Nov. Jan. Apr. 

Sign  0.58 0.25 0.66 0.63 0.34 

Wilcoxon   0.41 0.31 0.41 0.92 0.59 
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TABLE 5. Sample size, number of mitochondrial control region haplotypes (NH), 

number of private haplotypes (NPH), gene diversity (h) and nucleotide 

diversity (!) for Band-rumped Storm-petrels sampled in Cape Verde. 

 

Location Branco I. Raso I.    

Month Jun. Jun. Nov. Jan. Apr. 

N 26 50 84 12 25 

NH 18 24 28 9 13 

NPH 11 9 15 4 5 

h 0.95 ± 0.03 0.88 ± 0.04 0.84 ± 0.04 0.91 ± 0.08 0.92 ± 0.04 

! 0.03 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.06 ± 0.03 0.01 ± 0.01 
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TABLE 6. Number of samples (N), numbers of microsatellite alleles (NA), allelic 

richness (AR, for a minimum sample size of 19), gene diversity (HE) and 

Wright’s inbreeding coefficient (FIS) for each of five loci, with average 

gene diversity  ( HE ±sd) and FIS over all loci.  Values for FIS that differed 

significantly from zero are indicated by an asterisk (*). 

 

Location Branco I. Raso I.   
 

 

Month Jun. Jun. Nov. Jan. Apr. All  

Oc28B N 30 52 82 24 29 215 

 NA 4 4 6 4 3 7 

 AR 3.14 2.71 2.34 3.71 2.85 2.75 

 FIS -0.03 -0.03 -0.02 0.49 -0.05 0.05 

Oc49 N 31 52 65 23 29 200 

 NA 3 3 2 2 5 5 

 AR 2.71 2.36 1.92 2 4.53 2.79 

 FIS -0.03 0.30 -0.05 1.00 0.63 0.38 

Oc51 N 31 48 63 19 29 190 

 NA 3 4 3 3 5 7 

 AR 2.56 3.17 2.46 3.00 4.50 3.29 

 FIS 0.49 0.15 0.36 -0.04 0.43 0.31 

Oc79-2 N 30 47 84 21 28 210 

 NA 2 4 4 3 4 6 

 AR 2.00 2.74 2.62 3.00 3.67 3.02 

 FIS -0.09 0.10 0.36 0.84 0.55 0.38 

Oc87B N 30 50 78 20 30 208 

 NA 8 7 9 7 6 9 

 AR 6.84 5.68 6.16 6.90 5.26 6.07 

 FIS -0.08 0.24 0.03 0.06 0.03 0.07 

HE ±sd 0.25 ±0.26 0.28 ±0.25 0.26 ±0.27 0.32 ±0.27 0.40 ±0.20 0.29 ±0.25 

FIS all loci -0.02 0.20* 0.12 0.34* 0.31* 0.19 
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Genetic relationships among temporally isolated populations 

 

For control region sequence, private haplotypes were more common than shared 

haplotypes across all sampling months (69% private, 31% shared) (Table 5).  Private 

haplotypes were shared by a maximum of four individuals (JF from January, C8 and D8 

from November), and the most common shared haplotype (M4, present in all months but 

January) was shared by 61 individuals (Supplementary Data Table 2).  Most notably, the 

set of individuals sampled from January, although small, did not contain haplotype M4, 

which was common in all other months sampled (Fig. 3, Supplementary Data Table 2).  

Estimates of !ST from the mitochondrial control region suggest low but significant levels 

of population genetic structure (global !ST = 0.14, p < 0.01).  Pairwise comparisons 

reveal that this value for global structure was largely due to population differentiation on 

two scales: 1) between Raso Island and Branco Island, and 2) between January on Raso 

and all other months on the same island (Table 7, below diagonal).  In contrast, all 

pairwise comparisons based on microsatellite variation were non-significant (global FST = 

0.04, p > 0.05) (Table 7, above diagonal).  When locus Oc79-2 was dropped from the 

analysis (see discussion for justification), the comparison between November and April 

on Raso became marginally significant (FST = 0.02, p = 0.05).  STRUCTURE assigned 

the highest probability to a scenario in which all sampled birds belonged to a single, 

interbreeding population (K=1, mean LnP(D) over three runs = -1346.97, probability > 

0.99). 

    The unrooted haplotype network based on control region sequence (Fig. 4) was 

characterized by several loops, indicating homoplasy in variable sites defining 

haplotypes.   
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FIGURE 3. Mitochondrial control region haplotype frequencies by sampling month, 

for Band-rumped Storm-petrels from Raso Island (in front, black outline) 

and Branco Island (behind, grey outline).  Coloured slices denote 

haplotypes that were shared with at least one other sampling month.  The 

identity of each shared haplotype is listed in the key on the right. White 

slices denote haplotypes that were unique to that sampling month.  The 

relative size of each pie is proportional to the number of individuals 

sampled from each month (N). 
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TABLE 7. Pairwise estimates of !ST based on sequence from the mitochondrial 

control region (below diagonal), and estimates of FST based on 

microsatellite loci (above diagonal) for Band-rumped Storm-petrels 

sampled from Cape Verde.  Significant values (p " 0.05) indicated by an 

asterisk (*). 

 

  Branco I. Raso I.    

  Jun. Jun. Nov. Jan. Apr. 

Branco I. Jun.  -0.01 0.00 -0.01 -0.01 

Raso I. Jun. 0.06*  -0.01 0.01 0.00 

 Nov. 0.08* -0.01  0.04 0.02 

 Jan. 0.19* 0.42* 0.46*  -0.01 

 Apr. 0.06* -0.01 -0.01 0.35*  
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FIGURE 4. Unrooted haplotype network based on 315bp of the control region for 

Band-rumped Storm-petrels sampled from Cape Verde, constructed by 

statistical parsimony.  Circles denote breeding individuals and are colour-

coded according to the month in which they were sampled (key top left).  

Individuals with the same haptolype are enclosed by a rounded rectangle.  

Small black circles denote an unsampled haplotype, and haplotypes that 

are unconnected from the main network could not be connected to any 

other haplotype within the network with ! 95% confidence.  The largest 

shared haplotype is the inferred root of the main network. 
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Despite this limitation of the network, the broad distribution of haplotypes from all 

different months across the network suggests a high level of genetic admixture.  Although 

haplotypes from Branco and Raso showed segregation within the network, they also 

showed some admixture.  Samples from January on Raso did not include the most 

common haplotype in the network and possessed a divergent, unconnected haplotype 

shared by four individuals.  Despite these distinctions, however, haplotypes from January 

were present in most regions of the network. 

 

Genetic isolation by time 

 

No tests for a correlation between genetic distance and temporal distance between 

sampling dates were significant (Table 8), providing no support for the process of genetic 

isolation by time in this population. 
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TABLE 8. Results of Mantel’s tests for correlations between genetic distance (! = 

Slatkin’s linearized FST) and time (T = log-transformed temporal distance).  

Calculations were performed on all samples from Raso and Branco Islands 

(R + B), on samples from Raso Island only (R only), and on samples from 

Raso Island excluding the small group of individuals sampled in January 

(R – Jan.).  Number of pairwise comparisons (N) is indicated for each test. 

 

Control region sequence R + B R only R – Jan. 

N 10 6 3 

r 0.15 -0.26 -0.55 

p 0.39 0.83 0.82 

Microsatellites R + B R only R – Jan. 

N 10 6 3 

r 0.15 -0.34 -0.63 

p 0.40 0.64 1.00 
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Discussion 

 

Tests of assumptions 

 

Departures from Hardy-Weinberg equilibrium in microsatellite loci may result from 

either technical artifacts or population effects, including nonrandom mating, cryptic 

population genetic structure (Wahlund effect), secondary contact between genetically 

differentiated populations, or recent population growth or decline.  The Band-rumped 

Storm-petrel is small, cryptic, difficult to observe at sea and nocturnal at the breeding site.  

Not much is known about historical or present-day population sizes from direct counts.  

The program BOTTLENECK did not detect evidence for population growth or decline in 

any months (although the number of loci was small) but results from FLUCTUATE 

suggested that the population of birds breeding in April, June and November had 

increased.  Population growth is one candidate explanation for the observed deviations 

from equilibrium in these months.  The potential for null alleles, and scoring errors due to 

stutter pattern, may explain deviations from Hardy-Weinberg equilibrium in five of the 

problematic cases.  However, locus Oc79-2 was the only locus showing consistent 

deviations across months (November, January and April).  Excluding this locus from 

analyses did not significantly change the results, although a low FST value for the pairwise 

comparison between November and April on Raso became marginally significant.  

Additionally, Friesen et al. (2007) and Sun et al. (2009) did not find deviations from 

equilibrium at these loci when they characterized microsatellite variation across a larger 

dataset encompassing other Band-rumped Storm-petrel populations and related species, 

arguing against the existence of technical artifacts.  Estimates for Wright’s inbreeding 
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coefficient were significantly greater than zero in June, January and April on Raso, 

suggesting that birds may breed nonrandomly within these time periods, and the existence 

of distinct temporal breeding cohorts may be one explanation for observed 

disequilibrium.  Groups of birds may follow synchronized reproductive timelines, and 

several different synchronized groups may coexist on the island at any given time.  The 

results of Chakraborty’s test of population amalgamation were consistent with this 

scenario.  Further evidence supporting this hypothesis is presented in Part B. 

 

Genetic relationships among temporally isolated populations 

 

Estimates of population differentiation from the mitochondrial control region suggested a 

moderate but significant level of genetic differentiation between birds breeding on the 

two sister islands, Raso and Branco, and also suggested that birds breeding in January on 

Raso were genetically distinct from birds breeding in other months on the same island.  

These results are in close agreement with the findings of previous studies comparing 

Branco in June, and Raso in January and April (Friesen et al. 2007).  Within the 

haplotype network, although the two islands showed weak phylogeographic structure.  

Likewise, January breeders on Raso showed some level of both segregation and 

admixture within the network.  Patterns of subtle geographical and temporal population 

structure in the control region contrasted with results from nuclear microsatellite loci, and 

the differences in molecular evolution between the two types of markers (Wilson et al. 

1985) provide three possible explanations: different mutation rates, the smaller effective 

population size of the mitochondrial genome, or the presence of male-biased dispersal.   
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    Both mitochondrial and nuclear markers suggest that birds sampled from April, June 

and November constitute a single, interbreeding population.  This finding is in 

disagreement with my initial prediction, that temporally isolated populations would be 

genetically distinct, as suggested by previously published support for differences between 

January and April.  Mild oceanographic seasonality in Cape Verde and a year-round 

breeding cycle may explain the absence of genetic structure between birds breeding at 

opposite times of the year (i.e. April and June vs. November).  Processes responsible for 

genetic differentiation may be restricted to the month of January, and this month should 

be the focus of any future investigations of seasonal differentiation on Raso.  However, 

the sample size from this month was small (N=24 for microsatellites, N=12 for control 

region sequence), and may not have been representative of the total pool of genetic 

diversity among birds breeding in that month.  Values for FIS were also extremely high 

for this month (e.g. FIS = 1.00 for locus Oc49), suggesting either the presence of 

inbreeding or an error in the microsatellite data.   

 

Genetic isolation by time 

 

In contrast to my second prediction, Mantel’s tests provided no evidence of isolation by 

time in Cape Verde.  This observation suggests that the timing of moult, migration and 

reproduction does not restrict individuals in their timing of breeding, and that plasticity in 

these traits permits some level of gene flow through time at neutral loci.  This process 

could occur through variation in timing of first breeding among juveniles, or through 

plasticity within an adult individual’s lifetime.  Although switching from one breeding 

month to another through accelerated reproductive development seems both costly and 
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unlikely for adults, delayed reproduction is a compelling alternative explanation, and it 

may play an important role in explaining gene flow across a protracted breeding season. 

Directions for future work 

 

Four improvements to the data set are will help to understand neutral genetic 

differentiation on the scale of an entire breeding year:  

 

1. Sampling 50+ individuals from April (last sampled in 1999) to reduce the 

confounding effects of time between sampling years, 

2. Sampling 50+ individuals from January to more thoroughly sample genetic 

diversity at that time of year, 

3. Sampling 50+ individuals from August or September, and February or March, to 

increase sampling coverage of the full breeding year, and 

4. Sequencing both nuclear introns and more conserved regions of the mitochondrial 

genome, using the power and resolution of multiple gene genealogies to resolve 

subtle patterns of population differentiation. 

 

Although conclusions about the extent of genetic differentiation among birds breeding in 

different seasons are tentative at present, comparison of birds breeding in June and 

November permits investigation of some interesting questions about ecological 

adaptation, and this will be the topic of the following section. 
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CHAPTER 3 

 

Addressing the significance of within-season morphological variation 

 

Materials and methods 

 

Morphometric analyses 

 

Using digital calipers, five standard morphological measurements were made for each 

individual bird captured on Raso in June 2008 and November 2009: Tarsus length, bill 

length, bill depth at the base of the bill, bill depth at the nares and maximum head length, 

measured from the tip of the bill to the back of the head.  Birds were also weighed using a 

100 g spring scale, and the length of the straightened wing (European standard) was 

measured using a wing rule.  The stage of moulting primaries, secondaries and rectrices 

were noted, and in the second field season (November) the extent of both cloacal and 

brood patch development was recorded for each bird to infer stage of breeding. 

    Extent of tail forking was classified into one of four broad categories: 1) “Rectangular” 

in which R1 was less than 1 mm shorter than R6 when the tail was held in a resting 

position, 2) “slightly forked” in which R1 was 1-3 mm shorter than R6, 3) “forked” in 

which R1 was 3-5 mm shorter than R6, and 4) “very forked” in which R1 was more than 

5 mm shorter than R6 (Fig. 5).  Intermediate morphologies (birds for whom changes in 

tail posture were sufficient to change their assignment to one of the above categories) 

were tentatively assigned to intermediate categories.  Tail tracings to confirm visual  
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Figure 5. Illustration of categories for degree of tail forking, determined by the 

difference in length between R1 and R6, for Band-rumped Storm-petrels 

sampled from Cape Verde in June 2008 and November 2009. 
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assignments were made from 63% of birds sampled in 2008 (N=33) and 100% of birds 

sampled in 2009 (N=87).  Accompanying photographs were taken of 15% of tails in 2008 

(N=8) and 100% of tails in 2009 (N=87).  Qualitative notes on plumage, voice or 

behaviour were also recorded when individuals exhibited unique attributes. 

    R6 of each bird was also collected and measured in the lab, as an empirical proxy for 

degree of tail forking: a forked morphology is likely achieved through a growth extension 

of the outer tail feathers, and birds with more extensive tail forking have a longer R6 on 

average (see Results below, Table 9C).  Measurements were binned into 2.5 mm 

categories from 72.5 to 92.5 mm. 

    F-tests were performed to determine whether variances in traits of interest were equal 

between different categorical groups, and this information was used to perform two-tailed 

student’s t-tests comparing morphological data between 

 

1. Individuals from June 2008 vs. November 2009, 

2. Males vs. females, 

3. Fork-tailed vs. rectangular-tailed individuals, and 

4. Incubating vs. post-incubation individuals. 

 

Genetic analyses 

 

    Genetic differentiation between individuals with forked vs. rectangular tails, regardless 

of the month in which they were sampled, was assessed using an AMOVA.  This 

comparison excluded birds whose R6 was 3 to 5 mm longer than their R1 (category 3), 

including only individuals with morphologies at either extreme of the spectrum.  Since 
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the trait was normally distributed, defining and comparing these two artificial groups was 

a coarse way to approach the question of genetic differentiation between birds with 

different foraging morphologies.  A random subsample of birds were genetically sexed 

using previously established protocols (Fridolfsson and Ellegren 1999). 

 

 

Results 

 

High levels of within-month and between-month variation were found in a suite of 

morphological traits related to foraging strategy.  Birds sampled in November had 

significantly longer tarsi, longer and deeper bills, and longer heads than birds sampled in 

June, and tended to have longer wings (Table 9A).  In the random subsample of birds 

from June and November for which I had determined sex (N = 64) only wing length was 

sexually dimorphic (Table 9B), and the tendency for females to have longer wings than 

males may be responsible for this perceived seasonal difference if samples from June 

included proportionally more males than November.  In fact, males did constitute a higher 

proportion of the sexed data set in June (71% males, 29% females, N=14) than 

November, when the sexes may have been represented in equal proportions (46% males, 

54% females, N=50). 

    On average, the tails of breeding birds caught in November were more forked than 

those of birds in June (Fig. 6, Table 9A).  There were also more extremely rectangular 

tails among June samples, and more extremely forked tails among birds in January.  
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TABLE 9A. Morphological characteristics of Band-rumped Storm-petrels from Raso Island compared according to sampling 

month. 

 

VARIABLE JUNE 2008 NOVEMBER 2009 SIGNIFICANCE 

   t stat p  

Tarsus length (mm) 22.80±0.55 (21.90-24.26, 52)* 23.20±0.86 (20.66-24.82, 63) -2.88 <0.01 

Bill length (mm) 15.49±0.64 (14.17-16.96, 52) 15.88±0.66 (14.64-17.37, 85) -3.44 <0.01 

Bill depth (mm) 6.85±0.37 (5.70-7.71, 52) 7.14±0.33 (6.49-8.16, 85) -4.68 <0.01 

Bill depth at nares (mm) 4.82±0.26 (4.04-5.48,52) 5.07±0.35 (4.12-6.54, 84) -4.46 <0.01 

Max head length (mm) 40.86±0.92 (39.02-42.75, 52) 41.69±0.88 (39.34-43.83, 84) -5.20 <0.01 

Wing length (mm) 156.8±2.9 (149.0-165.0, 52) 158.0±4.2 (149.0-171.0, 85) -1.94 0.05 

Mass (g) 41.3±3.0 (36.5-50.0, 52) 41.7±3.6 (34.5-54.5, 85) -0.97 0.34 

R6 length (mm) 81.8±2.8 (74.5-89.0, 52) 83.5±2.4 (78.0-90.5, 80) 3.63 <0.01
 

*format is mean±sd (min-max, n) 
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TABLE 9B. Morphological characteristics of Band-rumped Storm-petrels from Raso Island, comparing males and females. 

 

VARIABLE MALES FEMALES SIGNIFICANCE 

   t stat p 

Tarsus length (mm) 23.23±0.64 (21.94-24.82, 28)* 23.15±1.10 (20.66-24.68, 24) 0.29 0.77 

Bill length (mm) 15.84±0.62 (14.64-16.96, 33) 15.71±0.77 (14.17-17.27, 31) 0.70 0.49 

Bill depth (mm) 7.15±0.35 (6.36-7.89, 33) 7.07±0.21 (5.70-8.16, 31) 0.77 0.44 

Bill depth at nares (mm) 5.06±0.20 (4.12-6.54, 33) 4.94±0.32 (4.04-5.61, 31) 1.23 0.22 

Max head length (mm) 41.64±0.70 (40.41-43.83, 33) 41.48±1.01 (39.34-43.03, 31) 0.72 0.47 

Wing length (mm) 157.1±3.7 (151.0-165.0, 33) 159.0±3.6 (149.0-166.0, 31) -2.10 0.04 

Mass (g) 41.8±3.4 (36.5-47.5, 33) 41.3±3.8 (34.5-48.0, 30) 0.52 0.61 

R6 length (mm) 83.0±3.3 (74.5-90.5, 33) 83.7±2.3 (80.0-90.5, 30) -0.93 0.36 

*format is mean±sd (min-max, n)
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FIGURE 6. Frequency of R6 length categories among Band-rumped Storm-petrels sampled from Cape Verde, compared 

between June 2008 and November 2009.
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Despite the differences between June and November, however, birds sampled from each 

month encompassed a large range of tail forms, from rectangular to very forked (Fig. 6).  

The distributions of R6 length in both sampling months were significantly different 

(Table 9A). 

    Significant differences between birds from different seasons in other morphological 

traits were associated with seasonal differences in tail morphology: Fork-tailed birds 

tended to have longer, deeper bills, longer heads and longer wings (Table 9C).  Fork-

tailed birds were also heavier than birds with rectangular tails (Table 9C).  Despite 

morphological differences, no evidence was found that birds with forked and rectangular 

tails differ at neutral molecular markers.  AMOVAs based on either the control region or 

microsatellite loci, comparing birds with forked and rectangular tails, were non-

significant regardless of whether all samples were included in the analysis (!ST = -0.01, 

p>0.05; FST = 0.00, p>0.05) or if the comparison was within June (!ST = -0.01, p>0.05; 

FST = -0.02, p>0.05) or November (!ST = 0.01, p>0.05; FST = -0.02, p>0.05).   

    Observations of the extent of brood patch development suggest that birds caught in 

November may belong to two distinct breeding cohorts.  Brood patch development is 

inferred to proceed from a loss of mature feathers (pre-incubation), to a swollen and 

featherless brood patch (incubating), to the gradual spread of small, new, growing 

feathers throughout the brood patch (post-incubation).  Although the largest proportion of 

birds caught had fully developed brood patches, and were assumed to be incubating, 

almost all other birds had partially regrown brood patches and were assumed to have 

completed incubation, possibly provisioning chicks (Fig. 7).  Only one individual caught 

had a brood patch with mature feathers remaining, and was assumed to be pre-incubation.  

Incubating birds had significantly longer wings than birds inferred to be post-incubation 
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TABLE 9C. Morphological characteristics of Band-rumped Storm-petrels from Raso Island compared according to tail 

morph category. Birds of intermediate tail morphology were not included in this comparison. 

 

VARIABLE RECTANGULAR FORKED SIGNIFICANCE 

   t stat p 

Tarsus length (mm) 23.12±0.68 (21.90-24.26, 30)* 22.95±0.82 (20.66-24.82, 50) 1.02 0.31 

Bill length (mm) 15.55±0.53 (14.55-16.61, 32) 15.79±0.71 (14.17-17.27, 63) -1.83 0.07 

Bill depth (mm) 6.93±0.32 (6.31-7.71, 32) 7.10±0.41 (5.7-8.16, 63) -2.12 0.04 

Bill depth at nares (mm) 4.92±0.22 (4.52-5.48, 32) 5.00±0.41 (4.04-6.54, 63) -1.1 0.28 

Max head length (mm) 41.29±0.96 (39.10-43.01, 32) 41.45±0.89 (39.34-43.83, 63) -2.15 0.04 

Wing length (mm) 156.7±3.0 (149.0-164.0, 32) 158.0±4.0 (151.0-171.0, 63) -1.87 0.07 

Mass (g) 40.5±2.6 (36.5-47.5, 32) 42.1±4.0 (34.5-54.5, 62) -2.08 0.04 

R6 length (mm) 81.5±2.2 (77.0-87.0, 31) 83.8±2.8 (78.0-90.5, 60) -4.41 <0.01
 

*format is mean±sd (min-max, n)
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FIGURE 7. Distribution of brood patch development in Band-rumped Storm-petrels 

sampled on 10 days from November 13 to 22, 2009 (date at top left of each 

histogram) on Raso Island.  Brood patch categories for pairs of individuals 

from three nests confirmed to be incubating an egg (nests 21, 22 and 23) 

are indicated by bold, italicized numbers in red.  In all three cases, one 

partner was captured on Nov. 16 and the other on Nov. 19. 
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(Table 9D), although this pattern may have been associated with differences in the 

proportion of males and females sampled from each breeding cohort.  Of the samples for 

which there existed both breeding stage and sex data (N = 50), males constituted a smaller 

proportion of the incubating cohort (41% males, 59% females, N=34) than the post-

incubation cohort (73% males, 27% females, N=50).  No genetic differentiation was 

evident between incubating and post-incubation groups (!ST = -0.01, p > 0.05; FST = 0.02, 

p > 0.05). 

    Due to the likelihood of correlations between traits of interest, and the association of 

some traits with multiple categorical groups, multivariate statistics will be used to 

disentangle these relationships prior to submission for publication.
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TABLE 9D. Morphological characteristics of Band-rumped Storm-petrels from Raso Island compared according to breeding 

stage.  

 

VARIABLE INCUBATING POST-INCUBATION SIGNIFICANCE 

   t stat p 

Tarsus length (mm) 23.21±0.92 (20.66-24.82, 45)* 23.35±0.53 (22.21-24.16, 16) -0.56 0.58 

Bill length (mm) 15.87±0.68 (14.64-17.37, 57) 15.78±0.51 (14.99-16.61, 21) 0.60 0.55 

Bill depth (mm) 7.15±0.32 (6.49-8.16, 57) 7.08±0.32 (6.52-7.79, 21) 0.91 0.37 

Bill depth at nares (mm) 5.11±0.32 (4.45-6.54, 57) 4.94±0.32 (4.12-5.71, 21) 1.98 0.06 

Max head length (mm) 41.60±0.92 (39.34-43.48, 57) 41.74±0.60 (39.93-42.70, 21) -0.61 0.54 

Wing length (mm) 158.6±4.2 (151.0-171.0, 57) 155.7±3.6 (149.0-161.0, 21) 2.97 <0.01 

Mass (g) 42.2±3.8 (35.0-54.5, 56) 40.5±2.3 (36.5-45.5, 21) 1.92 0.06 

R6 length (mm) 83.7±2.6 (78.0-90.5, 53) 82.8±2.1 (79.0-87.0, 20) 1.61 0.12 

*format is mean±sd (min-max, n)
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Discussion 

 

Chapter I of this project demonstrated that birds breeding in June and November are 

genetically indistinguishable at the neutral genetic loci amplified in this study.  Chapter II 

addressed the third research question: Birds with a range of different morphologies also 

do not differ at the neutral genetic loci amplified in this study.  Variation in traits like tail 

shape, tarsus length, bill size and wing length may constitute standing genetic variation 

within the population, or may be the product of phenotypic plasticity.  Differentiating 

between these two possibilities is not possible with the existing data.  However, if the 

variation within populations represents standing genetic variation, the combined results of 

Chapters I and II hold promising insight about how and why similar seasonal forms 

evolved several times independently, in a pattern of parallel evolution across the species’ 

range.  Standing genetic variation has the potential to explain both the diversity of 

seasonal strategies range-wide, and the high degree of morphological parallelism across 

independently derived seasonal populations.  By demonstrating that variation in traits 

with known seasonally adaptive consequences may persist in an interbreeding population, 

at levels comparable to the differences observed between seasonal sister groups elsewhere 

in the species’ range (Bolton et al. 2008), Cape Verde birds constitute a tempting example 

of the variation that may have characterized ancestral populations that colonized 

contemporary breeding islands.  If similar levels of variation existed in the common 

ancestor of contemporary colonies, directional or disruptive seasonal selection (facilitated 

by IBT) may have driven parallel adaptive divergence according to seasonal foraging 

strategy.  The ultimate outcome of this process would have depended on the fluctuations 

in seasonal resources that characterized particular islands, potentially resulting in either 
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hot season breeding (Japan and Hawaii), cool season breeding (Portugal, Canaries and 

Vila Island in the Azores), sympatric seasonal populations (Galapagos, Azores, St. 

Helena and Ascension Island) or year-round breeding (Cape Verde) (Friesen  et al. 2007, 

M. Bolton pers. comm.).  As a component of selective processes under an ABT scenario, 

this role for standing variation constitutes a novel addition to the current synthesis 

explaining seasonal divergence in this species. 
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Summary 

 

What is the nature of genetic relationships throughout the breeding year in Cape Verde?   

 

Band-rumped Storm-petrels breeding in Cape Verde are genetically indistinguishable at 

five nuclear microsatellites.  However, analyses using sequence data from the 

mitochondrial control region found significant genetic differentiation between birds 

breeding on neighbouring islands Raso and Branco, and between January and all other 

sampling months on Raso.  Deviations from equilibrium in both both types of markers 

may be explained by population growth in April, June and November on Raso, and the 

coexistence of different breeding cohorts within sampling months. 

 

Can the genetic signature of isolation by time be detected? 

 

Mantel’s tests comparing the correlation between genetic distance and temporal distance 

were not significant, providing no evidence for isolation by time in this population. 

 

What is the significance of within-season morphological variation? 

 

Large within-season variation in morphological traits related to foraging strategy did not 

appear to be due to the cryptic coexistence of genetically distinct populations.  The fact 

that standing morphological variation in adaptively important traits may persist in 

interbreeding populations offers insight into parallel seasonal adaptation range-wide, if 

ancestral colony-founding populations were characterized by a pool of such variation. 
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Appendix 

 

SUPPLEMENTARY DATA TABLE 1. 

Mitochondrial control region haplotype identity table for Band-rumped Storm-petrels 

sampled from Cape Verde.  Provided on a CD:  Oc_mtDNA_CV_hapidentity.xls 

 

SUPPLEMENTARY DATA TABLE 2. 

Mitochondrial control region haplotype frequencies by month for Band-rumped Storm-

petrels sampled from Cape Verde (N=64).  Names of haplotypes shared between two or 

more populations shown in bold.  Most common haplotype shaded grey. 

 

 Branco I. Raso I.    
 

 

Haplotype Jun. Jun. Nov. Jan. Apr. TOTAL 

M4 6 17 32  6 61 

G2    1  1 

JF    4  4 

NF    1  1 

OF   9 1  10 

PF  1  1 1 3 

QF  2 1 1  4 

RF   1 1  2 

SF 1 5 3 1 3 13 

TF    1  1 

E4     1 1 

F4  1 1  1 3 

G4     2 2 

J4   1  3 4 

K4     1 1 

N4 2    2 4 

O4  2   2 4 
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P4     1 1 

Q4     1 1 

R4  2   1 3 

W4 1     1 

X4 1 1    2 

Y4 1     1 

Z4 2  1   3 

A5 1     1 

B5 1     1 

C5 1     1 

D5 1     1 

F5 1     1 

G5 1 1    2 

H5 1     1 

K5 1     1 

O5 1 2    3 

P5 2     2 

R5 1     1 

A7  2 2   4 

B7  1 1   2 

C7  1 2   3 

D7  2    2 

F7  1    1 

G7  1    1 

H7  1 3   4 

I7  1    1 

L7  1    1 

M7  1    1 

N7  1 1   2 

O7  1    1 

P7  1    1 

Q7  1    1 

A8   1   1 

B8   1   1 

C8   4   4 

D8   4   4 

E8   1   1 

F8   2   2 
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G8   1   1 

H8   1   1 

I8   2   2 

J8   1   1 

K8   3   3 

L8   1   1 

M8   2   2 

N8   1   1 

O8   1   1 

TOTAL 26 50 84 12 25 197 

 

 

SUPPLEMENTARY DATA TABLE 3. 

Allele frequencies for five microsatellite loci by month for Band-rumped Storm-petrels 

sampled from Cape Verde, with number of individuals (N). 
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Oc28B Jun. Jun. Nov. Jan. Apr. TOTAL 

N 30 52 82 22 29 215 

181     0.034 0.005 

182 0.017  0.006   0.005 

183 0.017 0.01 0.006 0.023  0.009 

184   0.006   0.002 

185 0.033 0.029 0.006 0.045 0.052 0.026 

187 0.933 0.942 0.963 0.909 0.914 0.942 

189  0.019 0.012 0.023  0.012 

Oc49 Jun. Jun. Nov. Jan. Apr. TOTAL 

N 31 52 65 23 29 200 

173 0.032 0.096 0.054 0.087 0.086 0.07 

175 0.935 0.894 0.946 0.913 0.793 0.905 

177 0.032 0.01   0.017 0.01 
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179     0.069 0.01 

181     0.034 0.005 

Oc51 Jun. Jun. Nov. Jan. Apr. TOTAL 

N 31 48 63 19 29 190 

296  0.031  0.026 0.052 0.018 

298 0.048 0.094 0.063  0.103 0.068 

300     0.017 0.003 

302 0.016 0.01 0.016   0.011 

304     0.034 0.005 

306 0.935 0.865 0.921 0.921 0.793 0.889 

308    0.053  0.005 

Oc79-2 Jun. Jun. Nov. Jan. Apr. TOTAL 

N 30 47 84 21 28 210 

219  0.011 0.012  0.018 0.01 

222 0.9 0.926 0.863 0.833 0.768 0.867 

223    0.095 0.071 0.019 

224  0.011    0.002 

225 0.1 0.053 0.119 0.071 0.143 0.1 

228   0.006   0.002 

Oc87B Jun. Jun. Nov. Jan. Apr. TOTAL 

N 30 50 78 20 30 208 

272 0.017 0.01    0.005 

276    0.025  0.002 

278 0.333 0.4 0.25 0.2 0.367 0.31 

280 0.083 0.06 0.038 0.125 0.017 0.055 

282 0.417 0.35 0.436 0.35 0.35 0.392 

284 0.067 0.09 0.115 0.075 0.167 0.106 

286 0.05 0.08 0.109 0.2 0.083 0.099 

288 0.017 0.01 0.026 0.025  0.017 

290 0.017  0.026  0.017 0.014 
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GLOSSARY 

 

Allochrony  Separation of populations by breeding time 

Allopatric  Geographical separation, or isolation, of populations 

Adaptation by time (ABT)  Adaptive divergence of populations in response to disruptive 

selection, facilitated by genetic isolation of populations by breeding time 

Assortative mating  Nonrandom mating, usually resulting from mate choice but also 

applying to isolation of populations by habitat or breeding time 

Clade  A monophyletic group of species 

Conserved  A description of a trait with a common ancestral origin across taxa 

Cryptic populations  Phenotypically similar groups of organisms that have been shown 

to be genetically distinct using molecular tools 

Disruptive selection  A selective context in which extreme values for a trait are favored 

and intermediate values are disfavored (also may be called diversifying selection) 

Fixation  The process by which one allele increases in frequency within a population 

through successive generations, eventually supplanting all other copies of the same gene 

Gametic equilibrium  Random association of alleles at different loci 

Gene flow  The incorporation of genes from one population into the gene pool of another 

Hardy-Weinberg equilibrium  Frequency of genotypes should be equal to the product 

of the frequencies of alleles from the population after one generation of random mating 

Homoplasy  A trait shared by species but not derived from a common ancestor.  In this 

paper, applied to sequence convergence as a result of multiple substitutions at a single site 

Isolation by distance (IBD)  Genetic isolation of populations by geographical distance 

Isolation by time (IBT)  Genetic isolation of populations by breeding time 
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Microallopatric  Geographical, ecological or behavioral separation of populations on a 

fine spatial scale 

Microsatellites  Simple repeating sequences of one to six base pairs of DNA 

Neutrality  The neutral accumulation of mutations within a sequence of DNA 

Parallel evolution  The independent evolution of similar traits in species that share a 

common ancestor 

Parapatric  The geographical ranges of two species abut, but do not overlap 

Peripatric  The range of one species is peripheral to, and smaller than, the range of 

another species 

Reproductive isolation  A situation in which two species are characterized by 

established geographical, ecological, behavioural, physiological or genetic barriers to 

gene exchange 

Sister taxa  A pair of species that exclusively share a common ancestor 

Standing variation  Presence and persistence of phenotypic variation, or multiple alleles 

at a given locus, in an interbreeding population 

Sympatric  The geographical ranges of two species overlap 


