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Abstract 
 
 

Sympatric speciation, the evolution of reproductive isolation between populations without 

physical barriers to dispersal, is less likely than allopatric speciation due to the need to 

overcome potentially homogenizing gene flow. Cryptic species - two or more species 

mistakenly classified as one usually due to morphological similarity - can form in allopatry or 

sympatry. One potential mechanism of cryptic speciation in sympatry is allochronic 

speciation, i.e. divergence driven by differences in breeding time. In this thesis, I first 

collated examples where allochrony caused divergence between populations to glean new 

insights into drivers of shifts in breeding time across taxonomic groups and the genetic 

underpinnings involved, and to create a framework for future investigations. Using both 

genetic and genome-wide sequencing techniques, I then investigated drivers of cryptic 

divergence and the evolution of allochronic populations across the global breeding ranges of 

two cryptic seabird species complexes, Leach’s and band-rumped storm-petrels (Hydrobates 

spp.). 

 In Leach’s storm-petrels, I found non-physical barriers to be stronger drivers of 

divergence than physical ones, with some genetic differentiation between ocean basins but 

higher differentiation among colonies in the Pacific Ocean. Phylogenetic reconstruction 

revealed that Guadalupe seasonal populations likely speciated allochronically. In band-

rumped storm-petrels, colonies in different ocean basins were genetically differentiated, 

however phylogenomic reconstruction placed South Atlantic colonies as sister to Pacific 

colonies, and revealed strong genetic structuring within ocean basins, again suggesting non-

physical barriers as drivers of divergence. Band-rumped storm-petrels consist of seven 

reciprocally monophyletic groups, and thus likely represent up to seven different species.  

 I then investigated whether allochronic populations of band-rumped storm-petrel 

formed due to a mutation shifting breeding time in a founder event, standing genetic variation 
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at the population level, or plasticity in breeding time. My findings indicate breeding season 

changes are unlikely to have involved a mutation and founder event, however further work is 

needed to tease apart the potential roles of standing variation and plasticity. Altogether, this 

thesis reveals the importance of non-physical barriers to gene flow in Leach’s and band-

rumped storm-petrels, uncovers cryptic species needing taxonomic and conservation 

consideration, and furthers our knowledge of allochronic divergence, an underappreciated 

mechanism of cryptic diversification. 
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Chapter 1: General Introduction 

 

Speciation 

Understanding the process of speciation, the evolution of reproductive isolation between 

conspecific populations (Mayr 1942; Coyne & Orr 2004), is a key goal in evolutionary 

biology, because it allows us to understand how global biodiversity arose, and is still arising. 

Speciation is known to occur in allopatry, whereupon populations have non-overlapping 

geographical ranges, often referred to as speciation without gene flow (Coyne & Orr 2004; 

Safran & Nosil 2012). Extensive research has uncovered mechanisms underlying speciation 

in allopatry, which can be due to natural selection, sexual selection, or neutral processes. 

Natural selection, for example due to adaptation to different ecological niches or resources, 

can drive divergence because hybrid individuals would not be optimally adapted to either 

niche, a process known as ecological speciation (Fitzpatrick 2012; Nosil 2012). Sexual 

selection can lead to speciation for example if an allopatric population develops differences 

in female preferences for a trait, which in turn drives evolution of the trait in males in the 

population, creating premating isolation between populations (Coyne & Orr 2004). Neutral 

processes, such as genetic drift due to a small population size after a founder event, or the 

build-up of genomic incompatibilities (e.g. Bateson-Dobzansky-Muller incompatibilities, 

BDMI’s), can also lead to reproductive isolation (Coyne 1992; Coyne & Orr 2004). 

 Sympatric speciation, the development of reproductive isolation between populations 

with overlapping geographical ranges, sometimes to as speciation with gene flow, remained a 

controversial idea for a long time (Coyne 1992; Mayr 1963). Development of reproductive 

isolation despite the homogenizing effects of gene flow was not thought to be possible except 

in rare circumstances (Coyne & Orr 2004). However, with an increasing number of 

examples, there has been more extensive research into mechanisms that might drive 
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sympatric divergence. Ecological speciation can drive divergence in sympatry as well as in 

allopatry (Nosil 2012). When populations in sympatry specialize to different niches or 

resources, divergent natural selection putatively reduces gene flow at genes underlying 

adaptation to the niche or resource (Nosil 2012; Seehausen et al. 2014). Selectively neutral 

loci, or genes not involved in adapting to either niche, will not reduce fitness of hybrids, 

however genes resulting in reduced fitness in the ‘wrong’ niche are selected against. 

Genomic regions of reduced gene flow, so called ‘islands of divergence’, can form due to 

selection across different loci, and individuals with the optimal combination of loci will 

survive and reproduce (Feder et al. 2012; Seehausen et al. 2014). Islands of divergence can 

increase in size due to linked regions also showing reduced gene flow, or divergence 

hitchhiking.  Over time, large areas of the genome show no gene flow, and these processes 

can lead to reproductive isolation (Feder et al. 2012; Nosil 2012; Seehausen et al. 2014). 

Speciation with gene flow, in sympatry, is becoming more widely accepted as a significant 

contributor to speciation. 

 

Cryptic speciation 

Cryptic species - two or more species mistakenly classified as one usually due to 

morphological similarity - can arise by either allopatric or sympatric speciation (Bickford et 

al. 2007). Not recognising cryptic species not only leads to underestimates of global 

biodiversity (Bickford et al. 2007), but also can hinder our knowledge about the process of 

speciation because it can cause researchers to overlook drivers involved in the development 

of reproductive isolation. In addition, proper assessment of threat status for conservation is 

hindered if multiple species are mistakenly grouped together due to the overestimation of 

range size, niche width and/or abundance, key criteria used by the International Union for 

Conservation of Nature (IUCN Red List; Irwin et al. 2001; Funk et al. 2011). Similarly, 
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uncovering cryptic species may highlight hotspots of biodiversity, or areas with high levels of 

endemism (Forest et al. 2007; Bickford et al. 2007; Funk et al. 2011). 

 Understanding the processes that can lead to morphologically similar yet 

reproductively isolated populations is therefore a priority both for conservation and to 

appreciate mechanisms of divergence. Research so far has highlighted a few reasons why 

species may be morphologically cryptic. One major reason is constraints on morphological 

divergence, for example species living in extreme environments may be under stabilizing 

selection (Bickford et al. 2007). Morphological stasis may also occur in specialists such as 

parasites with strong selection on chemical or behavioural adaptation to specific hosts 

(Schönrogge et al. 2002). Species using non-visual reproductive signals, such as 

vocalizations or pheromones, also seem more likely to diverge whilst remaining 

morphologically cryptic (Bickford et al. 2007).  

Cryptic speciation is an understudied process, and many gaps in our knowledge need 

to be filled. In particular, as stated by Bickford et al. (2007), a major unanswered question is 

‘what evolutionary and ecological processes lead to genetic divergence and reproductive 

isolation in the absence of morphological differentiation?’ One underappreciated but 

potentially important evolutionary process which can lead to the formation of cryptic species 

in sympatry is divergence in breeding time between populations, known as allochronic 

speciation (Alexander & Bigelow 1960). 

 

Allochronic speciation 

Allochronic speciation, or ‘speciation resulting initially from temporal separation’ of 

populations, was originally described by Alexander and Bigelow (1960) upon discovery of 

sympatric reproductively isolated field crickets (Acheta pennsylvanicus and A. veletis, both 

now in the genus Gryllus) with one population maturing in spring, and the other in mid- to 
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late summer. Differences in breeding time can act as a ‘magic trait’, whereby the trait under 

disruptive selection also causes assortative mating (Gavrilets 2004). If individuals do not 

overlap in their reproductive period they cannot interbreed and so allochrony acts as an 

‘automatic magic trait’ (Servedio & Kopp 2012). In this way, recombination separating genes 

controlling the trait under selection (e.g. breeding time) from the genes for assortative mating 

is not a problem, and so sympatric speciation is thought to be more common in cases 

involving magic traits (Dieckmann & Doebeli 1999; Gavrilets 2004; Servedio et al. 2011). 

 Hendry and Day (2006) described the process of ‘isolation by time (IBT)’, whereby 

genetic differentiation can occur between individuals breeding at different times if breeding 

time is a heritable trait, even in the absence of selection. ‘Adaptation by time’ (ABT) occurs 

when individuals adapt to environmental conditions occurring when they breed, and both IBT 

and ABT could lead to reproductive isolation between populations (Hendry & Day 2006). 

Allochronic divergence was traditionally thought to be uncommon (Santos et al. 2007; 

Yamamoto & Sota 2009), however there is an increasing number of examples in a wide 

variety of taxa including fish, insects, birds, plants, fungi, and corals (reviewed in chapter 2), 

and usually between populations without strong morphological divergence. For example, the 

pine processionary moth (Thaumetopoea pityocampa) has a population with summer larval 

development breeding in sympatry with a population with the usual winter larval 

development (Santos et al. 2007). These populations constitute genetically differentiated 

sister taxa, with heritable emergence times (Santos et al. 2011a; Branco et. al 2017). In 

addition, the newer summer population demonstrates adaptation by time, having increased 

thermal tolerance enabling development when the temperature is on average 6.6˚C warmer 

(Santos et al. 2011b).  

The pine processionary moth is perhaps the most well studied example of allochronic 

divergence, and although there is an increasing number of examples in the literature, most 
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remain largely unstudied. There remains huge gaps in our knowledge about the importance of 

allochrony as a driver of speciation in general, about what causes populations to change their 

breeding time, about the genomic underpinnings of breeding time shifts, and whether there 

are any similarities across taxa. A common framework for investigations into examples of 

allochronic divergence is also needed to assess how important allochrony has been as a driver 

of genetic isolation. For example, phylogenetic investigation of the field crickets described 

by Alexander and Bigelow (1960) showed that the two species were not sister taxa and so 

could not be considered a case of allochronic speciation (Harrison et al. 1995).  

  

Leach’s and band-rumped storm-petrels (Hydrobates spp.) as systems to investigate 

cryptic speciation and allochronic divergence 

The Leach’s and band-rumped storm-petrel (Hydrobates spp.) species complexes represent 

ideal systems to investigate cryptic speciation and allochronic divergence (see Figure A1.1 

for a phylogeny of hydrobatine storm-petrels). Both are highly pelagic seabirds, only 

approaching land for breeding, and breeding colonies for both species have widespread 

distributions in the Atlantic and Pacific oceans (del Hoyo et al. 1992; Huntington et al. 1996; 

Brooke 2004; Smith et al. 2007; Figures 1.1 and 1.2). Storm-petrels begin to breed at 

approximately 3 years (Bried & Bolton 2005), and Leach’s storm-petrels are not thought to 

be natally philopatric (O’Dwyer et al. 2008). The level of natal philopatry in band-rumped 

storm-petrels is not known although adults appear to nest at the same site each year (Harris 

1969; Monteiro & Furness 1998; Bried & Bolton 2005). Storm-petrels are only active at night 

during the breeding season, and prospecting birds are attracted to nest holes based on acoustic 

signals (Bolton 2007). No evidence has been found for song learning in Procellaiiformes 

indicating call variation may be genetic (Bolton 2007). Storm-petrels form long term pair 

bonds, lay a single egg during the breeding season and exhibit bi-parental care of the chick 
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(Mauck et al. 1995; Bolton et al. 2008). Leach’s and band-rumped storm-petrels feed at the 

ocean surface, primarily on small fish in the Family Myctophidae, and crustaceans (Hedd and 

Montevecchi 2006). 

Both Leach’s and band-rumped storm-petrels comprise multiple morphologically 

cryptic species. Seabirds must fly long distances to feed (Hertel & Balance 1999; Spear & 

Ainley 1997), and so many aspects of their shape and size, which represent important 

ecological adaptations for foraging, are likely morphologically constrained. In addition, as 

storm-petrels use non-visual cues to attract mates (Bretagnolle 1989; 1996; Bolton 2007), 

Leach’s and band-rumped storm-petrel populations are unlikely to diverge in morphology 

even if they are genetically differentiated and represent multiple cryptic species. 

 Both species complexes have sympatric, allochronic populations. Leach’s storm-

petrels have hot and cool season breeding populations on Guadalupe Island, Mexico (Figure 

1.1), whereas band-rumped storm-petrels have hot and cool season breeding populations in 

multiple parts of their range: the Galápagos, Praia and Baixo in the Azores, Desertas in 

Madeira, Ascension Island and St. Helena Island (Monteiro & Furness 1998; Friesen et al. 

2007b; Smith et al. 2007; Bennett et al. 2009; Figure 1.2). In Cape Verde and on Selvagem in 

Madeira, band-rumped storm-petrels breed year-round (Mougin et al. 1990; Friesen et al. 

2007b; Figure 1.2). These species complexes therefore give the opportunity to study multiple 

cryptic, allochronic populations. 

 

Previous research on the Leach’s storm-petrel 

Over most of their distribution (Figure 1.1) Leach’s storm-petrels exhibit very little 

morphological variation, although subtle differences occur in some parts of the range. North 

Pacific and Atlantic birds are similar although the Atlantic birds are slightly smaller (Ainley 

1980, Power & Ainley 1986). A cline in morphology occurs in the Pacific birds (although the 
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morphology of Japan has not been studied): birds in the north have slightly longer wings, 

tarsi, and bills, and more white feathers on the rump patch (Ainley 1980, Power & Ainley 

1986). Moving south down to the San Benito Islands birds are smaller with more rounded 

wings, a deeper tail fork and increasing numbers of dark rumped individuals (Ainley 1980, 

Power & Ainley 1986, Adams et al. 2016). 

 Seasonal populations on Guadalupe, however, are not part of the cline in morphology. 

Winter breeding birds are similar to other Pacific birds though slightly smaller (aside from 

the summer breeders), and most have an intermediate coloured rump patch (Power & Ainley 

1986, AOU Classification Committee 2016). Summer breeders are smaller than all other 

Leach’s storm-petrels, and comprise mostly white rumped individuals, though with some 

dark rumped individuals (Ainley 1980, AOU Classification Committee 2016). 

 The taxonomy of Leach’s storm-petrels has been largely based on morphology. Until 

recently the complex was split into four subspecies, with the Atlantic and most Pacific birds 

included in Hydrobates leucorhoa leucorhoa. Breeding colonies from the Coronado Islands 

down to San Benito in the southern Pacific were named as H. l. chapmani. Summer breeders 

in Guadalupe were classified as H. l. socorroensis, and winter breeders as H. l. 

cheimomnestes (Ainley 1980, Power & Ainley 1986). In 2016 the seasonal populations were 

elevated to full species based on differences in morphology and vocalisations between each 

other and all other colonies (AOU Classification Committee 2016; Gill & Donsker 2017). 

 Little genetic investigation has been undertaken into the Leach’s storm-petrel species 

complex. The most extensive published work so far analysed 18 microsatellite loci and 357 

base pairs of the mitochondrial control region in Atlantic and Pacific birds from nine 

colonies, but all belonging to H. l. leucorhoa (Bicknell et al. 2012). These authors found 

some differentiation between Atlantic and Pacific colonies, but also some gene flow between 

the two ocean basins. Investigation of genetic differentiation throughout the species’ range, 
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particularly among Pacific colonies, was needed to understand whether patterns of genetic 

variation match the taxonomy, and to gain insight into potential drivers of divergence 

between colonies.  

 In 2006, two undergraduate students at Queen’s University investigated patterns of 

genetic differentiation among 11 colonies of H. l. leucorhoa from both oceans, and the two 

species in Guadalupe (H. socorroensis and H. cheimomnestes). One student found the 

Guadalupe populations to be distinct at six microsatellite loci (Bailie 2007) and the other 

found the Guadalupe seasonal populations to be sister taxa based on 333 base pairs of the 

mitochondrial control region, indicating they likely evolved through allochronic divergence 

(Gulavita 2006). However, samples were not included from the San Benito subspecies, which 

is particularly important given their close vicinity to Guadalupe (Figure 1.1). Also, more 

recent phylogenetic reconstruction of the Hydrobatinae did not place the samples from 

Guadalupe seasonal populations as sister taxa (Wallace et al. 2017), contradicting the 

conclusion of sympatric allochronic divergence. Further work is therefore needed to 

understand the genetic relationships of all species and subspecies in the complex. 

 

Previous research on the band-rumped storm-petrel 

Monteiro and Furness (1998) studied seasonal breeding populations of band-rumped storm-

petrels in the Azores in detail, investigating differences in phenology, morphology and moult.  

Between 1990 and 1996, 84 birds were captured in multiple years in the same breeding 

season, whereas only two birds were re-captured in different breeding seasons and these were 

probably not breeders (Monteiro & Furness 1998). Morphologically, the cool season breeders 

in the Azores are larger, have proportionately shorter wings and tails, and longer, deeper bills 

(Monteiro & Furness 1998 Bolton et al. 2008). Data from the timing of incubation periods 

and moult cycles also indicated two distinct populations, and the lack of response of hot 
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season breeders to cool season calls during playback experiments indicated potential pre-

mating isolation (Monteiro & Furness 1998; Bolton 2007). In addition, the Azores hot season 

breeders were differentiated from birds from all other studied locations at 333 base pairs of 

the mitochondrial control region and five microsatellite loci (Friesen et al. 2007b). As a 

result, the Azores hot season breeders were re-named as a distinct species, Monteiro’s storm-

petrel (Hydrobates monteiroi; Bolton et al. 2008). 

Morphology has also been studied in the Galápagos Islands, with some differences 

between seasonal breeders paralleling differences in the Azores: cool season breeders had 

deeper bills and shorter tarsi, and males had shorter wings (Smith & Friesen 2007). Seasonal 

populations in the Galápagos were only weakly differentiated from one another, however 

(Friesen et al. 2007b; Smith & Friesen 2007). Seasonal populations in Desertas and Selvagem 

were genetically undifferentiated either from one another or from the North Atlantic cool 

season populations in the Azores and Canaries using the five microsatellite loci (Friesen et al. 

2007b). Thus, band-rumped storm-petrels appear to represent a cryptic species complex, with 

multiple allochronic divergences at different levels along the speciation continuum, an ideal 

system for further investigation into cryptic species and the process of allochronic speciation. 

However, further work is needed to fill important sampling gaps (Hawaii, and seasonal 

populations in the South Atlantic on both Ascension Island and St Helena Island), and to 

increase power from the original five microsatellite loci used. 

 

Aims and objectives of thesis 

In this thesis, I first aimed to assess the role of allochrony in speciation in general. To do this, 

in chapter 2 I reviewed the literature to find examples of allochrony and its potential role in 

driving genetic divergence. I consolidated knowledge about the genomic control of breeding 

time and determined whether patterns of divergence are the same across taxonomic groups. 
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Given the potential importance of phenological shifts under climate change, learning what 

may drive populations to shift breeding time, and whether any common genetic 

underpinnings exist, may help understand which taxa may be more able to change their 

phenology. In this chapter I also provided a framework for future investigations into 

allochronic divergence to ensure reliable and comparable research, and to enable studies to 

assess the importance of allochrony as a driver of divergence. This review will further 

research into allochronic speciation across taxonomic groups, gleaning new insights into a 

currently underappreciated mechanism of cryptic divergence. 

 I then addressed hypotheses pertaining to cryptic speciation and allochronic 

divergence within the Leach’s and band-rumped storm-petrel systems. In chapter 3 I 

extended the datasets started by Gulavita (2006) and Bailie (2007), in particular adding 

samples from San Benito (H. l. chapmani), to assess genetic relationships among all 

subspecies and species in the Leach’s storm-petrel species complex using updated methods. 

Patterns of genetic differentiation were also used to assess the importance of geographic and 

non-geographic barriers to gene flow. I also used phylogenetic reconstruction of all 

populations to resolve the evolutionary history of the species complex, specifically to address 

whether the Guadalupe populations were sister taxa and therefore could represent an 

allochronic speciation event. 

 In chapter 4 I focussed on cryptic speciation in the band-rumped storm-petrel species 

complex across its whole range. To do this I obtained samples from previously unanalysed 

populations (Hawaii, and Ascension and St Helena Islands hot and cool season breeders). I 

then vastly improved the resolution of the data by using genome-wide sequencing on all 

locations and allochronic populations. I tried to elucidate the number of cryptic species using 

the phylogenetic species concept (using reciprocal monophyly as a proxy for reproductive 
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isolation as I am unable to directly test the biological species concept), and investigated the 

importance of different barriers to gene flow between the populations.  

 Chapters 3 and 4 have important taxonomic and conservation implications for both 

the Leach’s and band-rumped storm-petrels. For the Leach’s storm-petrels, species and 

subspecies designations have been made entirely from slight morphological differences and 

vocalisations, and so genetic data were needed to understand if this variation reflects 

populations that are no longer interbreeding and therefore should be treated as separate 

evolutionary significant units. Similarly, with the band rumped-storm petrels, all populations 

apart from the Azores hot season breeders (H. monteiroi) are classified as a single species (H. 

castro) on the IUCN Red List. Previous research indicates this is likely an underestimation of 

their true diversity, and only by including samples from across their whole range can we 

know how many species likely exist within the complex. H. castro is listed as Least Concern 

due to its ‘extremely large range’ and ‘the population is very large’ (IUCN Red List 2017). 

My thesis suggests the populations should be re-classified, probably as multiple species with 

highly restricted ranges, which will increase their threat status. For example, once H. 

monteiroi was assessed separately, it was classified as Vulnerable (IUCN Red List 2017). 

 In chapter 5 I used the genome-wide sequencing dataset to undertake a more detailed 

investigation of parallel allochronic divergence in band-rumped storm-petrels, particularly to 

try to gain insight into the role of plasticity in breeding time in the formation of allochronic 

populations. I tried to infer demographic history and measured migration rates between the 

seasonal populations to test for evidence of birds switching seasons. I also measured levels of 

genetic diversity and inbreeding to assess whether allochronic populations formed in a 

founder event, and I undertook outlier analysis between pairs of seasonal populations to test 

whether allochronic populations arose via standing genetic variation, a question of vital 

importance in understanding what may be necessary for populations to shift their phenology.  
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Figure 1.1. The breeding distribution of the Leach’s storm-petrel is shown with red lines. 

Arrows indicate locations of colonies sampled for genetic analysis in my thesis. The circle 

encompasses three of the four species and subspecies: GS is H. socorroensis, GW is H. 

cheimomnestes, SB is H. l. chapmani, the rest are all H. l. leucorhoa. Full names of the 

sampling locations are given in Table 3.1. 
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Figure 1.2. Breeding areas of the band-rumped storm-petrel species complex. Red circles 

indicate hot season breeding, blue circles indicate cool season breading, and purple circles 

indicate year-round breeding. Circles with both red and blue halves indicate areas with both 

hot and cool season breeding populations. 
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Chapter 2: The role of allochrony in speciation 

 

Abstract 

 

The importance of sympatric speciation - the evolution of reproductive isolation between co-

distributed conspecific individuals - in generating biodiversity is highly controversial. 

Allochrony, or differences in breeding time (phenology) between conspecific individuals, has 

the potential to lead to reproductive isolation and therefore speciation. We critically review 

the literature to test the importance of allochronic speciation over the three time scales over 

which allochrony can occur - over the day, between seasons, or between years - and explore 

what is known about genomic mechanisms underlying allochrony in the diverse taxa in which 

it is found. We found that allochrony can be a key contributor to reproductive isolation, 

especially if populations have little overlap in breeding time and therefore little potential for 

gene flow, and may sometimes be the initial or key driver of speciation. Shifts in phenology 

can be caused by several factors, including a new ecological opportunity, environmental 

change, or reinforcement. The underlying genomic basis of allochrony has been studied 

mostly in insects, highlighting the need for genomic studies in other taxa; nonetheless, results 

to date indicate that several cases of allochrony involve changes in circadian genes. This 

review provides the first comprehensive discussion of the role of allochrony in speciation, 

and demonstrates that allochrony as a contributor to divergence may be more widespread 

than previously thought. Understanding genomic changes and adaptations allowing 

organisms to breed at new times may be key in light of phenological changes required under 

climate change. 
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Introduction 

 

Speciation in sympatry, i.e. the evolution of reproductive isolation without geographic 

impediments to gene flow, presents theoretical challenges to evolutionary theory, largely 

because it requires the evolution of assortative mating within an initially panmictic 

population (Coyne & Orr 2004). Specialization of individuals to different niches or resources 

could lead to sympatric speciation if assortative mating also develops (Dieckmann & Doebeli 

1999; Servedio et al. 2011; Box 2.1, panel A). However, recombination will tend to separate 

genes controlling adaptation to a particular niche from those causing assortative mating 

(Dieckmann & Doebeli 1999; Servedio et al. 2011). But if the trait under disruptive selection 

also causes assortative mating, a so-called ‘magic trait’, then recombination is no longer a 

problem (Gavrilets 2004). While there is much contention about the frequency of sympatric 

speciation in nature, researchers generally agree that speciation in the face of gene flow is 

more likely if it entails a magic trait (Dieckmann & Doebeli 1999; Gavrilets 2004; Bolnick & 

Fitzpatrick 2007; Servedio et al. 2011). Magic traits leading to divergence could be more 

common that initially thought, leading to the suggestion that ‘magic’ traits are mis-named 

(Servedio et al. 2011; Servedio & Kopp 2012) and should be re-named ‘multiple effect traits’ 

(Smadja & Butlin 2011). 

 Perhaps the most intuitive multiple effect (or magic) trait is divergence in breeding 

time, or allochrony (Servedio et al. 2011). Allochrony can act over different time scales - 

over the day, between seasons, or between years - and clearly can automatically result in 

assortative mating. In some cases, differences in phenology may be the initial driver of 

speciation (Box 2.1, panel B). True allochronic speciation was originally described as ‘all 

speciation resulting initially from temporal separation’ of populations (Alexander & Bigelow 

1960; emphasis added), even though other barriers to reproduction will develop as 
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populations diverge. Allochrony can also be an important driver contributing to divergence as 

a by-product of, or act concurrently with, another multiple effect trait (e.g. host preference in 

Rhagoletis host races; Feder et al. 1994), or act to reinforce divergence at any stage along the 

speciation continuum; i.e. there are more ways that allochrony can contribute to speciation 

than the initiation of reproductive isolation. However, these cases are not ‘true’ allochronic 

speciation and it is important to elucidate at what point allochrony acted.  

In this review we explore whether temporal variation in breeding time has made 

significant contributions to the generation of reproductive isolation (i.e. the disruption of 

gene flow or migration). For each of the three timescales over which allochrony can occur we 

discuss evidence for a role for allochrony in speciation, and provide examples. We then 

explore proposed mechanisms of divergence, and investigate if similarities exist in genetic 

mechanisms across time scales and taxa, or whether genes controlling allochrony and mate 

choice may be linked.  

 

Theory of allochrony 

Hendry and Day (2005) demonstrated that heritable variation in reproductive times can 

potentially lead to genetic divergence between individuals breeding at different times, even in 

the absence of selection (‘isolation by time’). They also showed that ‘adaptation by time’ 

could occur if individuals adapt to the environmental conditions that occur at the time of their 

breeding. Both processes could lead to reproductive isolation, and are more likely to evolve 

with high heritability of reproductive time (Hendry & Day 2005). 

Whereas allochrony itself is common, whether (and how much) allochrony contributes 

to speciation is less clear (Box 2.1). To demonstrate true allochronic speciation, studies need 

to demonstrate three key things: 
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1.! The species, or incipient species, were/are sister taxa, at least at the time of speciation. 

This can be tested through phylogenetics.  

2.! Allochrony was the initial cause of divergence. Allochrony must not have followed from 

other factors (e.g. a host shift), and must not be a result of reinforcement after speciation 

was complete. This can be difficult to test in taxa that have many pre- and postzygotic 

isolating mechanisms.  

3.! Breeding time must have a heritable component (Hendry & Day 2005). Ideally, the 

genomic basis of the change in breeding time would be known. 

Allochronic speciation traditionally received little study as it was thought to be 

uncommon in nature (Santos et al. 2007; Yamamoto & Sota 2009), and reviews of multiple 

effect traits only give brief mention of allochrony as a mechanism of divergence (Dieckmann 

et al. 2004; Gavrilets 2004; Bolnick & Fitzpatrick 2007; Servedio et al. 2011; Smadja & 

Butlin 2011; Servedio & Kopp 2012). However, compelling examples of divergence driven 

by allochrony are accumulating for a diversity of taxa.  

For this review, we searched the words ‘allochrony’, ‘allochronic’, ‘breeding phenology’ 

and ‘breeding time’ using the Web of Science (https://webofknowledge.com/). Examples of 

species or populations diverging in association with differences in breeding time were 

reviewed critically, including study details and support for allochronic speciation based on 

the three key points listed above. Approximately 200 articles were evaluated (see Table A2.1 

for full results), and sixty-four case studies were found, of which nine appear to be true or 

incipient allochronic speciation (in bold in Table A2.1) and a further eight may be true 

allochronic divergence but further study is needed (in italics in Table A2.1) 
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Role of allochrony in speciation 

 

Speciation by daily allochrony 

We found 10 case studies involving separation of species by breeding time over a daily cycle 

(Table A2.1). Daily allochrony seems less likely to lead to divergence than seasonal or yearly 

allochrony (see below), but could be more common than previously thought, especially 

within insects and coral species. For example, Devries et al. (2008) sampled over 400 species 

of Neotropical skippers (Lepidoptera: Hesperiidae) and found that species pairs in at least 

seven genera had significant differences in timing of flight activity of males (Devries et al. 

2008). Further study is needed in these skippers to determine how important allochrony was 

as an initial driver of divergence versus secondary reinforcement or niche partitioning to 

reduce competition. However, temporal structure clearly occurs within insect communities, 

and perhaps is quite common within sympatric species assemblages. 

Similarly, allochronic separation in spawning times likely played a role in speciation in 

Acropora corals (Fukami et al. 2003), and may be common in coral species given the short 

persistence time of coral gametes at viable concentrations for fertilization in the water 

column, potentially less than two hours (Fukami et al. 2003; Levitan et al. 2004). Although 

ruling out allochrony acting through reinforcement after speciation is difficult (Fukami et al. 

2003), further investigation into the role of even small separations in spawning times in 

divergence between corals is needed. 

 

Speciation by seasonal allochrony 

Seasonal separation of breeding times was the most common mode of allochronic divergence 

we uncovered, with 47 case studies (12 involving a host shift) encompassing fish, insects, 

birds, plants, fungi, and corals (Table A2.1). Many interesting examples of seasonal 
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populations are emerging among insect species. One that best satisfies the criteria for true 

allochronic speciation is the pine processionary moth (Thaumetopoea pityocampa). This 

species has one population with the usual winter larval development and one with summer 

larval development on the same plant host species in Portugal. The reproductive periods of 

the two populations do not overlap, and genetic data suggest they are sister taxa (Santos et al. 

2007). Summer and winter populations are differentiated at microsatellite loci and so 

represent ‘phenological races’, and emergence time has been shown to be highly heritable 

(Santos et al. 2011a; Branco et al. 2017). Hybrids produced in laboratory experiments had 

intermediate emergence times, suggesting co-dominance in the genes controlling emergence 

(Branco et al. 2017). The lower genetic diversity of the summer population suggests it 

formed from a founder event (Santos et al. 2011a). Laboratory studies show that summer 

population larvae, which face 6.6°C higher average temperatures during development, have 

increased thermal tolerance (Santos et al. 2011b). Furthermore, the summer population has 

fewer, larger eggs with egg scales that differ in shape and colour, possible adaptations to 

increase egg temperature suggesting potential adaptation by time (Santos et al. 2013).  

 Emergence time is likely a plastic trait affected by environmental conditions, and a 

few individuals emerge in late summer, possibly due to a longer larval development or 

delayed pupal diapause (Burban et al. 2016). Some hybridization occurs between summer 

and winter populations, though this is not thought to be driven by the late emerging summer 

individuals, which were caught in a different area (Burban et al. 2016). The hybrids were 

found at the northern and southern range limits of the expanding summer population and so 

may be due to the colonization process before reproductive isolation develops (Burban et al. 

2016). The winter population size is low within the central range of the summer population, 

warranting further investigation to understand if competition with the newer summer 

individuals is affecting the winter population (Burban et al. 2016). This is one example of 
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true incipient allochronic speciation that has been thoroughly investigated and almost fully 

addresses our three key points. If ongoing work on pine processionary moths uncovers the 

genomic mechanisms involved in the life cycle change, the three criteria will be fully 

satisfied. 

Another convincing case of incipient allochronic isolation is the winter geometrid moth, 

Inurois punctigera, found throughout Japan (Yamamoto & Sota 2009). In southern Japan, 

winter geometrid moths emerge to reproduce throughout the winter. However, in areas with 

the most extreme temperatures, reproduction does not occur during mid-winter. As a result, 

two breeding populations exist: one each in early and late winter. These seasonal populations 

are genetically differentiated (Yamamoto & Sota 2009) and may have arisen multiple times 

in parallel throughout Japan (Yamamoto & Sota 2012). A slight isolation by time structure 

occurs in populations breeding continuously over the winter, and so emergence time appears 

to be genetically controlled (Yamamoto & Sota 2009). Segregation of breeding time may 

have contributed to speciation in other Inurois species also showing early and late winter 

breeding (Yamamoto et al. 2016), and so allochronic isolation may have occurred multiple 

times within the genus. 

Although not considered true allochronic speciation, many phytophagous insects 

undergo shifts in breeding time after a host shift, which contributes to reproductive isolation 

(Table A2.1 section 2b for seasonal examples involving a host shift). Examples vary in the 

amount and importance to reproductive isolation of phenology differences between host 

races. The most well studied example is Rhagoletis pomonella, where a host shift from 

hawthorn (Crataegus spp.) to apple (Malus pumila) occurred. The change to an apple host 

secondarily caused an earlier emergence time, which together led to the formation of two host 

races (Feder et al. 1994; Box 2.2).  

In many salmonid species, particularly in the genus Oncorhynchus, distinct ‘early’ and 
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‘late’ run breeding populations exist within the same river, and often differ genetically (Table 

A2.1). Salmon have highly heritable breeding times (reviewed in Hendry & Day 2005), 

which facilitates genetic divergence of populations. The lack of gene flow between seasonal 

populations in salmon seems to have led to adaptation by time in some cases. For example, 

early breeding sockeye salmon (O. nerka) live longer, associated with their increased need to 

defend nests against later returning fish (Hendry et al. 2004). 

Different migratory strategies also can lead to assortative mating by inducing differences 

in breeding time (Table A2.1). For example a proportion of European blackcaps (Sylvia 

atricapilla) breeding in Germany started overwintering in Britain and Ireland around 50 years 

ago, whereas the rest of the breeding population overwinters in Iberia, and individuals appear 

to mate assortatively by overwintering area due to differences in return dates (Bearhop et al. 

2005). Many seasonal migrant populations, or species, have periods of both allopatry and 

sympatry throughout the annual cycle. Divergence between such lineages is known as 

heteropatric speciation, and allochrony could be a contributor in many cases (Winker 2010).  

Evidence suggests that true allochronic speciation is occurring in multiple populations 

within the band-rumped storm-petrel (Hydrobates spp.) species complex. On at least four 

archipelagos this seabird has developed two seasonal breeding populations (Friesen et al. 

2007b). Genetic evidence suggests that seasonal populations within archipelagos are sister 

taxa and so arose by parallel evolution in sympatry (Friesen et al. 2007b). In the Azores, hot 

and cool populations differ in neutral genetic markers as well as vocalisations, morphology 

and diet, suggesting adaptation by time (Bolton et al. 2008). Genetically differentiated 

seasonal populations also exist in Leach’s storm-petrel (H. leucorhoa; Friesen et al. 2007b), 

and possibly other storm-petrel species (Spear & Ainley 2007).  

A similar example of seasonal allochronic speciation involves the coral species Acropora 

samoensis in Western Australia. A genetic analysis of sympatric spring and autumn spawning 
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cohorts revealed the two to be highly differentiated, potentially to species level (Rosser 

2015).  

Reviews of multiple effect (magic) traits usually use plant flowering time differences as 

their example involving phenology (e.g. Kisdi & Priklopil 2011; Servedio et al. 2011), 

something that could be relatively common (see Table A2.1 for examples). Devaux and 

Lande (2008) used a theoretical model to test factors that might promote allochronic 

speciation in plants, treating flowering time as a quantitative trait. They found that individual 

plants could cluster in flowering time, particularly when plants have (1) a finite population 

size; (2) a long flowering season but with each individual plant having a short flowering time; 

and (3) high mutational variance in flowering time. Clusters formed even in the absence of 

selection; adding weak disruptive selection to the model ‘promoted long-lived transient 

clusters’ (Devaux & Lande 2008). Interestingly, temporal isolation has been suggested as a 

way of reducing gene flow between crops and their wild relatives (Ohigashi et al. 2014). 

 

Speciation by yearly allochrony 

While we found fewer potential examples, allochronic speciation can involve cohorts that 

breed in different years (seven case studies, Table A2.1). Yearly allochrony includes perhaps 

the most famous example of true allochronic speciation: several species of periodical cicadas 

(Magicicada spp.) with two life cycles, emerging after 13 or 17 years, occur in North 

America (Marshall & Cooley 2000). These species have a complex phylogeographic 

structure (being largely parapatric) and co-emerge every 221 years allowing potential for 

hybridisation, however the evolution of this group seems to have involved multiple 

allochronic life cycle shifts, with each species most closely related to another of an alterative 

life cycle. These life cycle changes have been important drivers of diversification in this 

group (Sota et al. 2013; see Box A2.1 for a detailed description). 
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Within plants, the evolution of ‘flowering waves’ in bamboo (subfamily Bambusoideae) 

is often compared to evolution in periodical cicadas. Bamboo species are semelparous, and 

live for decades before having a mass flowering event (Franklin 2004). This synchrony is 

thought to be under genetic control, however flowering occurs in different patches of bamboo 

in successive years (hence “flowering waves” Franklin 2004; de Carvalho et al. 2013). 

Allochronic patches could be examples of incipient allochronic speciation, and occur in many 

bamboo species across the world (Table A2.1). However, further study is needed to 

determine if offset populations are genetically differentiated, so demonstrating isolation by 

time, to confirm whether allochrony is leading to divergence. 

Some organisms have a two-year life cycle, with individuals that breed in alternate years 

being reproductively separated from each other. The White Mountain arctic butterfly (Oeneis 

melissa semidea), a threatened butterfly endemic to four sedge meadows in New Hampshire, 

USA, provides an example (Gradish et al. 2015). While no genetic differentiation was found 

between meadows, sympatric allochronic cohorts exhibit moderate differentiation (Gradish et 

al. 2015). Pink salmon (O. gorbuscha) provide another example of populations breeding in 

alternate years, in addition to seasonal allochrony (above); yearly cohorts are genetically 

differentiated, and genetic differentiation is stronger between cohorts than among populations 

breeding within the same year in different rivers (Aspinwall 1974). Other potential examples 

of yearly allochrony within organisms with a strict multi-year development time remain to be 

fully explored with respect to the three criteria, e.g. Childers canegrub (Antitrogus parvulus; 

Logan et al. 2003. Table A2.1). 
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Genomic control of breeding time  

 

Daily allochrony 

The genomic mechanisms controlling daily reproductive cycles have been studied primarily 

in Drosophila species (Sakai & Ishida 2001; Tauber et al. 2003) and the melon fly, 

Bactrocera cucurbitae (Miyatake et al. 2002; Fuchikawa et al. 2010). Mutations affecting the 

expression of the circadian genes period and timeless were shown to affect the frequency of 

flies mating at different times of day in D. melanogaster as null mutant flies lacked circadian 

rhythms (Sakai & Ishida 2001; see Fig. 2.1 for a description of the circadian clock 

mechanism). Interestingly, the gene period seems also to affect reproductive isolation: not 

only was it involved in the timing of locomotor and mating activities, but also transgenic D. 

melanogaster and D. pseudoobscura flies with the same period genotype mated preferentially 

even with males with their wings removed to remove the effect of courtship songs (Tauber et 

al. 2003).  

The role of the period gene and timing of mating was also investigated in Bactrocera 

cucurbitae. Two laboratory lines were established, one each with a short (S-strain) or long 

(L-strain) developmental time, which created reproductive isolation (Miyatake et al. 2002). 

The period gene was found to have different daily fluctuations in expression levels between 

these two lines (Miyatake et al. 2002), although the amino acid sequences were identical 

(Fuchikawa et al. 2010), suggesting that regulation of the period gene may be important. 

Another circadian gene, cryptochrome, had two amino acid substitutions, and L-strain flies 

had lower cryptochrome mRNA levels than S-strain flies. Consistent results were found for 

two related allochronic sister species, B. neohumeralis and B. tryoni: expression of 

cryptochrome was higher in B. neohumeralis, which mates earlier in the day, as do S-strain B. 

cucurbitae individuals (Fuchikawa et al. 2010). 
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Seasonal allochrony 

Most insights into genomic mechanisms underlying seasonal allochrony come from insects, 

for example the European corn borer (Ostrinia nubilalis) and Rhagoletis pomonella. 

Phenological shifts in insects are often associated with genes controlling diapause duration, 

timing of diapause termination and circadian rhythms, and may be associated with genomic 

inversions (e.g. the European corn borer, Box 2.3). In Rhagoletis flies, six allozyme loci and 

multiple areas of the genome correlate with eclosion time and key diapause traits (Dambroski 

& Feder 2007; Feder et al. 1997; Feder et al. 2010). Genomic inversions on chromosomes 1, 

2 and 3, covering a large part of the genome, correlate with diapause traits (Feder et al. 2003; 

see also Box 2.3). Further investigation would be interesting to determine whether genes for 

host response to fruit volatiles also map to these areas (Feder et al. 2003), in the same way 

that diapause and behavioural genes map to the same inversion in the European corn borer 

(Wadsworth et al. 2015). Using gene expression, Ragland et al. (2011) found many genes 

and pathways potentially important in controlling timing of diapause termination in 

Rhagoletis, a first step in determining specific pathways allowing adaptation to host 

phenology. 

Large areas of the R. pomonella genome are diverging between host races (Michel et al. 

2010). In an experiment in which pre-wintering period was altered, Egan et al. (2015) found 

significant allele shifts at 312 single nucleotide polymorphisms (SNPs) widely distributed 

throughout the genome. The direction and magnitude of allele frequency changes in all 

32,455 SNPs was the same in the selection experiment as between wild apple and hawthorn 

flies (Egan et al. 2015), however Rhagoletis flies have very high levels of linkage 

disequilibrium across the genome (partly due to inversions mentioned above) which may be 

strengthening the patterns seen (Egan et al. 2015).  

The above experiment also suggests that standing genetic variation is likely the source of 
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allele frequency differences between host races (Powell et al. 2013; Egan et al. 2015). In 

addition, the areas of the genome that are diverging between apple and hawthorn host races 

are similar to those divergent in the reproductively isolated Rhagoletis flies attacking Cornus 

florida (Powell et al. 2013). Rhagoletis flies have a complex biogeographic history, which 

has increased levels of standing genetic variation (Egan et al. 2015). For example the 

inversions between apple and hawthorn host races appear to have originated 1.5 million years 

ago in Mexico, then spread into North American flies. This historic variation may have 

enabled Rhagoletis flies to form host races rapidly (Barrett & Schluter 2008), so the ability of 

species to adapt rapidly to a new breeding time may depend on high levels of standing 

genetic variation. 

Circadian genes, already implicated in diapause regulation and therefore seasonal 

allochrony in insects, were not expressed during diapause termination in Rhagoletis. 

However, genes that are secondary modulators of circadian genes did change expression 

levels during this phase (Ragland et al. 2011).  Circadian genes are therefore potentially 

important in determining seasonal timing in R. pomonella, however much more investigation 

is needed to understand their role in regulating diapause (Ragland et al. 2011). 

Genomic mechanisms generating seasonal allochrony in non-insect taxa remain largely 

unexplored, with two exceptions. In cryptic seasonal populations of Acropora samoensis 

(above), the gene PaxC appeared to be under selection as the PaxC intron had no shared 

alleles between the seasonal cohorts. PaxC in cnidarians is a homolog of Pax6, a gene 

involved with eye development in vertebrates, leading Rosser (2015) to suggest PaxC may be 

involved in sensing light, and changes in light intensity are likely a cue for spawning time. A 

further study on A. tenuis supported the idea of PaxC functioning in spawning time (Rosser 

2016), which could be investigated in other corals. 

Brieuc et al. (2015) used genomic techniques to locate loci putatively in, or linked to, 
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regions controlling variation in run timing in Chinook salmon (O. tshawytscha). They found a 

number of potential loci on numerous chromosomes throughout the genome. A cluster of 

particularly interesting predictor loci mapped to one 2-centimorgan region, although the bias 

in distribution of predictor loci could be due to an ancestral genome duplication in salmon. 

Altogether, multiple loci of both large and small effect appear to control run timing in 

Chinook salmon (Brieuc et al. 2015). The results demonstrate how even low density markers 

from across the genome in non-model organisms can further our knowledge of mechanisms 

involved with timing of breeding. More genomic study is needed, and is now easier, to 

further elucidate genomic architecture controlling breeding time in a wider variety of taxa. 

 

Yearly allochrony 

We could not find any studies investigating the genetic control of breeding time under yearly 

allochrony, a clear gap in our knowledge of allochronic speciation. 

 

Discussion and synthesis 

 

Role of allochrony in speciation 

This review uncovered many examples for which allochrony contributed to the development 

of reproductive isolation, including several examples of true allochronic speciation (Table 

A2.1). Phytophagous insects are well studied and demonstrate that temporal differences are 

often important for creating reproductive isolation. However many factors other than 

allochrony can promote reproductive isolation during sympatric speciation, and the role of 

allochrony in initiating speciation is often unclear, particularly when it is acting concurrently 

with other isolating factors as is often the case. For example, how many sister species of 

skippers with different breeding times only developed reproductive isolation because of 
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temporal shifts in breeding (Devries et al. 2008)? This is challenging to study when 

speciation is complete. 

 Clearly allochronic speciation requires more focused study, with authors testing 

hypotheses about allochrony and specifically weighing the importance of allochrony versus 

other potential forces driving divergence. Authors rarely do this (but with some exceptions, 

for example studies on the pine processionary moth, see Table A2.1). We hope that future 

investigations will try to address the three points listed in the introduction. Nonetheless, 

existing studies allow some synthetic insights. Firstly, the less that breeding time overlaps, 

the more likely full speciation appears to be. For example, among seven examples of yearly 

allochrony (where, if taxa have a fixed annual life cycle, breeding time cannot overlap), three 

have allochrony as the initial driver (representing true or incipient allochronic speciation), 

two are likely true allochronic speciation but require further investigation, and two seem to 

have plasticity in life cycle length which would tend to inhibit genetic divergence (but see 

Levis & Pfennig 2016). Across all time scales, none of the five case studies that appear to be 

true complete allochronic speciation have any overlap in breeding time. In fact, all nine 

examples of true or incipient allochronic speciation have no or very little overlap in time, 

suggesting that allochrony is more likely to initiate divergence when there is a strong shift in 

breeding time. This supports theory developed by Hendry and Day (2005). 

 Given speciation appears more likely with no overlap in breeding time, it seems 

yearly allochrony is the least ‘leaky’ to gene flow, assuming strictly heritable life cycle 

length, whereas daily allochrony is likely the most ‘leaky’. Only in coral species did we find 

possible true allochronic speciation over a daily cycle (Table A2.1), and daily allochronic 

speciation may require quite specific conditions (e.g. the very short persistence time of coral 

gametes in the water column, see above). Migration rate, or levels of gene flow, have been 

measured between allochronic populations (for example Feder et al. 1994, Friesen et al. 
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2007b, Burban et al. 2016). However, to our knowledge no studies have directly estimated 

the initial reduction in migration caused by allochrony in comparison to other factors, but 

future study would be beneficial here to explicitly test if the less the overlap in time, the 

lower the actual migration and gene flow between the allochronic populations. 

 That speciation is more likely to occur with no overlap in breeding time relates to 

allochrony acting as a multiple effect trait. If breeding time overlaps then selection for 

increased assortative mating beyond that generated by allochrony is not inevitable. There is 

often a cost to being choosy during mating (Gavrilets 2004; Gavrilets 2005), and so when 

both populations co-occur for at least some of their breeding period assortative mating may 

not evolve. For example, apple and hawthorn host races of R. pomonella have 4% current 

gene flow per population and may never fully speciate, as breeding times still overlap (Feder 

et al. 1994; Ragland et al. 2012; Egan et al. 2015). Perhaps the cost of choosiness to 

Rhagoletis pomonella apple and hawthorn host races is too high, even though hybrids could 

be less fit with respect to developmental profile, timing, or host plant (Dambroski & Feder 

2007; Feder et al. 2010).  

 Allochrony has the potential to at least contribute to population divergence under any 

geographic mode of speciation, including in sympatry, parapatry, and allopatry, and can also 

facilitate reinforcement following secondary contact (Box 2.1). For example, according to the 

Asynchrony of Seasons Hypothesis, populations of a species adapting to different local 

precipitation regimes, and therefore breeding at different times, could diverge genetically 

(Martin et al. 2009). The Asynchrony of Seasons Hypothesis was tested using data from 57 

New World bird species (Quintero et al. 2014). Increased spatial asynchrony in precipitation 

was related to increased genetic distance between populations (after accounting for 

geographic and ecological distances), which could clearly lead to adaptation by time as 

described by Hendry and Day (2005). Populations can still exchange genes; the key is that 
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asynchrony due to locally adapted phenologies reduces interbreeding between populations 

(Martin et al. 2009; Quintero et al. 2014). Therefore allochrony, rather than geographical 

distance, would appear to be an important factor facilitating speciation (Quintero et al. 2014).  

While not explored in detail here, within insects a narrower window of resource 

availability may promote allochrony, whereas increased temporal divergence between 

resources may favour the development of a bivoltine or multivoltine life cycle instead (J. 

Feder, personal communication). For example, if host plants are available too close in time to 

allow the evolution of bivoltinism, the formation of two univoltine host races may occur 

instead, such as the apple and hawthorn Rhagoletis flies. However, increased temporal 

divergence between resources, or increased season length, may allow the development of 

bivoltinism (Levy et al. 2015), potentially explaining patterns seen in other hawthorn 

Rhagoletis host races (Powell et al. 2014; Box 2.2). Also, generalist insects may be less likely 

to diverge allochronically than those specifically adapted to one host plant. 

 

Causes of allochrony 

This review supports theory that allochrony can be caused by a variety of environmental and 

evolutionary factors. It could just happen by chance, with individuals becoming offset in 

breeding time. For example, the pine processionary moth summer population is thought to 

have evolved from a sudden mutational change shifting breeding time in a founder event 

(Burban et al. 2016). Allochrony could develop simply if breeding time is heritable and 

assortative mating occurs because of temporal isolation over the breeding season (Hendry & 

Day 2005), as is possible in some plants (Devaux & Lande 2008). Alternatively, a new 

ecological opportunity may cause individuals to breed at a different time, as in many 

phytophageous insects colonizing a new host plant (e.g., Ragland et al. 2012). Similarly, 

multiple temporal peaks in the availability of resources such as food can cause, or at least 
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help maintain, distinct breeding populations (e.g. band-rumped storm-petrels; Monteiro & 

Furness 1998). Finally, environmental changes can cause shifts in life cycles as seen in the 

Japanese winter geometrid moth (Yamamoto & Sota 2012), periodical cicadas (Marshall et 

al. 2011) and bamboo (Franklin 2004).  

Given that many ecological causes of allochrony exist, and that it has been found in a 

wide diversity of taxa, it probably is an important contributor to speciation. In the words of 

Dopman et al. (2010), ‘although accounts of temporal isolation may be numerically rare, the 

phylogenetic breadth of taxa that experience temporal isolation suggests that this paucity 

reflects limited study rather than low evolutionary frequency’. Many more examples 

probably remain to be discovered. 

 

Mechanisms underlying allochrony 

This review attempted to explore whether genomic mechanisms underlying allochronic shifts 

would differ over different time scales, and whether taxonomic variation in mechanisms 

occurs. However, only within insects has allochrony been studied in detail and so whether the 

genetic control of allochrony is similar among taxa is largely unknown. Within insects, 

mechanisms underlying allochrony at different time scales appear to overlap, and the genes 

involved may be physically if not functionally linked. Circadian genes are clearly important in 

controlling both daily and seasonal reproductive cycles (Tauber et al. 2003; Fuchikawa et al. 

2010; Ragland et al. 2011; Levy et al. 2015). Genes underlying the control of diapause are 

important in insect life cycles, with circadian genes possibly being involved with circannual 

rhythms (Dopman et al. 2005; Dambroski & Feder 2007; Ragland et al. 2011; Wadsworth et 

al. 2013; Levy et al. 2015). More work is needed to discover whether circadian genes play a 

role in divergence in non-insect taxa; for example no difference was found in the circadian 
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genes clock or per2 between seasonal populations of band-rumped or Leach’s storm-petrels 

(Friesen et al. unpublished data). 

Much more is known about genomic mechanisms of seasonal allochrony than daily or 

yearly allochrony. For example, chromosomal rearrangements and patterns of genome wide 

divergence may be involved in many cases of allochronic separation, but the importance is 

not known (Feder et al. 2003; Powell et al. 2013; Feder et al. 2014; Wadsworth et al. 2015). 

Studies on R. pomonella indicate that large areas of divergence can evolve rapidly throughout 

the genome (Powell et al. 2013; Feder et al. 2014). Whether this can be generalized outside 

of insect taxa, and whether it depends on high levels of standing genetic variation, is 

unknown; differentiation is more likely to be genome wide when differences between 

populations are due to polygenic traits, as is likely the case in allochronic speciation and 

adaptation by time (Egan et al. 2015). Processes such as physical linkage of genes within 

inversions, and involvement of sex chromosomes may be general to any type of speciation 

with gene flow (Feder et al. 2014; Seehausen et al. 2014), and appear to exist among 

examples of allochronic speciation. Similarly, standing genetic variation may be needed for 

rapid changes in breeding time (Powell et al. 2013; Feder et al. 2014) but this needs to be 

investigated further.  

Allochronic populations with no overlap in breeding time could be compared to 

allopatric populations, separated in time instead of in space (temporal allopatry; Box 2.1). For 

example, in organisms with a two-year life cycle the genomic architecture controlling 

breeding time will probably be the same between the two cohorts, but as they exist in 

different temporal demes they cannot interbreed. Allochronic divergence is therefore unusual 

as, in some cases, neutral genetic divergence, for example genetic drift and the buildup of 

genomic incompatibilities such as Bateson-Dobzhansky-Muller incompatibilities (Orr 1996), 

could occur if there is no gene flow between the temporal populations. Further study would 
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be interesting to test if intrinsic genetic incompatibilities are present in examples with strict, 

non-overlapping breeding times. 

 

Climate change 

Global changes in climate have, and will continue to have, an impact on the phenology of 

many species (Visser & Both 2005), and so will likely affect the process of allochronic 

isolation. Seasonal allochrony seems most likely to be affected, as exemplified by incipient 

allochronic isolation in the winter geometrid moth (Yamamoto & Sota 2009). If winter 

temperatures increase in northern Japan, the moths will likely breed continuously as in 

southern areas, reducing the potential for allochronic isolation. Similarly, the summer 

population of the pine processionary moth may be impacted by warming temperatures. 

Godefroid et al. (2016) modelled the potential distribution of the summer populations, and 

found its current distribution to be restricted to coastal areas due to unsuitable climate inland, 

despite their adaptations to higher temperatures (Santos et al. 2011b, see above). Predicted 

increases in temperature within their current range could be detrimental to the survival of the 

summer population (Godefroid et al. 2016).  

The life history of phytophageous insects in general may be shaped by changes in 

climate. As warmer year-round temperatures and an extended availability of host plants 

seems to favour the evolution of multivoltinism (Levy et al. 2015), perhaps additional 

generations will be selected for instead of divergence driven by a host shift (J. Feder, 

personal communication), although other factors, such as adaptations to a specific host plant 

will also play a role. 

In most cases, seasonal allochronic populations are driven by, or at least persist 

because of, suitable environmental conditions or resources (see above) and so future changes 

in climate will likely have a wide impact. Predicting what will happen will be more difficult 
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for many of the other examples, however. For example, the impact climate change will have 

on seasonal breeding populations of band-rumped storm-petrels, or salmon species, is less 

clear. Note that although daily and yearly allochrony seem less likely to be affected, 

exceptions do exist. Extreme climate conditions are thought to have played a role in 

periodical cicada life cycle shifts (see Box A2.1). Why a 17-year life cycle is advantageous in 

more northern areas is unknown (Koyama et al. 2016), but perhaps an increase in 

temperature across North America will affect the distribution of the 13 and 17-year cicada 

species. 

Further study to understand the genomic mechanisms underlying shifts in breeding 

time may enable us to predict which species may be better able to adapt to rapid 

environmental changes. For example, is overall standing genetic variation, as well as genetic 

diversity at particular areas of the genome (perhaps in circadian pathways) important in 

facilitating breeding time changes? 

 

Conclusions and future directions 

 

Allochrony clearly is an important contributor to speciation. When writing about allochrony 

as a ‘magic trait’, authors primarily cite differences in plant flowering time or discuss insects 

as their examples (e.g. Kisdi & Priklopil 2011; Servedio et al. 2011; Servedio & Kopp 2012). 

However, this review shows that allochrony can be caused by numerous factors and has 

occurred in a large array of taxa, suggesting that it is evolutionarily significant and not 

‘magic’ in the sense that it is not special or necessarily uncommon. We believe that more 

study in this area will demonstrate it to be more important than previously thought and, 

although true allochronic speciation may not be widespread, many more examples will likely 

be found. In the future, authors need to explicitly weigh the importance of allochrony in 
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driving divergence, addressing the three key points listed in the introduction. The potential 

impact of allochronic shifts across trophic levels, as shown in Rhagoletis parasitoids (Box 

2.2), is an interesting avenue for research. Further investigation into the link between the 

amounts of temporal overlap, gene flow, and reproductive isolation would also be beneficial. 

In particular, there may be many more unstudied organisms with strict multiyear life cycles 

that could be examples. In addition, explicit comparison of the importance of allochrony 

relative to other potential isolating forces in populations demonstrating allochronic 

differences would improve our understanding of the evolutionary significance of allochrony.  

Elucidating whether breeding time is heritable or plastic in taxa with allochronically 

diverged populations will help resolve how allochronic populations evolve and persist. Does 

plasticity help with the initial shift as in periodical cicadas? But if plasticity persists could 

this prevent genetic divergence, as is likely in Atlantic salmon (Salmo salar; Johnston et al. 

2014)? Further investigations, particularly with genomic techniques, are needed to help 

understand both whether genes involved in allochronic speciation tend to be physically 

linked, and the potential importance of standing genetic variation in allowing shifts in 

breeding time. Understanding genomic changes and adaptations allowing organisms to breed 

at new times will clarify allochronic speciation itself but also aid our understanding of 

phenological shifts in general, and may be key in light of phenological changes required 

under climate change. 
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Box 2.1 Allochrony and a process-based classification of speciation  

 

To help visualize and classify the complexity of speciation processes, Dieckmann et al. 

(2004) proposed representing speciation as a three-dimensional cube, where axes represent 

the extent of population differentiation with respect to ecology, mate choice and geographic 

distribution (space, e.g. sympatry vs allopatry), and the origin represents undifferentiated 

populations (open circle, panel A; simplified from Dieckmann et al. (2004), who show 

various speciation scenarios). Differentiation in either space or ecology can be driven by 

genetic drift, selection, or external forces (e.g. geographical isolation; not shown), ultimately 

resulting in reproductive isolation (solid circle). Panel A shows sympatric speciation through 

ecological differentiation.  

 

Superficially, breeding time could be interpreted either as an alternative to spatial 

differentiation, or as a type of ecological differentiation. However, breeding time can act 

either in concert with or independent of each of the three axes, potentially contributing to 

differentiation in ecology (‘adaptation by time’, Hendry & Day 2005), mating (‘isolation by 

time’, Hendry & Day 2005), or space, and resulting from either genetic drift or selection 

(Hendry & Day 2005). Thus, breeding time contributes a fourth dimension to the cube (panel 

B), where allochrony may occur over the day, between seasons, or between years. (For 

simplicity, only the two extremes of breeding time differentiation are shown – complete 

breeding synchrony and complete allochrony.)  
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Under true allochronic speciation, allochrony is the initial cause of mating 

differentiation (see Introduction; panel B). However, spatial, mating and/or ecological 

differentiation can potentially accompany allochrony and contribute to mating isolation 

(panel C). Furthermore, as discussed in Dieckmann et al. (2004), speciation can involve two 

(or more) phases, where allochrony may initiate speciation but reproductive isolation is only 

completed under the action of spatial or ecological differentiation. Alternatively, speciation 

may be initiated by spatial or ecological differentiation, but be completed through the 

evolution of allochrony, e.g. following secondary contact where allochrony is a result of 

reinforcement (panel D).  
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Box 2.2 How important is allochrony in reproductive isolation of host races of Rhagoletis 

pomonella? 

 

The best-known example of speciation with gene flow in a phytophageous insect is the R. 

pomonella host shift from hawthorn (Crataegus spp.) to apple (Malus pumila), roughly 150 

years ago. Apple trees fruit about three weeks earlier than hawthorns, and so apple infesting 

flies emerge earlier to match their host phenology (Ragland et al. 2012). Adult flies only live 

for about one month (Ragland et al. 2012), creating significant temporal isolation between 

the host races. The two are genetically differentiated (Powell et al. 2014) even with gene flow 

of around 4% per generation (Feder et al. 1994; Egan et al. 2015). 

Adaptive changes in key diapause traits, allowing them to match host phenology, appear 

to be important for the fitness of these flies on their respective hosts. Genetic factors involved 

in diapause depth seem to be ‘uncoupled’ from those controlling diapause termination time 

and post diapause development (Dambroski & Feder 2007). This implies that, to successfully 

adapt life cycle timing to host phenology, multiple regions of the genome may be involved. 

Timing therefore creates both a strong barrier to gene flow, and post-zygotic isolation (in 

addition to pre-zygotic isolation caused by lack of overlap in adult flight time), as hybrids 

would have a mis-matched developmental profile on the wrong host plant (Dambroski & 

Feder 2007; Feder et al. 2010). 

However allochronic separation, and adaptation to different phenologies is not the only 

cause of differentiation in R. pomonella. Each host race has a behavioural preference for the 

odour of their host plants, probably for the fruit volatiles, contributing to pre-mating isolation 

(Linn et al. 2004). F1 hybrids were demonstrated to lose the behavioural response to fruit 

volatiles, suggesting the preference has a genetic basis and can also cause postzygotic 

isolation (Linn et al. 2004).  
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When considering the importance of both adaptation to host phenology and preference 

for fruit volatiles in the development of reproductive isolation, other examples of R. 

pomonella host switching are helpful. In the southern USA, Rhagoletis has formed host races 

on western mayhaw (Crataegus opaca), blueberry hawthorn (C. brachyacantha), southern 

red hawthorn (C. mollis var. texana) and green hawthorn (C. viridis; Powell et al. 2014). A 

relationship between eclosion time and genetic differentiation is found in the host races. 

However, the host plants separated the most in time (C. opaca and C. viridis) had flies that 

were most similar genetically and in eclosion characteristics. These two plants are separated 

in fruiting time by six months, and such a large time difference may limit differentiation by 

allochrony as, for example, host races may develop a bivoltine life cycle (i.e. having two 

generations per year; Powell et al. 2014).  

Differences in the host plant volatiles and preferences are found between the southern 

host races. However, no relationship between genetic differentiation and response to host 

volatiles was found (Powell et al. 2014). Thus both shifts in life cycle timing and odour 

preferences may generate reproductive isolation between R. pomonella host races throughout 

its range. The pre- and postzygotic isolation formed through allochronic separation and 

genetic adaptations to a shifted life cycle (adaptation by time) appear to play a key role. 

Given the relationship between emergence time and genetic differentiation, and the fact that 

multiple unrelated genes seem to be involved (Dambroski & Feder 2007; Feder et al. 2010; 

Powell et al. 2014), allochrony is possibly essential for enough reduction in gene flow to 

allow incipient speciation to occur. Rhagoletis flies infesting dogwood (Cornus florida) have 

higher levels of genetic and ecological divergence and appear to have completely speciated in 

sympatry (Powell et al. 2014), and so over time, the reduction in gene flow between host 

races caused by allochrony can facilitate the formation of new species. 
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Interestingly, a specialist parasitoid wasp, Diachasma alloeum, has formed incipient 

species on different host races in the Rhagoletis complex. Divergence of the parasitoid is also 

driven by preference for fruit volatiles and differences in eclosion time, and a relationship 

between microsatellite loci and eclosion time was found (Forbes et al. 2009). Further study 

also found sequential divergence of two other parasitoids, Utetes canaliculatus and 

Diachasmimorpha mellea, on members of the Rhagoletis species complex in a similar way 

(although D. mellea did not have a relationship between microsatellite loci and eclosion time, 

Hood et al. 2015). Temporal isolation and habitat isolation together were found to contribute 

70-94% of the reproductive isolation between hosts in D. alloeum, 85-99% in U. 

canaliculatus and 79-90% in D. mellea (Hood et al. 2015), demonstrating the power of 

allochronic differences in life cycles to contribute to genetic differentiation not only between 

populations, but also across trophic levels. 
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Box 2.3 Genomic mechanisms controlling allochrony in the European corn borer 

 

The European corn borer was introduced into North America approximately 100 years ago. 

Two strains exist: E and Z. Females of different strains produce, and males respond to, 

different sex pheromones (Dopman et al. 2010), which is clearly important in assortative 

mating. But allochrony also creates some isolation between strains. In North America, 

allochronic separation is related to voltinism, or the number of generations per year (Dopman 

et al. 2010). Populations in New York state comprise three races that are temporally 

separated: bivoltine Z, bivoltine E, and univoltine Z, which emerges between the two 

bivoltine generations (Dopman et al. 2005). Work so far has demonstrated the importance of 

the Z (sex) chromosome in creating differences in breeding cycle (Dopman et al. 2010). The 

sex-linked locus Tpi differs between the three races, and is linked to a major genetic factor 

controlling post-diapause development time, Pdd (Dopman et al. 200; Wadsworth and 

Dopman 2015). There are two codominant alleles at the Pdd region: one causing earlier adult 

flight time (PddS) and one later adult flight time (PddL). The delay in emergence between uni- 

and bivoltine strains was found to be due to the timing of the diapause termination phase 

(Wadsworth et al. 2013), which supports the importance of shifts in diapause in creating 

temporal isolation between insect lineages. An inversion including approximately 20% of the 

Z chromosome was found to contain genes for temporal isolation (including Pdd) and 

behavioural isolation (e.g. male response to E or Z pheromones). This rearrangement 

suppresses recombination, facilitating divergence between strains (Wadsworth et al. 2015).  

 Transcriptome sequencing at different times of diapause identified 48 candidate genes 

within the Pdd region with either fixed amino acid differences between the earlier emerging 

E-strain individuals and the later emerging Z-strain individuals, or differences in expression 

levels between the two (Wadsworth & Dopman 2015). The Pdd region appears to act as a 
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genetic switch to activate post-diapause development, delayed in the Z-strain relative to the 

E-strain moths and so driving timing differences (Wadsworth & Dopman 2015).  

Evidence for a role for circadian genes in controlling voltinism, and therefore seasonal 

isolation, has been found.  Period and cryptochrome1 were both associated with changes in 

voltinism with latitude in the European corn borer, with period mapping to the Z 

chromosome (Levy et al. 2015). In the transcriptome study by Wadsworth and Dopman 

(2015), the major pathways identified as likely candidates operating in Pdd were involved in 

insulin signaling and circadian rhythms. They found a glycine to arginine amino acid change 

within the Period gene between the Z-strain and E-strain individuals, and Period was 

upregulated in E-strain moths on both day 1 and day 7 after long-day exposure (Wadsworth 

& Dopman 2015).  

 More study would help determine the importance of other circadian genes in breeding 

phenology in the European corn borer, and to explore the other pathways highlighted in the 

transcriptome sequencing, for example those involved in insulin signaling, to further resolve 

the genetic differences underlying the shift in emergence time between the E and Z strain 

moths. 
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Figure 2.1. Circadian clock mechanism, here shown for Lepidoptera, modified from Derks et 

al. (2015). Clock (CLK) and cycle (CYC) heterodimerise and drive the transcription of period 

(PER), timeless (TIM), and cryptochrome 2 (CRY2). Within insects, period and timeless are 

mostly transcribed at night. Cryptochrome 2 inhibits transcription of the clock and cycle in a 

feedback loop. Period and timeless bind together, and Casein kinase II (CKII), discs 

overgrown (DBT), and the protein phosphatase 2A (PP2A) are involved in their 

posttranslational modifications and activation. Cryptochrome 1 (CRY1) is activated by light, 

and modulates the degradation of timeless by jetlag (JET). Slimb (SLIMB) stimulates the 

degradation of period. In a second feedback loop, vrille (VRI) and par domain protein 1 

(PDP1) regulate the expression of clock.  
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Chapter 3: Sympatric population divergence within a highly pelagic 

seabird species complex (Hydrobates spp.) 

 

Abstract 

Both physical and non-physical barriers can restrict gene flow among seabird populations. 

Understanding the relative importance of non-physical barriers, such as breeding phenology, 

is key to understanding seabird biodiversity. We investigated drivers of diversification in the 

Leach’s storm-petrel species complex (Hydrobates spp.) by examining population genetic 

structure across its range. Variation in the mitochondrial control region and six microsatellite 

loci was assayed in birds sampled from breeding colonies throughout the North Atlantic and 

North Pacific (H. leucorhoa leucorhoa), as well as from San Benito Islands (H. l. chapmani), 

and two seasonal populations in Guadalupe (summer breeding H. socorroensis and winter 

breeding H. cheimomnestes), Mexico. Weak but significant differentiation was found 

between populations of H. l. leucorhoa breeding in the Atlantic versus North Pacific, as well 

as between H. l. chapmani and H. l. leucorhoa, and between H. socorroensis and H. 

cheimomnestes within Guadalupe. In contrast, strong differentiation in both mitochondrial 

DNA and microsatellites was found between H. leucorhoa and both H. socorroensis and H. 

cheimomnestes. Phylogenetic reconstruction suggested the Guadalupe seasonal breeding 

populations are sister taxa, at least in their mitochondrial DNA. Non-physical barriers to gene 

flow appear to be more important than physical barriers in driving divergence within the 

Leach’s storm-petrel species complex. In particular, allochronic speciation may have 

occurred between the seasonal populations within Guadalupe. Further work should include 

higher resolution sequencing to confirm results, and an increased sampling effort, particularly 

within the California area, to fully resolve the relationship between H. l. leucorhoa and H. l. 

chapmani. 
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Introduction 

Seabirds are highly mobile organisms, having fewer physical barriers to gene flow than many 

other taxa (Friesen et al. 2007a, Friesen 2015). Even so, large areas of land or ice can act as 

barriers because many seabirds are tied to the ocean for feeding and taking-off for flight 

(Friesen et al. 2007a). However, land and ice alone cannot explain the diversity of seabirds, 

and many other factors appear to drive divergence between seabird populations (Friesen et al. 

2007a, Friesen 2015). Some of the most important non-physical barriers include philopatry, 

differences in non-breeding distributions, and differences in ocean regime (such as 

temperature, upwelling and prey availability, Friesen 2015).  

Breeding phenology can also act as a non-physical barrier to gene flow, and in cases 

of allochronic speciation, temporal separation of breeding time drives divergence in sympatry 

(Alexander and Bigelow 1960, Taylor and Friesen 2017). Allochronic speciation has 

occurred between two populations of band-rumped storm-petrels (Hydrobates spp.), where 

individuals were found to breed in both the hot and cool seasons in the Azores, even using 

the same nest sites (Monteiro and Furness 1998). Genetic differentiation between the two 

seasonal populations, coupled with differences in morphology and vocalisations, led to the 

hot season population being named as a distinct species, Monteiro’s storm-petrel (H. 

monteiroi; Friesen et al. 2007b, Bolton et al. 2008).  

Investigation of genetic relationships among conspecific populations can help to 

elucidate factors driving diversification, as in H. castro and H. monteiroi (Friesen et al. 

2007b, Wallace et al. 2017) and Hawaiian and Galápagos petrels (Pterodroma sandwichensis 

and P. phaeopygia respectively; Welch et al. 2011). However, in many species or species 

complexes detailed genetic study has not been undertaken across the whole range. This limits 

both our knowledge of these taxa, and identification of factors that may act as strong barriers 

to gene flow. One such example is the Leach’s storm-petrel species complex (Hydrobates 
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spp. [Oceanodroma]; Procellariiformes: Hydrobatidae), in which phylogenetic relationships 

among populations across the range remain largely unknown (AOU Classification Committee 

2016, but see below).  

The Leach’s storm-petrel Hydrobates leucorhoa (Vieillot 1818) species complex is 

broadly distributed throughout the North Atlantic and North Pacific Basins. Breeding 

colonies in the Pacific extend from northern Japan through the Aleutian Archipelago and 

along western North America from southern Alaska to islands off Baja California. Atlantic 

breeding colonies are distributed in northern USA and eastern Canada, Iceland, Norway and 

Scotland (del Hoyo et al. 1992; Huntington et al. 1996, Fig. 1.1). Wintering Leach’s storm-

petrels disperse into equatorial waters: non-breeding birds from Atlantic colonies occur as far 

south as southern Africa, and those from Pacific colonies occur as far south as the equator, 

though exact distributions are not known for any of the populations. The species is highly 

pelagic and generally approaches land only for breeding (Huntington et al. 1996).  

Over most of its large distribution, the Leach’s storm-petrel complex exhibits little 

morphological variation. No differentiation has been reported among Atlantic colonies. Birds 

in the North Pacific resemble those in the Atlantic, although they are slightly smaller (Ainley 

1980, Power and Ainley 1986). Excluding Japan, where morphology has not been extensively 

studied, the Pacific colonies show clinal variation in morphology: birds from the north have 

longer wings, tarsi, and bills, and a larger number of white feathers on the rump patch relative 

to birds from more southern areas (Ainley 1980, Power and Ainley 1986). At the most 

southern end of the range, on the Coronado and San Benito Islands in northern and central 

Baja California, birds are smaller with more rounded wings and a deeper tail fork, and have 

dark rumps (with few light vs. dark upper tail coverts; Ainley 1980, Power and Ainley 1986, 

Adams et al. 2016).  

Birds nesting on Guadalupe and surrounding islets, however, are different from those 
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from other colonies in the Baja California region. Here, two seasonal breeding populations 

occur, one in the winter and one in the summer, as seen in many colonies of band-rumped 

storm-petrels (Ainley 1980, Power and Ainley 1986, Smith et al. 2007). The winter breeding 

population is more similar morphologically to the other Pacific colonies, though smaller in 

size. Most winter breeding individuals have an intermediate coloured rump patch and are 

lighter brown in fresh plumage than the sympatric summer breeders (Power and Ainley 1986, 

AOU Classification Committee 2016). The summer breeding birds are the smallest in the 

species complex, and mostly have white rumps, though dark-rumped individuals also occur 

(Ainley 1980, AOU Classification Committee 2016). As well as being morphologically 

distinct from each other and from all other colonies, the summer and winter breeding 

populations differ in vocalizations (Ainley 1980).  

The patterns of morphological differentiation across the range of the Leach’s storm-

petrel species complex have resulted in a taxonomy that has been characterized as “complex 

and confused” (del Hoyo et al. 1992). Traditionally, four subspecies were recognized (Power 

and Ainley 1986). The majority of birds, including those from all colonies in the Atlantic and 

North Pacific, were included in the subspecies H. l. leucorhoa. Another subspecies, H. l. 

chapmani, encompasses the birds breeding on the Coronado Islands south to San Benito 

Islands. The remaining two subspecies represent the allochronic populations breeding on 

Guadalupe and nearby islands, with H. l. socorroensis breeding in the summer and H. l. 

cheimomnestes in the winter (Ainley 1980, Power and Ainley 1986). The Pacific population 

of H. l. leucorhoa has been considered a separate subspecies beali because of its smaller size, 

but that arrangement has not been generally accepted (AOU Classification Committee 2016). 

In 2016, the AOU Classification Committee (2016) proposed to elevate the allochronic 

populations as two distinct species, Townsend’s storm-petrel H. socorroensis (Townsend 

1890) for the summer breeders and Ainley’s storm-petrel H. cheimomnestes (Ainley 1980) 
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for the winter breeders. The justification for full species status was given as the differences in 

vocalizations and morphology of these populations, both from each other and from all other 

colonies. This was soon implemented in the IOC World Bird List (Gill and Donsker 2017). 

Little molecular genetic information exists relating to geographic variation in the 

Leach’s storm-petrel species complex. Paterson and Snyder (1999) found weak but 

significant geographic variation in randomly amplified polymorphic DNA (RAPDs) among 

Leach’s storm-petrels from three colonies in Atlantic Canada (FST = 0.04, p < 0.05). More 

recently, Bicknell et al. (2012) assayed 18 nuclear microsatellite loci and 357 base pairs of 

the mitochondrial control region in individuals from nine colonies from both the Atlantic and 

Pacific, all from H. l. leucorhoa. They found genetic differentiation between the Atlantic and 

Pacific colonies in both ΦST and FST (ΦST = 0.32, FST = 0.04, both p < 0.001), with results 

from molecular assignments suggesting two genetic populations. However, there was 

evidence of some gene flow between the ocean basins. 

In the present study, we examine variation in mitochondrial DNA (mtDNA) and six 

nuclear microsatellite loci among birds from 17 Atlantic and Pacific colonies representing all 

four former and presently recognized subspecies and species in the Leach’s storm-petrel 

species complex. We address four hypotheses. Firstly, given the effectiveness of land as a 

barrier to gene flow in seabirds (Friesen 2007a, Friesen 2015), and the finding of 

differentiation between Atlantic and Pacific colonies reported by Bicknell et al. (2012), we 

expect to see genetic differentiation between Atlantic and Pacific colonies in our data. 

Secondly, we expect H. l. chapmani to be genetically differentiated from H. l. leucorhoa, 

given differences in morphology. Thirdly, we expect the newly named species H. 

socorroensis and H. cheimomnestes to be genetically distinct both from the two subspecies of 

H. leucorhoa and from one another, given differences in vocalizations and morphology. 

Lastly, we hypothesize that H. socorroensis and H. cheimomnestes diverged in sympatry via 
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allochrony, as in the Azores races of the band-rumped storm-petrels (Friesen et al. 2007b, 

Smith et al. 2007, Bolton et al. 2008, Silva et al. 2016a), even though Power and Ainley 

(1986) assumed both Guadalupe seasonal populations diverged separately from H. l. 

leucorhoa. In their phylogenetic reconstruction of the Hydrobatinae, Wallace et al. (2017) did 

not find the two Guadalupe taxa to be monophyletic sister taxa, however sequences from only 

two individuals from each were used. With an increased sample size we predicted H. 

socorroensis and H. cheimomnestes will be monophyletic sister taxa if they arose through 

allochrony within Guadalupe; in contrast, if they diverged in two separate vicariance events 

from H. l. leucorhoa then they would not represent sister taxa.  

 

Methods  

 

Sampling and DNA Extraction  

Tissues were sampled from 283 Leach’s storm-petrels captured at 17 breeding colonies 

(Table 3.1, Fig. 1.1), and stored either in lysis buffer (Seutin et al. 1991) or dried on filter 

paper. Sampling was conducted across the global range of the species and included all 

recognized species and subspecies. DNA was prepared using the DNeasy method (Qiagen, 

Mississauga, Ontario) or by standard proteinase K digestion and phenol/chloroform 

extraction (Maniatis et al. 1982).  

 

Mitochondrial DNA sequencing  

A 333 base pair (bp) fragment of the mitochondrial control region, including parts of domains 

I and II, was amplified using PCR primers OL-L40 (5’-TTCTCCAAGATCTGTGGCTTG-

3’) and OL- H530 (5’-GTATGGTCCTGAAGCTAGTAA-3’; Friesen et al. 2007b). 

Individual PCR reactions were conducted in volumes of 15 µL containing 1.5 mM MgCl2, 10 
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mM Tris (pH 8.4), 50 mM KCl, 0.1% gelatin, 0.625% bovine serum albumin, 0.4 µM of each 

primer, 200 µM deoxynucleotide triphosphates (dNTPs), and 0.5 units of Taq DNA 

polymerase (Qiagen, Mississauga, Ontario). The temperature profile consisted of 35 cycles of 

95°C for 30 s, 50°C for 30 s, and 72°C for 30 s. PCR products were sequenced on a 3730xl 

DNA Analyzer Platform (Applied Biosystems, California) operated by Genome Quebec 

(McGill University, Montreal). Sequences were confirmed from chromatograms, trimmed 

and aligned using Geneious ver. 6.1.5 (Kearse et al. 2012). 

 

Microsatellite genotyping 

Variation was assayed at six dinucleotide microsatellites using PCR primers and protocols 

developed for the band-rumped storm-petrel (Hydrobates castro; Sun et al. 2009). Five loci 

were amplified in two multiplex reactions (OC49, OC79 and OC84 together; OC63 and 

OC51 together), while OC87 was amplified individually. Amplifications were generally done 

in a volume of 10 µL containing 1× Multiplex Mix (Qiagen), 0.15 µM primers, and 0.5 µM 

D4-labelled M13F. After a 15 min activation step at 94°C, the temperature profile of the 

initial PCR cycle consisted of 94°C for 45 s, 60°C for 45 s and 72°C for 30 s. The annealing 

temperature was reduced by 0.5°C in each of the following 16 cycles. The final 25 cycles 

were run with an annealing temperature of 52°C. PCR products were sized using a Beckman 

Coulter (California) CEQ 8000 automatic sequencer.   

 

Tests of assumptions and genetic variation 

The program Arlequin (ver. 3.5, Excoffier and Lischer 2010) was used to test microsatellite 

variation for departures from Hardy-Weinberg proportions and linkage equilibrium, and to 

test control region sequences for deviations from selective neutrality using Ewans-Watterson 

and Chakraborty tests (Ewens 1972, Watterson 1978, Chakraborty 1990). Haplotypic 
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diversity (h, Nei 1987) and nucleotide diversity (π, Tajima 1983) were calculated for the 

control region sequences. The program Micro-Checker (Van Oosterhout et al. 2004) was 

used to check for the presence of null alleles in the microsatellite data. 

 

Population genetic structure 

Population genetic structure was indexed using FST 
(microsatellites) or ΦST (mitochondrial 

control region sequences) calculated by analysis of molecular variance (AMOVA) using 

Arlequin. Significance of F-statistics was assessed by randomization using 10,100 

permutations of the data. FST 
and ΦST were calculated for all pairwise comparisons between 

breeding colonies (unpooled analysis), and between samples pooled by species (H. 

socorroensis and H. cheimomnestes) or subspecies (H. l. chapmani) but with the Atlantic and 

Pacific populations of H. l. leucorhoa considered separately, given the results of Bicknell et 

al. (2012). For mitochondrial control region sequences, we used Kimura’s two-parameter 

model of substitution (Kimura 1980) and defined the gamma distribution shape parameter (α) 

as 0.45. For the microsatellite data, the weighted averages over loci are reported for F-

statistics. Inflated probabilities of Type I statistical errors due to multiple comparisons were 

addressed by applying a Benjamini-Yekutieli correction (Benjamini and Yekutieli 2001, 

Narum 2006).   

The program Structure (ver. 2.3.4, Pritchard et al. 2000, Pritchard et al. 2010) was 

used to determine the number of genetically distinct populations (K) within the samples using 

the microsatellite data. The program was run for values of K from one to five each with 10 

replicate runs, with the ‘admixture’ model and assuming correlated allele frequencies. A burn 

in of 10,000 and total running length of 100,000 iterations were used, and the program was 

run both with and without sampling location included as prior information. Delta K (ΔK) was 

calculated using Structure Harvester to give an indication of the appropriate number of 
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clusters (Evanno et al. 2005, Earl and vonHoldt 2012). Structure plots were redrawn using 

Pophelper (Francis 2016). A principal component analysis (PCA) of the microsatellite data 

was then performed and plotted in R software ver. 3.3.2 (R Development Core Team 2006) 

using the packages adegenet (Jombart 2008) and ade4 (Dray and Dufour 2007). A statistical 

parsimony haplotype network of the control region sequences was constructed using PopArt 

(Clement et al. 2000; http://popart.otago.ac.nz). The program masks any sites with a gap or 

missing data, and thus 12 individuals were removed from the dataset to construct the 

network. 

 

Phylogenetic reconstruction 

A species tree was constructed for the control region sequences using the *Beast algorithm 

(Heled and Drummond 2010) implemented in Beast ver. 1.8.4 (Drummond et al. 2012). 

Individuals were grouped by species (for the Guadalupe races H. socorroensis and H. 

cheimomnestes) or subspecies (for the San Benito population H. l. chapmani), with the 

exception of the Atlantic and Pacific populations of the subspecies H. l. leucorhoa, which 

were separated as above. Seven sequences from H. castro (all North Atlantic cool season 

breeders) were used as an outgroup (Taylor et al. unpublished data). The model of sequence 

evolution was selected using the Bayesian Information Criterion (BIC) in jModelTest2 

(Darriba et al. 2012). The Hasegawa-Kishino-Yano substitution model was selected, with a 

proportion of invariant sites (HKY + I). We used a strict molecular clock, and the Yule 

species tree prior (Drummond et al. 2006). The *BEAST analysis was run for 109 

generations, sampling every 105 generations, and discarding the first 10% as burn-in. 

Convergence was assessed using the effective sample size (ESS) values in Tracer ver. 1.5 

(Rambaut and Drummond 2007), ensuring all ESS values were over 200. The analysis was 

run three times, with the resultant tree files combined using LogCombiner ver. 1.8.4, and a 
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consensus tree was generated in TreeAnnotator ver. 1.8.4 (Drummond et al. 2012). The tree 

was visualized in FigTree ver. 1.4.3 (Rambaut 2012). 

Results  

 

Test of assumptions and genetic variation 

Eighty-three control region haplotypes were found in 278 individuals from 17 breeding 

colonies across the range of the Leach’s storm-petrel species complex (Table 3.1, Fig. 3.1). 

The haplotype network separated most of the Guadalupe birds from the rest and placed the 

San Benito haplotypes closer to the Atlantic and other Pacific H. leucorhoa haplotypes than 

to the Guadalupe ones (Fig. 3.1). Variation was high and similar among sites; no deviations 

from neutral expectations were found, except for the San Benito population (Chakraborty 

test, p = 0.05). However, San Benito samples did not show a significant deviation from 

neutrality using the Ewans-Watterson test (Table 3.1). Fifty-eight variable sites were found, 

and while no fixed differences occurred between any subspecies, some variants were found in 

only one or two species or subspecies. In particular, a substitution at position 213 occurred in 

all birds from Guadalupe with the exception of two summer breeding individuals, and a 

substitution at position 196 was found in most Guadalupe summer breeders and only 6 

Guadalupe winter breeders. Similarly, position 66 had a single nucleotide polymorphism that 

was found in most San Benito birds but no other populations.  

All microsatellite loci were variable, although only two alleles were observed for 

OC79 (Table A3.1). Some weak departures from Hardy-Weinberg proportions were found; 

these were usually due to homozygote excess and may indicate the presence of null alleles, 

however no locus was consistently out of Hardy-Weinberg across populations (Table A3.1). 

The Guadalupe summer breeding population showed significant departures from Hardy-

Weinberg proportions in four of the six loci due to homozygote excess suggesting the 
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possibility of non-random breeding in this population (Table A3.1). Four of the 17 

populations showed evidence for linkage between OC63 and OC51. All analyses were 

therefore re-run excluding OC51 and results were consistent with those using all six loci, so 

results with all six loci are presented below. Micro-Checker indicated the possible presence 

of null alleles at microsatellite loci OC63 and OC49, so all analyses were re-run excluding 

these loci. Results were also consistent with those using all loci, except some pairwise FST 

estimates lost significance. However, these results were from comparisons between 

populations with small sample sizes, and thus power was low. 

 

Population genetic structure 

The global estimate of ΦST 
from mitochondrial variation was large and highly significant both 

when Arlequin was run with no grouping of the breeding colonies (unpooled dataset), and 

when the subspecies and species were pooled as stated above (0.40 and 0.47 respectively, for 

both p < 0.001). The global FST values for the microsatellite data were also significant for 

both the unpooled and pooled datasets (0.16 for the unpooled and 0.17 for the pooled dataset, 

for both p < 0.001). Most differentiation appeared to be due to the Guadalupe populations 

(Table A3.2): pairwise estimates of ΦST between H. socorroensis and all other populations 

except H. cheimomnestes in the unpooled dataset were high and significant, ranging from 

0.35 to 0.61 (p < 0.001 for all; Table A3.2). Estimates of FST from microsatellites based on 

the unpooled dataset showed a similar trend, ranging from 0.04 to 0.25 (p < 0.001 for all but 

two comparisons, which could be due to the smaller sample size for the Central Aleutian and 

Semidi Islands, Table A3.1). Similarly, estimates of ΦST and FST between H. cheimomnestes 

and all other populations excluding H. socorroensis were all high and significant, ranging 

from 0.57 to 0.72 for ΦST and 0.17 to 0.39 for FST (p < 0.001 for all; Table A3.2). Hydrobates 

socorroensis and H. cheimomnestes also differed significantly from each other, though not as 
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much as for other colonies (ΦST = 0.27 and FST = 0.06, p < 0.001 for both; Table A3.2).  

The San Benito subspecies (H. l. chapmani) was highly differentiated from all other 

populations in the mitochondrial data, with ΦST estimates ranging from 0.48 to 0.72 (p < 

0.001 for all), and was also differentiated from most other sites in the microsatellite data, 

with FST estimates ranging from 0.03 to 0.35 (p < 0.001 for all but four comparisons; Table 

A3.2).  

With the pooled data (Atlantic H. l. leucorhoa, Pacific H. l. leucorhoa, H. 

socorroensis, H. cheimomnestes and H. l. chapmani) all pairwise ΦST  estimates were high 

and significant, ranging from 0.19 to 0.72 (p < 0.001 for all; Table 3.2).  Pairwise FST 

estimates were also all significant, ranging from 0.01 to 0.38 (p < 0.001 for all; Table 3.2). 

Within H. l. leucorhoa, the global estimate of ΦST was considerably lower, though still 

significant overall (0.12, p < 0.001). Similarly, the global estimate of FST was low, though 

still significant (0.02, p < 0.05). 

Results from Structure and Structure Harvester, both with and without sampling 

location as a prior, indicated that genetic variation in the Leach’s storm-petrel species 

complex is partitioned into two genetic populations (K=2, Fig. 3.2), which include 1) H. l. 

leucorhoa from throughout the North Pacific and Atlantic, and H. l. chapmani, and 2) 

samples from Guadalupe, including both H. socorroensis and H. cheimomnestes. Assignment 

probabilities suggest that three birds may be migrants, as they did not cluster according to 

their sampling sites (with Q values over 0.9), including one individual sampled on Daikoku 

Island, Japan, one individual sampled on Cleland Island, Canada, and one Guadalupe summer 

breeding bird (H. socorroensis) (Fig. 3.2). This same individual (Specimen 2A) did not group 

with the other Guadalupe individuals in the phylogeny generated by Wallace et al. (2017), 

and is potentially a migrant from H. l. leucorhoa. Additionally, four birds had Q values 

around 0.5 from Structure, suggesting they may be hybrids (one from the Western Aleutian 
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Islands, one from the Semidi Islands, U.S.A., and two from St. Lazaria Island, U.S.A). 

Results of the PCA were consistent with Structure: the first two principal components gave 

two major clusters corresponding to the Structure groupings, with one Guadalupe summer 

breeding individual (2A) that did not group with the Guadalupe cluster (Fig. 3.3). However, 

the first two principal components only explained 13.1% of the variation. Specimen 2A from 

Guadalupe also shared a haplotype with Pacific birds in the haplotype network (Fig. 3.1). 

 

Phylogenetic reconstruction 

The phylogeny generated in Beast, made after removal of specimen 2A from the dataset, 

grouped the Guadalupe seasonal colonies as sister populations with strong support (Fig. 3.4). 

A sister group relationship between H. l. chapmani and H. l. leucorhoa had high support, 

agreeing with the relationship recovered by Wallace et al. (2017) using cytochrome b. 

 

Discussion 

 

Using 6 nuclear microsatellites and 333 bp of the mitochondrial control region, we found 

some differentiation between Leach’s storm-petrels in different ocean basins. However a key 

result was that breeding colonies within the Pacific are strongly differentiated, particularly in 

the southernmost part, where no obvious physical barriers to gene flow occur. Further, 

phylogenetic reconstruction indicated that the two Guadalupe populations may be sister taxa 

and so could have diverged via allochronic speciation (Fig. 3.4). 

 

Differentiation between Atlantic and Pacific colonies of H. l. leucorhoa 

Genetic differentiation between ocean basins in H. l. leucorhoa is not surprising, and is 

consistent with patterns of genetic differentiation in other Holarctic seabird species, for 
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example Atlantic vs. Pacific populations of common murres Uria aalge (reviewed by Friesen 

et al. 2007, Friesen 2015). However, the degree of inter-ocean variation we report in the 

Leach’s storm-petrels is smaller than in most other species, suggesting that some gene flow 

occurs between oceans. Bicknell et al. (2012) found stronger differentiation between the 

ocean basins (ΦST = 0.32, FST = 0.04, both p < 0.001), with Structure dividing Atlantic and 

Pacific colonies of H. l. leucorhoa into two genetic clusters (Bicknell et al. 2012). Even after 

removing the Guadalupe birds from our data set, Structure did not divide the populations any 

further. This is probably a limitation of using just six microsatellites, compared to the 18 loci 

used by Bicknell et al. (2012). However, Bicknell et al. (2012) also found evidence for gene 

flow between the ocean basins, which may limit genetic differentiation and is consistent with 

very slight morphological differences between Atlantic and Pacific colonies (Ainley 1980, 

Power and Ainley 1986).  

 

Differentiation between H. l. leucorhoa and H. l. chapmani 

Although no obvious barrier to gene flow exists between the Pacific H. l. leucorhoa and H. l. 

chapmani colonies, the two subspecies show differences in morphology (Ainley 1980, Power 

and Ainley 1986). The genetic data reported here, particularly the mitochondrial sequences, 

are consistent with the evidence for morphological differentiation. Lower differentiation in 

the pooled nuclear data indicates either some on-going gene flow, or recent divergence 

between the subspecies. However, to truly resolve this relationship, samples need to be 

included from colonies situated between British Columbia and the San Benito Islands, 

particularly around California, an area representing a gap in this study (Fig. 1.1). Effects of 

incomplete lineage sorting also need to be excluded. The cline in morphology from the 

Aleutian Islands to the San Benito Islands is thought to have a major transition within the 

California Channel Islands (Ainley 1980, Adams et al. 2016). In the Farallon Islands in 
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northern California, individuals are mostly white-rumped, with only 6% of birds having an 

almost or completely dark rump (Adams et al. 2016). Within the northern part of the 

California Channel Islands the proportion rises to 28% dark-rumped individuals, however the 

proportion of dark-rumped individuals in the southern part of the California Channel Islands 

is less clear (Adams et al. 2016). H. l. chapmani individuals breed as far north as the 

Coronado Islands, and are mostly dark-rumped as within the San Benito Islands (Ainley 

1980, Power and Ainley 1986, Adams et al. 2016). More research is needed to fully 

understand the transition in morphology in the California area, perhaps with special emphasis 

on morphology related to differences in feeding. Distributions at sea may be one of the 

drivers of diversification, and additional data will allow testing of how these birds relate 

genetically to both the H. l. leucorhoa colonies further north and the San Benito H. l. 

chapmani birds. An isolation by distance genetic pattern between H. l. leucorhoa and H. l. 

chapmani may be observed when including the missing region. 

 

Differentiation and evolutionary history of H. socorroensis and H. cheimomnestes 

Wallace et al. (2017) found the Leach’s storm-petrel species complex to be monophyletic, but 

could not resolve the relationship between H. socorroensis and H. cheimomnestes. They 

sequenced two individuals each for H. socorroensis and H. cheimomnestes, and found one of 

the summer breeders did not group with the other Guadalupe individuals (Wallace et al. 

2017). Using 25 summer breeders and 28 winter breeders in our data set, Structure identified 

this same individual (specimen 2A) as one of the possible migrants or vagrants (Fig. 3.2). 

Using mitochondrial DNA, our increased sample size supports the monophyly of H. 

socorroensis and H. cheimomnestes, supporting the hypothesis of allochronic divergence in 

sympatry (Fig. 3.4). Higher resolution data (for example SNPs from ddRADseq) is needed 

for a more rigorous test of this hypothesis, and to confirm the monophyly of H. socorroensis 
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and H. cheimomnestes in their nuclear DNA. It is also possible that summer and winter 

breeders diverged in allopatry, perhaps on different islets around Guadalupe, and then came 

into sympatry after divergence. This possibility would be difficult to refute but is less likely 

since it would require three evolutionary events: 1) evolution of reproductive isolation in 

allopatry, 2) change in distribution of one or both species into Guadalupe, and 3) extirpation 

of one or both species from the rest of the ancestral range. Similarly, the reason why H. 

socorroensis birds show deviations from Hardy-Weinberg proportions at four out of six loci 

is unclear (Table 3.2). Even after the removal of specimen 2A, three out of the four loci still 

showed significant deviation. Perhaps the summer breeding population is small, or 

undergoing inbreeding, but further investigation using a large number of loci is needed to test 

this result and confirm it is not due to the presence of null alleles. Deviations from Hardy-

Weinberg proportions could also be due to sampling summer individuals that breed on 

different islets that differ genetically, and so further investigation to assess levels of genetic 

structure between Guadalupe islets is also needed. 

The summer and winter breeding races on Guadalupe were both recently elevated to 

species status (H. socorroensis, and H. cheimomnestes respectively; Gill and Donsker 2017). 

However, this taxonomic change was done without information on their genetic relationships 

with either the other Leach’s storm-petrel species complex colonies, or with each other (AOU 

Classification Committee 2016). Genetic data presented here show the Guadalupe birds to be 

highly genetically differentiated from all other locations, and to have lower but significant 

differentiation between the summer and winter breeders. Thus, the genetic data are consistent 

with morphological and behavioural observations (Ainley 1980, Jehl and Everett 1985, 

Power and Ainley 1986). 
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Drivers of diversification in Guadalupe and nearby islands 

While land is often a barrier to gene flow in seabirds (Friesen et al. 2007a), clearly it is not 

always the most important. Genetic differentiation over small spatial scales between 

populations without land barriers has been found in other seabird species, for example in shy 

albatrosses (Thalassarche cauta; Abbott and Double 2003), Gentoo penguins (Pygoscelis 

papua; Levy et al. 2016), and a number of Southern Ocean species (reviewed in Munro and 

Burg 2017). Here we found some genetic differentiation between birds in different ocean 

basins, but much stronger differentiation among breeding colonies within the Pacific where 

no obvious physical barriers to gene flow occur. Further, most of this differentiation is 

confined to the southernmost part of the distribution. A similar genetic pattern is found in 

some other seabird species along the Pacific Coast of North America, including Cassin’s 

Auklets (Ptychoramphus aleuticus, Wallace et al. 2015) and the Guadalupe murrelet 

(Synthliboramphus hypoleucus), a species endemic to Guadalupe recently elevated from 

subspecies status based on genetic distinctiveness (Birt et al. 2012; Chesser et al. 2012). With 

H. socorroensis, H. cheimomnestes and (the probably now extinct) H. macrodactyla, 

Guadalupe has three endemic storm-petrel species (Aguirre-Muñoz et al. 2011, AOU 

Classification Committee 2016).  

What factors may have driven divergence of the Guadalupe populations from other 

populations of the Leach’s storm-petrel species complex are not clear. Similarly, that San 

Benito birds are more similar genetically to H. l. leucorhoa than to the Guadalupe 

populations may seem surprising given San Benito is further south than Guadalupe (Fig. 1.1). 

Guadalupe has (or had) a high number of endemic species across taxonomic groups including 

birds, mammals, invertebrates, plants and lichens, and this high level of endemism may be 

driven by its isolation, 260 km west of the North American coast (Garcillán et al. 2008). 

Isolation may seem an unlikely explanation for highly pelagic seabirds such as storm-petrels, 
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especially given the low level of genetic differentiation seen across the vast range of H. 

leucorhoa. Alternatively, differences in foraging behavior during the breeding season have 

putatively lead to genetic differentiation in species such as black-browed albatrosses 

(Thalassarche melanophris; Burg and Croxall 2001). Similarly, foraging ranges of 

Guadalupe murrelets during the breeding season (offshore habitats) differ from their sister 

species, the Scripps’s murrelet (S. scrippsi; coastal southern California and Baja California; 

Birt et al. 2012). Perhaps H. socorroensis and H. cheimomnestes are adapted to forage in 

offshore areas, whereas H. leucorhoa forage in the coastal upwellings. Differences in non-

breeding distributions can also contribute to divergence among seabird populations (Friesen 

2015), such as in Cape and Australasian gannets (Morus capensis and M. serrator; Ismar et 

al. 2011; Patterson et al. 2011).  

Adaptation to different ocean regimes is another possible driver of genetic divergence 

in the absence of geographical barriers in seabirds (Friesen 2015). The Guadalupe and San 

Benito populations sit at the end of the California Eastern Boundary Upwelling Ecosystem 

(EBUE), an area of high marine productivity (Fréon et al. 2009) which may support a high 

level of seabird diversity. Seasonality occurs in the California Current System (CCS) around 

Baja California, whereby the region is uniform and cold in the winter, but subdivided into 

two oceanographic subregions in the summer (Durazo 2015). Differences in cold-water 

upwellings used for feeding during the breeding season may have contributed to differences 

in breeding time and genetic differentiation in Cassin’s auklets in Baja California in 

comparison to populations breeding farther north (Wallace et al. 2014), and to earlier egg 

laying in the San Benito population of Xantus’s murrelet (Wolf et al. 2005). Perhaps genetic 

differentiation between H. l. chapmani and H. l. leucorhoa is driven by the differences in the 

coastal cold water upwellings. Cassin’s auklets in the California Channel Islands are 

morphologically intermediate between those in Baja California and the more northern birds, 
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and were found to be genetically more similar to the Baja California populations (Wallace et 

al. 2014). Leach’s storm-petrels in the California Channel Islands appear also to be 

morphologically intermediate (Adams et al. 2016) and so including samples from the area is 

an important next step to fully resolve the genetic relationship between H. l. chapmani and H. 

l. leucorhoa. 

Allochrony, or differences in breeding time, may be an important driver of speciation 

in a diversity of taxonomic groups, including arthropods and several classes of vertebrates 

(reviewed by Taylor and Friesen 2017). Allochronic speciation has perhaps driven the 

divergence between seasonal populations within Guadalupe, as seen in seasonal populations 

of the band-rumped storm-petrel (Friesen et al. 2007b). In fact, two seasonal breeding 

populations may be more common than appreciated within many storm-petrel species (Spear 

and Ainley 2007). Further study within these cryptic seabirds is warranted to understand the 

drivers behind the change in breeding time. For example, change may be facilitated by 

ecological opportunity with the high availability of food resources promoting two breeding 

seasons, and/or perhaps driven by competition for nest sites (Taylor and Friesen 2017).  

 

Management implications 

Moritz (1994) recommended separate management of “evolutionary significant units” 

(ESUs): populations that are “reciprocally monophyletic for mtDNA alleles and also differ 

significantly for the frequency of alleles at nuclear loci”. Such populations are likely to be 

both demographically and genetically independent, and are essentially equivalent to “distinct 

population segments” under the US Endangered Species Act, and “designatable units” under 

the Canadian Species at Risk Act. Moritz also recommended recognition of “management 

units” (MUs) - populations with “significant differences in allele frequencies, regardless of 

the phylogeny of alleles” - the idea being that populations that exchange so few alleles as to 
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be genetically different will also be demographically independent. Variation in both 

mitochondrial and nuclear DNA suggests that the H. leucorhoa species complex constitutes 

at least two ESUs: (1) H. l. leucorhoa and H. l. chapmani, and (2) the two Guadalupe species. 

Results of the present study also suggest that Atlantic versus Pacific populations of H. l. 

leucorhoa, and H. l. chapmani should be treated as separate management units within H. 

leucorhoa, and that H. socorroensis and H. cheimomnestes should be treated as separate 

management units within Guadalupe. However, given the use of only six microsatellites here 

our results may be underestimating the number of ESUs, particularly as Bicknell et al. (2012) 

found stronger differences between Atlantic and Pacific H. l. leucorhoa populations using a 

larger number of microsatellites. An increased number of genetic markers is needed to 

determine whether stronger genetic structuring is present. 

Populations in Guadalupe in particular warrant special conservation attention given 

their restricted breeding ranges. The birds are largely restricted to breeding on islets and not 

on the main island, likely due to predation by introduced cats which are thought to have led 

to the extinction of the Guadalupe storm-petrel (H. macrodactyla; Aguirre-Muñoz et al. 

2011) and several terrestrial bird taxa (Barton et al. 2004, Barton et al. 2005). An oil spill 

near this island or introduction of invasive species (in addition to the cats already present) 

could seriously threaten the survival of these populations (Croxall et al. 2012, Doherty et al. 

2016). The feral goat population was eradicated between 2003-2006 (Aguirre-Muñoz et al. 

2011); a program to control feral cats has been carried out since 2003 (Hernández-Montoya 

et al. 2014). Given the importance of Guadalupe for storm-petrels, it is key to continue with 

such long-term conservation efforts. 

 

Conclusions and future work 

For the first time, the genetic relationships between all recognized species and subspecies 
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within the Leach’s storm-petrel species complex were investigated. We show that genetic 

differentiation has largely been driven by non-physical barriers at a small geographic scale, 

and we report a possible case of allochronic speciation. The likely recent divergence of the 

three groups breeding in southern California and Mexico suggest that strong breeding 

philopatry and assortative mating in connection with feeding conditions at sea, leading to 

spatial segregation during the wintering period, might explain the observed pattern. Higher 

resolution data, such as the use of high throughput sequencing, is needed to confirm the sister 

relationship between the Guadalupe populations. Distributions at sea for small seabirds such 

as Leach’s storm-petrels are virtually unknown and difficult to obtain using current tracking 

technology. Analyses of diet for the various populations, for example using stable isotopes, 

might help resolve the mechanisms behind the observed differentiation (Gladbach et al. 

2007). Investigation into the possible ecological significance of the differences in rump 

colour, for example to discover whether it has a role in species recognition, would also be 

useful. In addition, filling sampling gaps, particularly within the California region, is a key 

next step to fully understand the observed cline in morphology along the Pacific coast of 

North America. Increased sampling of the Atlantic colonies, coupled with higher resolution 

data, may also help resolve the weak genetic structuring between the ocean basins. 
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TABLE 3.1. Descriptive statistics for Leach’s storm-petrel control region variation; N = sample size, h = haplotype diversity, π = 

nucleotide diversity as a percent. Entries for Ewans-Watterson are observed and expected F values (none significant) and 

Chakraborty’s tests are probabilities for deviation from neutrality.  

Species Sampling site          Abbreviation N Number of 
haplotypes 

h π Ewans-
Watterson 

Chakraborty 

Hydrobates leucorhoa 
leucorhoa 

Kent Island, New 
Brunswick, Canada 

KI 26 4 0.67±0.05 0.52±0.35 0.35/0.47 0.81 

 Ile Corrosol, Quebec, 
Canada  

IC 10 4 0.71±0.12 0.64±0.44 0.36/0.37 0.61 

 Green Island 
Newfoundland, Canada 

GI 25 5 0.66±0.06 0.66±0.42 0.37/0.38 0.53 

 Baccalieu Island, 
Newfoundland, Canada 

BI 13 6 0.78±0.10 0.56±0.38 0.28/0.25 0.44 

 Hernyken, Norway HN 17 14 0.97±0.03 1.21±0.71 0.09/0.08 0.59 

 Daikoku Island, Japan DI 32 14 0.88±0.04 0.51±0.34 0.15/0.12 0.19 

 Western Aleutian Islands WA 12 9 0.91±0.08 0.77±0.50 0.22/0.16 0.21 

 Central Aleutian Islands CA 5 4 0.90±0.16 0.54±0.44 0.28/0.28 0.77 

 Eastern Aleutian Islands EA 12 9 0.94±0.06 0.52±0.37 0.15/0.16 0.72 

 Semidi Islands, Alaska, 
U.S.A 

SI 8 7 0.96±0.08 0.69±0.48 0.22/0.20 0.56 

 St. Lazaria Island, Alaska, 
U.S.A. 

SL 9 7 0.94±0.07 1.00±0.64 0.16/0.17 0.77 



 66 

 Cleland Island, British 
Columbia, Canada 

CI 21 10 0.84±0.07 0.50±0.34 0.20/0.16 0.22 

 Storm Island, British 
Columbia, Canada  

SI 16 6 0.62±0.13 0.40±0.29 0.42/0.27 0.11 

 Thomas Island, British 
Columbia, Canada 

TI 11 6 0.85±0.09 0.47±0.34 0.22/0.23 0.65 

Hydrobates socorroensis Isla Guadalupe Summer, 
Mexico 

GS 18 13 0.95±0.04 1.23±0.72 0.10/0.10 0.50 

Hydrobates cheimomnestes Isla Guadalupe Winter, 
Mexico 

GW 24 14 0.91±0.05 0.57±0.37 0.13/0.10 0.20 

Hydrobates leucorhoa 
chapmani 

Islas San Benito, Mexico SB 24 9 0.66±0.11 0.37±0.27 0.37/0.22 0.05 
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TABLE 3.2. Estimates of FST from microsatellites (below diagonal) and ΦST from mitochondrial control region sequences (above 

diagonal) for pairwise comparisons of Leach's storm-petrel species and subspecies, with Atlantic and Pacific H. l. leucorhoa colonies 

grouped separately. 

  Atlantic 
H. l. 
leucorhoa 

Pacific 
H. l. 
leucorhoa 

Guadalupe 
Summer  
H. 
socorroensis 

Guadalupe 
Winter 
H. 
cheimomnestes 

San Benito 
H. l. 
chapmani 

 n 91 126 18 24 24 

Atlantic 
H. l. leucorhoa 

107  0.19** 0.57** 0.65** 0.51** 

Pacific 
H. l. leucorhoa 

125 0.01**  0.55** 0.65** 0.49** 

Guadalupe Summer  
H. socorroensis 

25 0.27** 0.28**  0.27** 0.61** 

Guadalupe Winter 
H. cheimomnestes 

28 0.36** 0.38** 0.06**  0.72** 

San Benito 
H. l. chapmani 

17 0.09** 0.06** 0.24** 0.35**  

 

                           ** significant at p < 0.01 
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Figure 3.1. Statistical parsimony haplotype network for Leach’s storm-petrels based on a 333 

base pair region of the mitochondrial control region. Circles represent the haplotype of the 

bird, and circle size relates to the number of samples with each haplotype. Lines represent 

one substitutional difference, and lengths have been adjusted to enable a clear view of the 

circles. Black circles represent hypothetical haplotypes not found. Twelve individuals with 

missing data or gaps were removed from the dataset, resulting in 71 haplotypes being 

displayed in the network. 
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Figure 3.2. Probabilities of assignment of individuals to two genetic populations (represented 

by blue and purple) based on microsatellite variation for Leach’s storm-petrels and generated 

by Structure without location as prior information. Each vertical bar represents one individual 

and the colour represents the assignment probability to a particular genetic group. The arrow 

indicates a Guadalupe summer individual with a high probability of being an immigrant 

(Specimen 2A). One Daikoku bird and one Cleland bird also had high probabilities of being 

immigrants from Guadalupe. 
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Figure 3.3. Results of a principal component analysis based on microsatellite variation for 

Leach’s storm-petrels. Each dot represents a single bird and lines connect the individuals 

from the same population. Ellipses show the 95% confidence interval for each population. 

Blue indicates Atlantic H. l. leucorhoa samples, purple indicates Pacific H. l. leucorhoa, 

brown indicates San Benito H. l. chapmani, green indicates Guadalupe summer breeders H. 

socorroensis, and orange indicates Guadalupe winter breeders H. cheimomnestes.  
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Figure 3.4. Phylogenetic reconstruction of the Leach’s storm-petrel species complex 

constructed from mitochondrial control region sequence variation using *Beast. H. castro is 

used as an outgroup. Posterior probabilities are shown at each node. 
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Chapter 4: Cryptic speciation and parallel allochronic divergence within a 

seabird species complex (Hydrobates spp.) 

 

Abstract 

There is a bias towards naming species based on morphological differences. The recognition 

of cryptic species - multiple species mistakenly classified as one because they are similar 

morphologically - is needed both to fully understand drivers of speciation, and to allow 

accurate estimates of global biodiversity and assessments for conservation. We investigated 

cryptic speciation, the formation of cryptic species, across the range of band-rumped storm-

petrels (Hydrobates spp.): highly pelagic, nocturnal seabirds that breed on tropical and 

subtropical islands in the Atlantic and Pacific Oceans. In many breeding colonies, band-

rumped storm-petrels have sympatric but temporally isolated (allochronic) populations; we 

sampled all locations and allochronic populations. Using mitochondrial control region 

sequences from 754 birds, cytochrome b sequences from 69 birds, and reduced representation 

sequencing of the nuclear genomes of 133 birds, we uncovered high levels of genetic 

structuring. Population genomic analysis revealed up to seven unique clusters, and 

phylogenomic reconstruction showed these to represent seven monophyletic groups. We 

uncovered at least four independent breeding time switches across the phylogeny, spanning 

the continuum from genetically undifferentiated temporal populations to full allochronic 

species. We found that band-rumped storm-petrels encompass multiple cryptic species, and 

that non-geographic barriers, such as breeding time, philopatry and adaptation to ocean 

regimes, are potentially strong barriers to gene flow.  
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INTRODUCTION 

We, as humans, are inherently biased towards naming taxa based on differences in 

morphology, and regardless of species concepts, most species are thus classified primarily on 

morphological differences (Bickford et al., 2007). Reproductively isolated species mistakenly 

classified together because they are understudied and/or morphologically similar are known 

as cryptic species, and they can occur in both allopatry and sympatry. The initial belief that 

cryptic species primarily represent recent divergences that have not yet had time to change 

morphologically is contradicted by recent research. For example, the copepod Cletocamptus 

deitersi appears to represent at least four anciently diverged species (Rocha-Olivares, 

Fleeger, & Foltz, 2001; Bickford et al., 2007); Bolitoglossa salamanders include multiple 

cryptic species with deep genetic divergences (Elmer, Bonett, Wake, & Lougheed, 2013); 

and a relatively old divergence was found between two cryptic Phylloscopus warbler species 

(Irwin, Alström, Olsson, & Benowitz-Fredericks, 2001). Organisms with non-visual 

reproductive signals, for example using calls or odours to detect mates, or those with 

selective constraints on their morphology, for example species living in extreme 

environments, are particularly likely to diverge without changes in morphology (Bickford et 

al., 2007).   

Cryptic species can lead to underestimates of global biodiversity (Bickford et al., 

2007) and hinder our understanding of the process of speciation as researchers may overlook 

drivers involved in the development of reproductive isolation. Mechanisms involved in the 

formation of cryptic species (‘cryptic speciation’; Bickford et al., 2007), and the taxonomic 

groups and geographical areas likely to harbour hidden diversity represent important 

knowledge gaps (Bickford et al., 2007; Funk, Caminer, & Ron, 2011). Recognizing cryptic 

species also has important implications for conservation, as range sizes, global population 

sizes and niche width can be vastly over-estimated and habitat specificity underestimated if 
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multiple species are classified as one (Funk et al., 2011; Irwin et al., 2001). Range size and 

abundance are key criteria used by the IUCN in determining the conservation status of a 

species (Funk et al., 2011; IUCN, 2017), and so uncovering whether one species actually 

encompasses multiple cryptic species each with more restricted ranges is important for 

accurate assessment of their conservation status (Funk et al., 2011).   

 The band-rumped storm-petrel species complex (genus Hydrobates; 

Procellariiformes: Hydrobatidae; previously Oceanodroma) presents an excellent system to 

investigate drivers of cryptic divergence. Band-rumped storm-petrels are small, highly 

pelagic seabirds with a widespread distribution, breeding on tropical and sub-tropical islands 

in the Atlantic and Pacific Oceans (Brooke, 2004; Smith, Monteiro, Hasegawa, & Friesen, 

2007; Figure 1.2). Storm-petrels are burrow nesting seabirds that are nocturnal at breeding 

colonies, and so visual signals likely have little importance in courtship (Bretagnolle, 1989). 

Instead, acoustic signals are used to attract mates and maintain pair bonds (Bretagnolle, 

1996); thus differences in vocalisations probably represent a more important indicator of 

reproductive isolation than do morphological differences (Bolton, 2007; Bretagnolle, 1996). 

Similarly, seabirds must fly long distances over large expanses of ocean to find feeding areas, 

particularly in regions of low productivity such as the tropics (Hertel & Balance, 1999; Spear 

& Ainley, 1997). Wing shape and size – and other features related to flight –are therefore key 

ecological adaptations for foraging (Spear & Ainley, 1997), which suggests that band-rumped 

storm-petrels are morphologically constrained. 

Speciation requires an initial disruption to gene flow between populations, and both 

geographic and non-geographic barriers are known to restrict gene flow in seabirds (Friesen, 

Burg, & McCoy, 2007a; Friesen, 2015). Seabirds tend to avoid flying over large areas of land 

or ice (Friesen et al., 2007a), and mitochondrial control region DNA sequences and 

microsatellite data indicate that band-rumped storm-petrels breeding in the Pacific versus the 
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Atlantic Oceans are genetically isolated (Friesen et al., 2007b; Silva et al., 2016a; Smith et 

al., 2007). Thus, land barriers have potentially driven some divergence in the band-rumped 

storm-petrel species complex, though geographic sampling was incomplete for these previous 

studies. 

 Natal philopatry, the tendency for individuals to return to the site where they were 

born or hatched to breed, could drive genetic divergence between breeding colonies even 

without major geographic barriers (Friesen, 2015). Although the tendency of band-rumped 

storm-petrels to recruit to their natal colony is largely unknown, adults appear to nest at the 

same colony every year (Bried & Bolton, 2005; Harris, 1969; Monteiro & Furness, 1998), 

and natal philopatry among seabirds in general is known to be strong (Friesen, 2015). 

Differences in ocean regimes across the vast range of band-rumped storm-petrels could also 

be driving divergence without major geographic barriers. Adaptation to an ocean regime, for 

example due to differences in sea surface temperature, the location of upwellings, and prey 

species, could reduce the survival of migrants and/or deter birds from moving between 

regimes (Friesen, 2015). 

Genetic differentiation has been detected between Cape Verde and other North 

Atlantic breeding colonies, and between the Galápagos and Japanese breeding colonies, 

which implies non-geographic barriers such as philopatry and differences in ocean regime 

play a role in driving divergence within ocean basins (Friesen, 2015; Friesen et al., 2007b; 

Silva et al., 2016a; Smith et al., 2007). In addition to being genetically differentiated from all 

other sampled storm-petrels, the Cape Verde breeding birds have distinct vocalizations 

(Bolton, 2007) likely indicating strong premating isolation, and have been suggested to be a 

distinct species, the Cape Verde storm-petrel (H. jabejabe; Sangster et al., 2012).  

Band-rumped storm-petrels also have high potential for sympatric divergence within 

breeding locations due to variation in breeding phenology. In Japan and Hawaii birds breed in 
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the hot season (Friesen et al., 2007b; Raine, Boone, McKown, & Holmes, 2017; Figure 1.2). 

In Berlengas, the Canary Islands and Vila in the Azores, populations breed in the cool season. 

However, sympatric but seasonally separated populations breed in the Galápagos, Praia and 

Baixo in the Azores, Desertas, Ascension Island and St. Helena Island (Bennett, Bolton, & 

Hilton, 2009; Friesen et al., 2007b; Monteiro & Furness, 1998; Smith et al., 2007; Figure 

1.2), and in Cape Verde and Selvagem, the birds breed year-round (Friesen et al., 2007b; 

Mougin, Jouanin, & Roux, 1990; Figure 1.2).  

Differences in breeding time can lead to divergence and even full reproductive 

isolation between populations, a process known as allochronic speciation (Taylor & Friesen, 

2017). Previous work found the hot season breeding populations on Praia and Baixo in the 

Azores to be genetically distinct from the sympatric cool season breeders in both 

mitochondrial and microsatellite markers (Friesen et al., 2007b; Silva et al., 2016a: Smith et 

al., 2007). Hot season breeders are also smaller with more deeply forked tails, thinner bills 

and proportionately longer wings than cool season breeders (Bolton et al., 2008: Monteiro & 

Furness, 1998). Importantly, hot season breeders are distinct in their vocalisations (Bolton, 

2007), and were named as a new species, Monteiro’s storm-petrel (H. monteiroi; Bolton et 

al., 2008). Seasonal breeding populations in the Galápagos and Desertas were weakly 

genetically differentiated, with some differentiation in morphology and vocalisations in the 

Galápagos (Friesen at al., 2007b; Smith & Friesen, 2007), possibly representing an earlier 

stage along the speciation continuum. Seasonal populations in the South Atlantic, on 

Ascension Island and St. Helena, have not been included in genetic studies until now. 

 In the present study, we sampled all known breeding colonies in the band-rumped 

storm-petrel species complex, including the Kauai island of Hawaii, hot and cool season 

populations on both Ascension and St. Helena Islands, and two new seasonal time points in 

continuously breeding Cape Verde. We used a combination of mitochondrial DNA sequences 
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and high throughput sequencing of nuclear DNA (double-digest restriction site-associated 

DNA sequencing, ddRADseq; Peterson, Weber, Kay, Fisher, & Hoekstra, 2012) to address 

three hypotheses pertaining to cryptic speciation in these birds. Firstly, we hypothesised that 

land acts as a geographic barrier to gene flow between Atlantic and Pacific colonies, 

expecting strong genomic differences between the two. Further, because large areas of land 

and ice often act as barriers to gene flow in seabirds (Friesen, 2015), we expected South 

Atlantic birds to be sister to North Atlantic birds in a global phylogeny. 

Secondly, due to the possible philopatry of storm-petrels and the different ocean 

regimes across their range, we hypothesised that genetic structuring would be strong between 

breeding locations within ocean basins. We expected to corroborate strong differentiation of 

the Cape Verde birds from all other colonies because the currents around Cape Verde appear 

to act as a strong barrier to gene flow in many procellariform species (reviewed in Friesen, 

2015). The winter breeders within the North Atlantic were suggested to also represent a 

separate species from the hot season breeders on Selvagem and Desertas, with the winter 

breeders putatively named Grant’s storm-petrel (Robb, Mullarney, & The Sound Approach, 

2008). We therefore expected hot season breeders on Selvagem and Desertas to be 

genetically differentiated from the cool season breeders in the rest of the North Atlantic. 

Ongoing work indicates that band-rumped storm-petrels from South Atlantic colonies 

differ in morphology and vocalisations compared to elsewhere (M. Bolton, unpublished; 

Rowlands, 1998), with the birds on St Helena previously putatively described as a separate 

subspecies, H. c. helena, based on morphological differences (Matthews, 1934). We therefore 

also expected birds from Ascension and St. Helena Islands to be genetically distinct 

compared to the rest of the range. In the Pacific, previous work indicated genetic 

differentiation between breeders in the Galápagos and Japan (Friesen et al., 2007b; Smith et 

al., 2007). Differences in morphology were found between the Galápagos and other 
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populations, leading to the suggestion that they be recognised as a separate subspecies, H. c. 

bangsi, though this was based on just one bird (Nichols, 1914). Ocean currents around the 

Galápagos appear to be a particularly strong barrier to gene flow in seabirds (Friesen, 2015) 

and so we predicted the Galápagos population to be genetically divergent from other 

colonies. 

Thirdly, because previous work indicated that seasonal allochronic populations arose 

multiple times in parallel across the range of the band-rumped storm-petrels (Friesen et al., 

2007b), we hypothesised that seasonal populations in the South Atlantic arose: i) 

independently from other colonies worldwide, and ii) independently and in parallel on 

Ascension Island and St Helena Island. If populations in the South Atlantic represent at least 

one independent allochronic divergence event, the four South Atlantic populations should be 

more closely related to one another than to any of the other breeding colonies. Further, if two 

allochronic divergences occurred within the South Atlantic, we expected the Ascension 

Island hot and cool populations to be most closely related to each other, and the St Helena hot 

and cool populations also to be most closely related to each other, in a global phylogeny. 

Addressing these questions will inform us about the drivers of cryptic diversification 

in the band-rumped storm-petrel in particular and in seabirds generally. Our results will also 

give insight into the process of divergence by allochrony, an underappreciated mechanism of 

cryptic divergence, found in taxonomic groups as diverse as seabirds, corals (e.g. Rosser, 

2015) and insects (e.g. Santos et al., 2007; reviewed in Taylor & Friesen, 2017). 

 

MATERIALS AND METHODS 

 

Sample collection and DNA extraction 

Blood was sampled from 754 breeding (with a developed brood patch) band-rumped storm-
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petrels captured across their global range (Table 4.1; Figure 1.2). Samples were stored either 

in lysis buffer (Seutin, White, & Boag, 1991) or dried on filter paper. DNA was prepared by 

standard proteinase K digestion, phenol/chloroform extraction and ethanol precipitation 

(Maniatis, Fritch, & Sambrook, 1982). DNA concentrations were quantified using a Qubit 2.0 

Fluorometer (Life Technologies, Grand Island, NY, USA) and purity assessed using a 

Nanodrop ND-1000 spectrophotomer (Nanodrop Technologies Inc., Wilmington, DE, USA). 

 

Mitochondrial DNA  

Mitochondrial control region DNA sequences from 562 birds were used previously by 

Friesen et al. (2007b). The primers OcL61 and H530 (Friesen et al., 2007b; Smith et al., 

2007) were used to amplify and sequence new samples (Table 4.1), using the protocols from 

Smith et al. (2007). Three individuals per sampling location, for a total of 69 birds, were also 

sequenced for a 1,045 base pair (bp) fragment of the cytochrome b gene to help with 

phylogenetic reconstruction, using the primers b6 and 23 and an annealing temperature of 

50°C (Patterson, Morris-Pocock, & Friesen, 2011; Wallace, Morris-Pocock, González-Solís, 

Quillfeldt, & Friesen, 2017). PCR products were sequenced by Genome Quebec (McGill 

University, Montreal) on a 3730xl DNA Analyzer Platform (Applied Biosystems). Sequence 

quality and variable sites were confirmed from chromatograms by eye and aligned using 

Geneious v.6.1.5 (Kearse et al., 2012). 

 

ddRAD Sequencing 

Genomic libraries were prepared for 146 birds for ddRADseq by l'Institut de biologie 

intégrative et des systèmes (IBIS) de l'Université Laval. The restriction enzymes Sbf1 and 

Msp1 were used in DNA digestion, and barcoded forward adapters were then ligated to the 

samples. The barcodes ranged from 4 bp to 8 bp in length and differed by at least 2 bp. The 
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reverse adapter was designed as a Y-adapter to prevent the PCR amplification of Msp1-Msp1 

fragments (Poland, Brown, Sorrells, & Jannink, 2012). Size selection was performed using a 

BluePippin (Sage Science), retaining library molecules between 250 and 500 bp, before the 

final PCR step. The library was sequenced at the Genome Quebec Innovation Centre (McGill 

University), using single-end 150 bp sequencing on four lanes of an Illumina HiSeq 

(Illumina, San Diego, CA, USA). 

 

SNP data filtering 

Raw reads were de-multiplexed sequentially by barcode length using STACKS version 1.45 

(Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013). Low quality reads, and those with 

uncalled bases, were filtered out and reads were truncated to 142 bp. De-multiplexed reads 

were aligned to the Leach’s storm-petrel genome (unpublished data from S.Y.W. Sin et al.) 

using the end-to-end mode and the very_sensitive settings in Bowtie2 (Langmead & 

Salzberg, 2012). Alignments were quality filtered in Samtools (Li et al., 2009), only retaining 

alignments with a mapping quality of at least 10. 

Alignment files were run through STACKS, requiring a depth of 10 reads to form a 

stack (m = 10). Individuals were grouped in the population map based on sampling site and 

season, giving 16 populations (Table 4.2). Two filtering settings were used: to be retained 

loci had to occur either in at least 50% of individuals within a population and occurring in all 

16 populations (henceforth SNP Dataset 1), or in at least 85% of individuals within a 

population but only 14 out of the 16 populations (henceforth SNP Dataset 2). We randomly 

selected one SNP per locus within STACKS. 
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Tests of assumptions and population genetic analyses 

We tested the control region sequences for deviations from selective neutrality in 

ARLEQUIN version 3.5 (Excoffier & Lischer, 2010) using Ewans-Watterson and 

Chakraborty tests (Ewens, 1972; Watterson, 1978; Chakraborty, 1990), and estimated 

nucleotide diversity (π, Tajima, 1983) and haplotypic diversity (h, Nei, 1987) for each 

sampled population.  

To investigate genetic differentiation between populations, the SNP datasets were 

used to assign individuals to genetic clusters using STRUCTURE version 2.3.4 (Pritchard, 

Stephens, & Donnelly, 2000; Pritchard, Wen, & Falush, 2010). Each run used a burn-in of 

50,000 followed by 100,000 MCMC iterations, assuming correlated allele frequencies, using 

an admixture model, and location as prior information. The entire dataset was run for K = 1-

10, with 10 runs for each value of K. Due to hierarchical genetic structuring, individuals 

assigned to each K were analysed in a second STRUCTURE analysis using the same 

parameters, for K = 1-5 for the North Atlantic populations (excluding Cape Verde and the 

Azores hot populations) and K = 1-7 for the rest. The subsequent populations were then also 

analysed separately, for K= 1-6 for the South Atlantic populations, K= 1-4 for the Hawaii and 

Japan populations and K= 1-4 for the Galápagos populations. To assess the potential number 

of genetic clusters we calculated delta K (ΔK) using STRUCTURE HARVESTER (Earl & 

vonHoldt, 2012; Evanno, Regnaut, & Goudet, 2005), and the posterior probability of each K 

based on recommendations in the STRUCTURE documentation (Pritchard et al., 2010). 

STRUCTURE plots were redrawn using Pophelper (Francis, 2016). A principal component 

analysis (PCA) of the SNP data was performed and plotted in R software version 3.3.2 (R 

Development Core Team, 2006) using the packages ADEGENET (Jombart, 2008) and ADE4 

(Dray & Dufour, 2007). 
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We calculated pairwise FST and ΦST between all populations, and among the seven 

major groups identified in the analyses, using the HIERFSTAT package in R (Goudet, 2005) 

using the Wier and Cockerham calculation (WC84; Weir & Cockerham, 1984) for the SNP 

dataset, and using ARLEQUIN for the full mitochondrial control region dataset. ΦST was 

calculated by analysis of molecular variance (AMOVA) using Kimura’s two-parameter 

model of substitution (Kimura, 1980), with a gamma distribution shape parameter (α) of 0.45. 

Significance was assessed using 10,100 permutations, and Type 1 statistical errors were 

addressed using a Benjamini-Yekutieli (B-Y) correction (Benjamini & Yekutieli, 2001; 

Narum, 2006). A statistical parsimony haplotype network of the full control region sequence 

dataset was constructed using PopArt (Clement, Posada, & Crandall, 2000; PopArt: 

http://popart.otago.ac.nz). 

 

Phylogenetic reconstruction 

A mitochondrial gene tree was constructed using concatenated control region and cytochrome 

b sequences from three individuals per population using BEAST version 1.8.4 (Drummond, 

Suchard, Xie, & Rambaut, 2012). We used the General Time Reversible substitution model 

with a gamma distribution and a proportion of invariant sites (GTR+I+G), which was 

selected as an appropriate model of sequence evolution using the Akaike Information 

Criterion (AIC) in jMODELTEST2 (Darriba, Taboada, Doallo, & Posada, 2012). We used a 

strict molecular clock with a uniform distribution, and the Yule species tree prior 

(Drummond, Ho, Philips, & Rambaut, 2006), with individuals not assigned to any 

populations. The analysis was run for 100,000,000 generations, sampling every 1,000 

generations, and we discarded the first 10% of trees as burn-in. We assessed convergence by 

ensuring all effective sample size (ESS) values were over 200 using TRACER version 1.5 

(Rambaut & Drummond, 2007). The analysis was run three times, the resultant tree files were 
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combined using LogCombiner version 1.8.4, and a consensus tree was generated in 

TreeAnnotator v.1.8.4 (Drummond et al., 2012). The tree was visualized in FIGTREE 

version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).  

PGDSpider version 2.1.0.2 (Lischer & Excoffier, 2012) was used to convert the 

Variant Call Format (VCF) file containing the SNP data into a Phylip file. A maximum-

likelihood tree was generated in RAxML version 8.2.9 (Stamatakis, 2014). We used a 

General Time Reversible model with a gamma distribution of substitution rates 

(GTRGAMMA), and used the rapid bootstrap algorithm using 2000 replicates. 

For the BEAST analysis of the SNP data, we used a subset of individuals for each 

population to ensure reasonable times for analyses given the large panels of SNPs and 

requisite computational power. STACKS was run with three individuals per population, apart 

from the Azores populations where all six individuals were included per population to make 

sure the subset chosen did not affect the relationship uncovered between Azores hot and cool 

season birds, given unexpected results from STRUCTURE and FST estimates (see Results). 

The same settings were used as for the global data set, and a whitelist was created by 

randomly sampling 2,000 SNPs from the resultant data. STACKS was run again, using the 

same settings, to produce a VCF file containing just these 2,000 SNPs. PGDSpider was used 

to convert the VCF file into a nexus file to input into the SNAPP version 1.3.0 package in 

BEAST version 2.4.2 (Bouckaert et al., 2014; Bryant, Bouckaert, Felsenstein, Rosenberg, & 

Roy-Choudhury, 2012). Trees were generated with individuals grouped by the major groups 

identified in the RAxML phylogeny and STRUCTURE, using default parameters and 

1,000,000 MCMC iterations, discarding the first 10% of trees as burn-in. We assessed 

convergence in TRACER version 1.5 (Rambaut & Drummond, 2007), ensuring the ESS 

values were all over 200. The consensus tree was generated using TreeAnnotator and the tree 
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was visualized in FIGTREE. All resultant trees (excluding the first 10% as burn-in) were also 

visualized using DENSITREE version 2.2.5 (Bouckaert, 2010). 

 

RESULTS 

 

We obtained 333 bp of mitochondrial control region sequence from 754 birds encompassing 

281 unique haplotypes. No deviations from neutral expectations were found (Table 4.1). We 

also obtained 1,040 bp sequence of cytochrome b for three birds from each of the 

populations, resulting in 69 cytochrome b sequences with 53 different haplotypes.  

For the ddRADseq data, we obtained 732.2 million reads from 146 individuals. Due 

to missing data, this was reduced to 133 individuals for the final dataset (Table 4.2). SNP 

Dataset 1, where loci had to occur in at least 50% of individuals within a population and in all 

16 populations, contained 4,537 SNPs, and SNP Dataset 2, where loci had to occur in at least 

85% of individuals within a population but only 14 out of the 16 populations, contained 4,103 

SNPs. The missing data for both datasets was low, ranging from 0-13% per individual for 

Dataset 1, and 0-12% for Dataset 2 (Table A4.1). The average amount of missing data per 

individual was slightly higher for Dataset 2, which has 23 individuals with more than 5% 

missing data compared to 6 individuals in Dataset 1. Due to the filtering settings used, 

Dataset 1 had no missing SNPs in any of the 16 populations, whereas missing data ranged 

from 0.4 - 8.1% in the 16 populations in Dataset 2. All analyses were done with the data from 

both filtering settings. The results are presented for SNP Dataset 1 as results were consistent 

between the two, except when explicitly stated. 

 

 

 



 85 

Population genetic analyses 

STRUCTURE HARVESTER indicated that the most likely number of genetic populations 

(K) for the global dataset was two. All samples from the North Atlantic except for the Azores 

hot season and Cape Verde birds assigned to one genetic population with high probability, 

whereas the rest assigned with high probability to the other genetic population (Figure 4.1A). 

When analysing the two clusters separately, the North Atlantic populations did not exhibit 

any further subdivision, with K = 1 best explaining the variation. STRUCTURE 

HARVESTER indicated K = 5 for the rest of the populations, separating into Azores hot, 

Cape Verde, South Atlantic populations, Galápagos populations, and then Hawaii and Japan 

as one cluster (Figure 4.1B). Japan and Hawaii further separated into K = 2 when run 

separately (Figure 4.1C), but no further substructure was found within either the Galápagos 

or South Atlantic genetic clusters. When calculating the posterior probability for each K, as 

an alternative method to assess the number of clusters, K = 6 was the most likely when all 

populations were included, corresponding to the same clusters with Japan and Hawaii 

grouped together. The PCA indicated six distinct non-overlapping clusters, with PCA1 

explaining 20.5% and PCA2 explaining 9.1% of the variation (Figure 4.2; see Figure A4.1 

for the PCA with all 16 populations coloured separately). These correspond to the clusters 

found in the STRUCTURE analysis, but with Japan and Hawaii clustering together (Figure 

4.1).  

Cape Verde populations were clearly separated on the haplotype network including all 

mitochondrial control region sequences, although a few haplotypes were shared with other 

populations (Figure 4.3). The Azores hot populations also separated out, only sharing one 

haplotype with a Cape Verde bird, and two haplotypes with birds from the rest of the North 

Atlantic (Figure 4.3). The South Atlantic and Pacific birds clearly clustered together, 
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although the South Atlantic, Galápagos, Hawaii and Japan populations did not share any 

haplotypes with each other within this dataset. 

The pairwise ΦST values from the mitochondrial control region between all 24 

populations were generally very high and statistically significant (Table A4.2). Of 276 

pairwise comparisons, only 19 were low and non-significant, with a further seven only being 

significant before B-Y correction (Table A4.2). Non-significant comparisons were between 

populations within the North Atlantic excluding Azores hot and Cape Verde birds, between 

the two Azores hot populations, within Cape Verde populations, and within South Atlantic 

populations, and ΦST between the two Galápagos populations was not significant after 

correction (Table A4.2).  

A similar pattern was seen using the SNP dataset. Pairwise FST estimates between the 

North Atlantic populations, excluding the Azores hot and Cape Verde birds, were generally 

low ranging between 0.00 – 0.08. FST estimates were generally low between the South 

Atlantic populations and between the seasonal populations in the Galápagos ranging between 

0.00 - 0.03. All other pairwise comparisons were high, ranging between 0.14 – 0.55 (Table 

A4.3).  

Estimates of ΦST from the mitochondrial control region between the seven groups 

found in the STRUCTURE analysis were very high, ranging between 0.52 – 0.86. With the 

SNP data, FST values were also high, between 0.14 and 0.56 (Table 4.3). Unexpectedly, FST 

between the Azores hot season birds and the Hawaii birds was not high (Table 4.3). 

Similarly, however, the STRUCTURE results showed an average assignment probability of 

0.8 for Azores hot as their own cluster, and a 0.15 probability of assigning with Hawaii and 

Japan. The plot for K = 4 in the subset STRUCTURE analysis grouped Praia June with the 

Hawaii and Japan birds (Figure A4.2). 
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Phylogenetic reconstruction 

The gene tree generated using the mitochondrial data (69 birds sequenced for the 

mitochondrial control region and cytochrome b) showed the birds from Cape Verde form a 

monophyletic group distinct from all other populations (Figure 4.4). The Azores hot 

population formed a sister group to the rest of the North Atlantic (excluding Cape Verde), 

which also formed a monophyletic group. The South Atlantic populations were more closely 

related to the Pacific populations than to the North Atlantic birds; however relationships 

within the South Atlantic and Pacific clade did not resolve, having low support for the basal 

nodes within that group (Figure 4.4). 

The RAxML tree generated using the SNP data showed a similar topology to the 

mitochondrial gene tree, with the same populations forming the major clades (Figure 4.5). 

The South Atlantic and Pacific clade resolved better, though some nodes were still poorly 

supported (Figure 4.5). The South Atlantic populations formed a sister group to all the Pacific 

birds, and the Galápagos populations formed a sister group to the Hawaii and Japan 

populations (Figure 4.5).   

The topology of the RAxML tree generated with SNP Dataset 2 was slightly different. 

The same seven major groups were present, but the Azores hot population was basal to all 

populations apart from Cape Verde (Figure A4.3). Similarly, the Galápagos populations were 

basal to the entire South Atlantic/Pacific clade (Figure A4.3). 

The SNAPP tree generated from SNP Dataset 1 gave the same topology as the 

RAxML tree, apart from the Azores hot population appearing as basal to all populations apart 

from Cape Verde (Figure 4.6). The densitree showed little uncertainty between the seven 

groups, apart from the affinities of the Pacific populations (Figure 4.6). However, the SNAPP 

tree generated from SNP Dataset 2 placed the Azores hot population as sister to the rest of the 

North Atlantic (excluding Cape Verde), with the densitree showing some uncertainty. 
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Analysis of SNP Dataset 2 also revealed a different relationship between the Pacific 

populations, although with low support, and with the densitree showing different possible 

topologies (Figure A4.4).   

 

DISCUSSION 

 

Using a combination of population genomic and phylogenomic analyses we investigated 

cryptic speciation in the band-rumped storm-petrel species complex to assess the role of land 

and non-geographic barriers to gene flow among populations of band-rumped storm-petrels, 

and to investigate how many allochronic switches there have been across the range. We 

found a high level of cryptic diversity within the band-rumped storm-petrel species complex. 

STRUCTURE results indicated seven distinct genetic clusters: the North Atlantic (excluding 

the Azores hot season and Cape Verde populations), Azores hot season, Cape Verde, South 

Atlantic, Galápagos, Japan, and Hawaii (Figure 4.1). The PCA revealed six completely non-

overlapping and widely-spaced clusters matching the STRUCTURE results but with Japan 

and Hawaii as one cluster (Figure 4.2). Pairwise FST and ΦST values between the seven major 

groups were high, ranging from 0.14 to 0.56, and 0.52 to 0.86 respectively (Table 4.2), and 

the mitochondrial haplotype network indicated few shared haplotypes amongst the seven 

groups (Figure 4.3). Phylogenomic reconstructions showed the seven groups to be 

monophyletic using both mitochondrial and nuclear DNA (Figures 4.4-4.6). 

 

Land as a geographic barrier to gene flow 

Populations in the Pacific were genetically differentiated from those in the Atlantic, forming 

separate clusters in both STRUCTURE (Figure 4.1) and the PCA (Figure 4.2). The Pacific 

populations did not resolve in the mitochondrial gene tree, but were monophyletic in all 
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nuclear phylogenies (with the exception of the RAxML tree constructed using SNP Dataset 2 

in Figure A4.3). Therefore, it is likely that land has acted as an historical barrier to gene flow 

between Atlantic and Pacific populations in the evolution of band-rumped storm-petrels. 

However, phylogenetic reconstruction using both mitochondrial and nuclear DNA 

showed that the South Atlantic birds comprise a lineage that is sister to the Pacific 

populations, not to the other Atlantic ones (Figures 4.4-4.6), which implies historical 

migration between the South Atlantic and Pacific. Similarly, the position of the Azores hot 

population was not always the same across the phylogenies, sometimes being sister to the rest 

of the North Atlantic (Figures 4.4, 4.5, and A4.4) but sometimes being basal to all groups 

apart from Cape Verde (Figure 4.6 and Figure A4.3).  

The Azores hot population may be a basal group with some gene flow between them 

and the sympatric Azores cool season breeders, creating this discordance. Conversely, the 

Azores hot population could be sister to the North Atlantic group but with some gene flow 

between them and the Hawaii and/or Japan birds. Both scenarios could produce the observed 

differences among the phylogenies and potentially explain why the STRUCTURE plot for K 

= 4 with the subset of populations excluding the North Atlantic birds grouped the Azores hot 

population with Hawaii and Japan (Figure A4.2). Similarly, one of the lowest FST values was 

between Azores hot and Hawaii populations, although this conflicts with the ΦST value which 

was high at 0.77 (Table 4.3). Long distance dispersal between the Atlantic and Pacific 

Oceans has been observed in Swinhoe’s Storm-petrel (H. monorhis; Silva, Matias, Ferreira, 

Catry, & Granadeiro, 2016b). The patterns seen between the Azores hot and Hawaii 

populations, and the sister relationship between the South Atlantic and Pacific populations, 

may be due to similar long-distance dispersal events, which should be explicitly tested in 

future work.  
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Non-geographic barriers to gene flow and differentiation within ocean basins 

We found evidence for strong genetic structuring within ocean basins. The Cape Verde birds 

were strongly differentiated from all other populations, diverging early in both mitochondrial 

and nuclear phylogenies (Figures 4.4-4.6), forming a unique cluster in STRUCTURE (Figure 

4.1) and the PCA (Figure 4.2), and being strongly separated on the haplotype network (Figure 

4.3). Both the FST and ΦST values were very high between Cape Verde and all other genetic 

groups, with FST estimates between 0.41 and 0.56 and ΦST estimates between 0.78 and 0.86 

(Table 4.3). Azores hot breeders also formed their own genetic cluster (Figures 4.1 and 4.2) 

and a monophyletic group (Figures 4.4-4.6); consistent with previous studies (Bolton et al., 

2008; Friesen et al., 2007b). 

 The South Atlantic birds were also strongly differentiated from all other samples, as 

they formed a monophyletic group on the phylogenies (Figures 4.4-4.6), formed a unique 

cluster in STRUCTURE (Figure 4.1) and on the PCA (Figure 4.2), had very few shared 

control region haplotypes (Figure 4.3), and had high FST and ΦST values (Table 4.3). Within 

the Pacific, the Galápagos birds were distinct from all other colonies, as they also formed a 

monophyletic group in the phylogenies (Figures 4.4-4.6), formed a unique cluster in 

STRUCTURE (Figure 4.1) and in the PCA (Figure 4.2), had no shared control region 

haplotypes (Figure 4.3), and had high FST and ΦST values (Table 4.3). The same pattern is 

also true for both the Japan and Hawaii populations, although they clustered together on the 

PCA (Figure 4.2; see Figure A4.1 for all populations coloured separately) and needed to be 

analysed separately in STRUCTURE before two distinct clusters emerged (Figure 4.1).  

 The high level of genetic structuring within ocean basins indicates non-geographic 

barriers to gene flow plays a strong role in driving divergence in the band-rumped storm-

petrel cryptic species complex. The potential philopatric behaviour of storm-petrels, as well 

as differences in ocean regimes, may facilitate differentiation. The Cape Verde population is 
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genetically distinct, and Cape Verde appears to be a hotspot of endemism for procellariforms 

with up to four endemic taxa (Cape Verde petrel, Pterodroma feae; Cape Verde shearwater, 

Calonectris edwardsii; Boyd’s shearwater, Puffinus lherminieri boydi; and Cape Verde 

storm-petrel studied here), which could be associated with adaptation to foraging in the 

complex ocean currents in the area (Friesen, 2015). Similarly, ocean currents around the 

Galápagos are associated with endemic species, and genetic divergence within other seabird 

species (Friesen, 2015). Analysis of the location of genetic groups in relation to differences in 

ocean regime would enable an explicit test of the importance of adaptation to ocean regimes 

versus philopatry as drivers of genetic differentiation in band-rumped storm-petrels. 

 

Parallel allochronic divergence 

Our results indicate at least four allochronic breeding time changes within the band-rumped 

storm-petrel species complex. Across their range we found three separate monophyletic 

groups with both hot and cool breeders, and the Azores hot birds form a monophyletic group 

with other North Atlantic populations in most phylogenies (Figures 4.4 and 4.5). The hot and 

cool season birds within the North Atlantic, on Selvagem and Desertas, are admixed within 

the North Atlantic clade (Figure 4.5), and not genetically differentiated either from one 

another or from any other North Atlantic population aside from the Azores hot and Cape 

Verde birds.  

A similar pattern is seen in the South Atlantic, which forms a monophyletic clade, but 

the hot and cool season populations on Ascension Island and St Helena Island are not 

genetically differentiated from one another, implying one allochronic shift in the area (Figure 

4.5). Further study should investigate whether gene flow is occurring among the islands or 

between the seasonal populations within the South Atlantic. Ongoing gene flow could 

indicate plasticity in breeding time in the areas, but our results could also represent 
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incomplete lineage sorting after either one or two recent allochronic divergences in each 

group.  

Overall the allochronic populations span the speciation continuum, from complete 

reproductive isolation in the Azores, to genetically admixed in the South Atlantic. Having 

multiple populations diverging in parallel at different stages of speciation provides an 

excellent system to investigate the mechanisms involved in allochronic divergence. 

Allochrony can be an important contributor to speciation across taxonomic groups, and 

investigating factors that might be involved, such as the role of standing genetic variation or 

the importance of plasticity in breeding time, is needed to further understand phenological 

shifts, particularly in light of anthropogenic climate change (Taylor & Friesen, 2017). 

 

Cryptic species of band-rumped storm-petrel and the process of cryptic speciation 

Although band-rumped storm-petrel populations are not easily distinguishable based on 

morphology, our results show high levels of genetic differentiation across their range which 

indicates cryptic diversity. The biological species concept, whereby a species is comprised of 

groups of interbreeding populations that are reproductively isolated from other groups 

(Coyne & Orr, 2004; Mayr, 1995), is difficult to apply in band-rumped storm-petrels as the 

different breeding populations are not in sympatry or are temporally separated. Differences in 

vocalizations could be used as a proxy for reproductive isolation as it could indicate 

prezygotic isolation, given their importance for attracting mates in storm-petrels (Bretagnolle, 

1996). Playback experiments have shown that Azores hot season birds do not respond to calls 

from either Azores cool season birds or Galápagos hot season birds; the Galápagos hot 

season birds do not respond to Azores hot or cool season breeding birds; and Cape Verde 

birds do not respond to Azores hot or cool or Galápagos hot season breeders (Bolton, 2007). 

Further study into differences in vocalisations across the range is needed, however such 
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studies on remote, spatially and temporally separated band-rumped storm-petrel populations 

are logistically complex (Bolton, 2007).  

 Ideally measures of phenotypic variation across populations are used to complement 

measures of genetic differentiation. Some work has been done on this in band-rumped storm-

petrels (see Introduction) but studies are constrained by the same logistical concerns as for 

the playback experiments. In addition, the seasonal populations studied thus far show slight 

differences in morphology, potentially to adapt to different climatic conditions during the 

breeding seasons (Monteiro & Furness, 1998). For example, the Azores cool season birds 

have shorter wings and tails than sympatric hot season breeders (Monteiro & Furness, 1998) 

and the Galápagos cool season breeders have shorter bills, tarsi and wings than the sympatric 

hot season breeders (Smith & Friesen, 2007). If morphological differences between seasonal 

populations across the range represent parallel adaptations to climate during the breeding 

season, they could confound the use of morphological differences to distinguish species. 

 The phylogenetic (or genealogical) species concept requires a species to be a 

monophyletic group based on numerous loci, or more specifically, a species is a basal group 

of individuals whose genes coalesce more recently with each other than with other 

individuals (Coyne & Orr, 2004). Using 4,537 genome-wide SNPs we recovered seven 

monophyletic groups within the band-rumped storm-petrel species complex (Figures 4.5 and 

4.6). These results are corroborated by the mitochondrial gene tree (Figure 4.4). Using 

population genomic approaches, we also showed the seven groups to be genetically 

differentiated from one another, and using mitochondrial control region sequences from 754 

birds we found few shared haplotypes between the groups (Figure 4.3). As such, band-

rumped storm-petrels likely comprise multiple cryptic species. Our findings support 

suggestions of taxonomic differences between (i) Cape Verde (all seasons), (ii) hot-season 

birds from Azores, (iii) hot and cool season birds elsewhere in the Atlantic, (iv) South 
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Atlantic, (v) Galápagos birds from both seasons and (vi) Japan and Hawaii populations. 

Populations in Japan and Hawaii perhaps also represent two taxonomic groups, but 

investigation into responses in their vocalizations using playback would be beneficial to 

clarify their status given the lower level of genetic differentiation between the two. Our 

analysis provides no support for separation between other North Atlantic cool season and hot 

season populations (the former often referred to as ‘Grant’s storm petrel’). 

 Cryptic speciation remains an understudied process (Bickford et al., 2007), and the 

discovery of cryptic diversity in band-rumped storm-petrels highlights important unanswered 

questions. Most examples of cryptic species thus far have come from temperate regions 

(though not all, for example Funk et al., 2011), and study is needed to assess whether tropical 

and marine ecosystems harbour disproportionately more cryptic diversity (Bickford et al., 

2007). Similarly, prioritizing habitats for conservation relies on rigorous estimates of species 

richness (Bickford et al., 2007). Discovering areas with high levels of endemism, such as 

Cape Verde or the Galápagos, will be facilitated by the investigation of cryptic diversity, as 

found in band-rumped storm-petrels.  

Uncovering cryptic diversity also gives insight into drivers of diversification, which 

may be otherwise missed; for example here we show that non-geographic barriers to gene 

flow promote diversification in band-rumped storm-petrels. Non-geographic barriers may 

also act as important impediments to gene flow in other storm-petrel species, for example the 

Leach’s storm-petrel species complex (Taylor et al., 2017). Allochrony provides an important 

and heretofore underappreciated mechanism that can drive cryptic speciation without any 

geographical barriers. Many more examples likely remain undiscovered across a wide variety 

of taxa (Taylor & Friesen, 2017).  

One important question remaining in the study of cryptic speciation is the role of 

different species concepts in influencing the recognition of cryptic species (Bickford et al., 
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2007). In this paper we highlighted an example where the biological species concept is 

problematic, and as Irwin et al. (2001) stated “It is ironic that the biological species concept 

is only directly applicable to sympatric taxa”. This can be extended to include allochronic 

populations, which, even while sympatric, do not meet in time, and thus cannot easily be 

tested for evidence of reproductive isolation. To preclude cryptic diversity remaining 

undiscovered, the use of other species concepts may be needed in many such cases where 

applying the biological species concept is difficult, particularly in remote tropical regions. 

 

Conservation implications for the band-rumped storm-petrel species complex 

The recognition of cryptic species is key both for accurate assessment of conservation status 

of individual taxa given the use of range size and abundance as key criteria by the IUCN 

(Funk et al., 2011; IUCN, 2017), as well as for understanding the threats and related 

conservation actions that may be specific to different geographic areas. Recognising 

populations representing evolutionary significant units (ESUs, reciprocally monophyletic for 

mitochondrial DNA and differing in allele frequency of nuclear loci) is also key to 

conserving important components of genetic diversity (Moritz, 1994). 

The Azores hot population of band-rumped storm-petrels is already recognised as a 

distinct species, H. monteiroi (Bolton et al., 2008), and is listed as Vulnerable on the IUCN 

Red List due to its small population size and restricted range (IUCN, 2017). All other 

populations have currently been assessed under H. castro (or O. castro), and are listed as 

Least Concern because the species ‘has an extremely large range’ and ‘the population size is 

very large’ (IUCN, 2017). Given the restricted ranges of the well-delineated genetic clusters 

uncovered in our study, re-assessment will likely be needed to gain a more accurate 

assessment of the threat level of the band-rumped storm-petrel species complex. Some 

populations of this species are already considered to be threatened in parts of their range, 
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such as in Hawaii, where the population was recently up-listed to Endangered by the US Fish 

& Wildlife Service (USFWS, 2016). Under-estimation of threat level is a key problem with 

cryptic species, for example in Engystomops toadlets and Hypsiboas treefrogs (Funk et al., 

2011). Uncovering the need for different conservation strategies also requires the recognition 

of cryptic species, such as in Pipistrellus pipistrellus and P. pygmaeus bats (Davidson-Watts, 

Walls, & Jones, 2006). 

 

CONCLUSIONS 

 

We assessed patterns of genetic differentiation across the entire range of the band-rumped 

storm-petrel species complex, and uncovered high levels of cryptic diversity in these 

nocturnal seabirds. Under the phylogenetic, or genealogical, species concept (Coyne & Orr, 

2004), band-rumped storm-petrels likely represent multiple species. We also investigated 

potential drivers of divergence, and found non-geographic barriers such as breeding time, 

philopatry and differences in ocean regime, may be stronger barriers to gene flow than 

geographic land barriers. We also report multiple parallel allochronic divergences spanning 

the speciation continuum in band-rumped storm-petrels. Further study is needed to 

understand whether the lack of genetic differentiation between seasonal populations in the 

South Atlantic represents ongoing gene flow, plasticity in breeding time, or incomplete 

lineage sorting due to recent breeding time switches. Answering such questions will give 

important insight into the processes underlying allochronic speciation, an under-studied 

mechanism that can lead to cryptic divergence in many taxa (Taylor & Friesen, 2017).   
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TABLE 4.1 Sample sites with their abbreviations, and descriptive statistics for mitochondrial control region results. N = sample size, h = 

haplotype diversity, π = nucleotide diversity as a percent. The Ewens-Watterson values show the observed and expected F values, none of which 

were significant. The Chakraborty values are probabilities for deviation from neutrality. a indicates a new population sampled in this study. 

Country Sampling site                 Abbreviation N Number of 
haplotypes 

h π Ewans-
Watterson 

Chakraborty 

Portugal Berlengas September BLS 19 9 0.91±0.04 1.21±0.71 0.14/0.18 0.81 
Azores Praia September PRS 40 10 0.78±0.05 0.66±0.42 0.24/0.21 0.25 
 Praia June PRJ 45 21 0.94±0.02 1.72±0.94 0.08/0.08 0.57 
 Baixo September BXS 13 5 0.81±0.08 0.43±0.32 0.25/0.31 0.78 
 Baixo June BXJ 47 19 0.99±0.02 1.95±1.05 0.09/0.10 0.60 
 Vila September VLS 49 20 0.87±0.03 1.22±0.70 0.15/0.09 0.02 
Madeira Desertas November DSN 26 10 0.80±0.07 0.66±0.43 0.23/0.18 0.17 
 Desertas August DSA 32 15 0.89±0.04 1.62±0.90 0.14/0.11 0.17 
 Selvagem October SVO 39 20 0.91±0.03 0.95±0.56 0.11/0.08 0.06 
 Selvagem June SVJ 32 12 0.79±0.06 0.57±0.37 0.23/0.15 0.05 
Spain Canary Islands December CID 5 5 1.00±0.13 1.21±0.85   
Cape Verde Branco June BRJ 26 18 0.94±0.03 2.17±1.18 0.09/0.07 0.20 
 Raso Januarya RJA 12 9 0.91±0.08 4.81±2.61 0.17/0.14 0.34 
 Raso April RA 25 13 0.92±0.03 0.83±0.51 0.12/0.12 0.57 
 Raso June RJU 50 24 0.88±0.04 0.92±0.55 0.14/0.07 0.00 
 Raso Novembera RN 84 28 0.84±0.04 0.91±0.53 0.17/0.07 0.00 
United Kingdom Ascension Island Junea AIJ 23 14 0.96±0.02 1.54±0.87 0.09/0.10 0.85 
 Ascension Island Novembera AIN 28 17 0.95±0.02 1.57±0.87 0.08/0.08 0.58 
 St Helena Junea SHJ 18 15 0.98±0.02 1.17±0.69 0.07/0.08 0.75 
 St Helena Novembera SHN 35 20 0.95±0.02 0.97±0.58 0.07/0.08 0.62 
Galápagos Plaza Norte May PNM 34 26 0.98±0.01 1.27±0.73 0.05/0.05 0.67 
 Plaza Norte December PND 30 25 0.98±0.01 1.93±1.05 0.05/0.05 0.51 
Hawaii Kaua’i Septembera KS 11 9 0.96±0.05 1.69±1.00 0.12/0.13 0.76 
Japan Hidejima August HA 31 12 0.85±0.05 2.08±1.12 0.18/0.15 0.24 
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TABLE 4.2 Sampling sites and descriptive statistics for the ddRADseq data (SNP Dataset 1), 

which has a total of 4,537 SNPs. N = number of sampled birds. 

 
Country Sampling Site N Private 

SNPs 
% polymorphic 
loci 

Portugal Berlengas September 8 32 14.3 
Azores Praia September 6 31 13.9 
 Praia June 6 314 24.3 
Madeira Desertas November 8 33 15.8 
 Desertas August 8 33 15.8 
 Selvagem October 8 54 16.7 
 Selvagem June 7 41 14.8 
Cape Verde Raso June 7 542 20.7 
United Kingdom Ascension Island June 13 131 27.7 
 Ascension Island 

November 
10 81 24.5 

 St Helena June 11 113 24.9 
 St Helena November 12 130 25.9 
Galápagos Plaza Norte May 7 109 16.9 
 Plaza Norte December 8 134 17.6 
Hawaii Kaua’i September 6 266 21.6 
Japan Hidejima August 8 241 19.9 
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TABLE 4.3 Estimates of ΦST from the mitochondrial control region (above diagonal) and FST 

from the SNP data (below diagonal) for pairwise comparisons of the seven major population 

groups found in STRUCTURE. 

 
  Azores 

Hot 
North 
Atlantic 

Cape 
Verde 

South 
Atlantic 

Galápagos Hawaii Japan 

 n 92 281 171 104 64 11 31 
Azores 
Hot 

6   
0.52 

 
0.83 

 
0.76 

 
0.81 

 
0.77 

 
0.66 

North 
Atlantic 

45 0.29   
0.78 

 
0.72 

 
0.74 

 
0.72 

 
0.56 

Cape 
Verde 

7 0.41 0.56   
0.84 

 
0.86 

 
0.84 

 
0.82 

South 
Atlantic 

46 0.21 0.35 0.46   
0.81 

 
0.77 

 
0.69 

Galápagos 
 

15 0.28 0.43 0.52 0.28   
0.73 

 
0.73 

Hawaii  
 

6 0.16 0.38 0.45 0.20 0.24   
0.66 

Japan 8 0.20 0.38 0.48 0.23 0.27 0.14  
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FIGURE 4.1 Molecular assignments of band-rumped storm-petrels based on analysis of 

4,537 SNPs using STRUCTURE. Each bar represents an individual bird and the colour 

represents the assignment probability to a particular genetic group. A) The plot for K= 2 for 

all populations, as indicated as the most likely number of clusters in STRUCTURE 

HARVESTER. B) The plot for K = 5, as indicated by STRUCTURE when removing the 

North Atlantic birds. C) The plot for K = 2 when including the Hawaii and Japan populations 

only. 
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FIGURE 4.2 Results of a principal component analysis based on 4,537 SNPs from the band-

rumped storm-petrel species complex. Each dot represents an individual bird, and lines 

connect the birds from the same cluster. Ellipses show the 95% confidence interval for each 

cluster. Ellipses and colours have been chosen to label the six resultant non-overlapping 

clusters. 

 Eigenvalues Cape Verde

Azores hot

North 
Atlantic

South 
Atlantic

Galapagos

Hawaii
and Japan

Principal component 1

Principal 
component 2
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FIGURE 4.3 Statistical parsimony network of 333 bp of the mitochondrial control region of 

754 band-rumped storm-petrels. Circles represent the haplotype of the bird, and circle size 

relates to the number of samples with each haplotype. Lines represent one substitutional 

difference, and lengths have been adjusted to enable a clear view of the circles. Circle size 

relates to the number of samples with each haplotype. Black circles represent unsampled or 

now-extinct haplotypes. 
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FIGURE 4.4 Bayesian phylogenetic reconstruction of mitochondrial DNA sequences of the 

band-rumped storm-petrel species complex, generated in BEAST. Posterior probability 

values are given above major nodes. Letter codes are the breeding colony that the bird was 

sampled, see Table 4.1 for abbreviations.  
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FIGURE 4.5 Maximum likelihood phylogenetic reconstruction of the band-rumped storm-

petrel species complex using 4,537 SNPs, generated in RAxML. Bootstrap support is given 

above the major nodes. Letter codes are the breeding colony that the bird was sampled, see 

Table 4.1 for abbreviations. Branches are coloured by the breeding time of the individual 

bird: red for a hot season breeder and blue for a cool season breeder. 
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FIGURE 4.6 Phylogenomic reconstruction of the seven genetic groups of band-rumped 

storm-petrels generated using 2,000 SNPs in the SNAPP package in BEAST. The left-hand 

side shows the densitree and the right-hand side shows the consensus tree with posterior 

probabilities labelled on the nodes. 
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Chapter 5: The role of plasticity in the evolution of allochronic populations 

of band-rumped storm-petrel (Hydrobates spp.) 

 

Abstract 

 

Phenotypic plasticity has an unresolved role in ecological speciation. Plasticity may reduce 

genetic differentiation among populations if the same genotypes can have optimal phenotypes 

in multiple environments. However, plasticity can allow the colonisation of new 

environments, which may lead to local adaptation and ultimately to ecological speciation. 

The formation of sympatric populations breeding at different times (allochrony) could be 

considered a form of colonisation of a new temporal environment. However, whether 

plasticity plays a role in the formation of allochronic populations remains unstudied. Across 

their range band-rumped storm-petrels (Hydrobates spp.) have evolved sympatric allochronic 

breeding populations independently at least four times. Using ddRADseq data, we 

investigated a potential role for breeding time plasticity in the evolution of these populations, 

as opposed to standing genetic variation at the population level or a novel mutation shifting 

breeding time. A new mutation associated with a founder event appears unlikely, as there 

have been multiple switches in breeding time across the phylogeny with no evidence of a 

recent bottleneck in any population. However, whether there is migration between seasonal 

populations, and therefore plasticity in breeding time, is unclear. Measures of contemporary 

gene flow suggest no migration between populations, however a model of ongoing gene flow 

is favoured in a preliminary Approximate Bayesian computation (ABC) analysis. Our results 

point to the possibility that plasticity in breeding time may underlie the formation of sister 

allochronic populations, a key gap in our understanding of allochronic speciation.  
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Introduction 

 

The role of phenotypic plasticity in speciation, whereupon a single genotype can produce 

different phenotypes under different environmental conditions, is currently unresolved 

(Pfennig et al. 2010). In the words of Hendry (2016) “Plasticity will sometimes help and 

sometimes hinder ecological speciation but, at present, empirical tests are limited”. Some 

researchers have argued that adaptive plasticity will reduce genetic differences among 

populations, as individuals may express an optimal phenotype in multiple environments and 

thus divergent selection does not occur (Fitzpatrick 2012; Schmid & Guillaume 2017). 

However, plasticity will not always allow individuals to express traits at or near the optimum 

in either environment, and divergent selection could drive some differentiation (Fitzpatrick 

2012). 

 Phenotypic plasticity can allow individuals to ‘jump’ between fitness peaks (Crispo et 

al. 2010; Pfennig et al. 2010), and aid in the colonisation of new environments (Thibert-

Plante & Hendry 2010; Hendry 2016). After colonising a new environment, divergent 

selection can act on the plastic trait, but also on other traits relevant to survival e.g. as 

individuals now differ in their foraging locations (Pfennig et al. 2010; Hendry 2016). 

Canalization of the trait may then occur via genetic assimilation, such that the trait is no 

longer plastic, as individuals become optimally adapted to the new environment (Pfennig et 

al. 2010; Hendry 2016). Ecological speciation (the development of reproductive isolation due 

to divergent ecological adaptations) may follow due to natural selection against less well 

adapted migrants (Thibert-Plante & Hendry 2010; Fitzpatrick 2012). Phenotypic plasticity 

could therefore play a key role in initiating the evolution of distinct, ecologically adapted 

populations, and ultimately species (Matsuda 1982). 
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 Whether plasticity plays a role in the process of allochronic speciation, i.e. the 

development of reproductive isolation between populations due to differences in their 

breeding times (Alexander & Bigelow 1960; Taylor & Friesen 2017), is largely unstudied. 

The formation of a new allochronic population could be considered a form of colonisation to 

a new habitat, but in time instead of space. Colonisation is more likely to be successful when 

environments differ little (Thibert-Plante & Hendry 2011), and the difference between 

environments separated in time could be smaller than between geographic areas, especially in 

tropical environments with low seasonality. Once individuals have ‘colonised’ a new 

temporal environment, habitat mate choice could occur, akin to positive assortative mating by 

habitat choice described by Fitzpatrick (2012), with individuals more likely to mate with 

other individuals breeding at the same time. Individuals breeding at different times can then 

become genetically differentiated (known as isolation by time; Hendry & Day 2005). 

Adaptation by time may then promote genetic divergence or even ultimately ecological 

speciation, as individuals adapt to the environment at the time they breed (Hendry & Day 

2005). 

 Few cases of allochronic divergence have been studied in detail, but in some cases 

plasticity is thought to play a role. For example, Marshall et al. (2003; 2011) hypothesized 

that plasticity played a role in the initial life cycle switches of 13-year and 17-year periodical 

cicadas (Magicicada spp.), driven by climatic processes. Life cycle length may then have 

become canalized if the extreme climatic conditions persisted over a number of years 

(Marshall & Cooley 2000; Marshall et al. 2011). Alternatively, a population could become 

offset in its breeding time, perhaps due to a new mutation shifting breeding time associated 

with a founder event and not through plasticity in breeding time. Such a sudden shift is 

thought to have occurred in pine processionary moths (Thaumetopoea pityocampa). Pine 

processionary moths usually have winter larval development, but in a small part of their 
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range a population with summer larval development was found (Santos et al. 2007). 

Emergence time in these moths is highly heritable with hybrids having intermediate 

emergence times, and the summer population has lower genetic diversity implying a founder 

event (Santos et al. 2011a; Burban et al. 2016; Branco et al. 2017).  

Alternatively standing genetic variation for breeding at different times could exist 

within a population but at a low level. In this scenario, a change in environmental conditions 

(e.g. more pronounced seasonality, a shift in prey distributions) could select for the 

individuals with a different breeding time, leading to the formation of a new allochronic 

population. An empirical example of this involves apple and hawthorn races of Rhagoletis 

pomonella flies. With the introduction of apple plants (Malus pumila) in North America 

about 150 years ago, some R. pomonella flies shifted from their native hawthorn host 

(Crataegus spp.). Because apple fruits mature about three weeks earlier, apple flies have a 

shifted phenology and emerge earlier than hawthorn flies (Ragland et al. 2012). The shift in 

phenology is attributed to historical standing genetic variation (Egan et al. 2015). Genomic 

inversions between apple and hawthorn flies, containing genes potentially controlling the 

differences in phenology, arose 1.5 million years ago in Mexico (Barrett & Schluter 2008; 

Egan et al. 2015). The introduction of apple plants would have selected for individuals with 

genetic variation for an earlier emergence time, acting on variation that was already present 

in the population. 

As yet no investigation has focussed on evaluating the role of plasticity in the 

formation of allochronic populations. An excellent study system to investigate potential 

plasticity in breeding time is the band-rumped storm-petrel species complex (Hydrobates 

spp.). Highly pelagic, nocturnal seabirds breeding on tropical and sub-tropical islands in the 

Atlantic and Pacific Oceans (Figure 1.2; Brooke 2004; Smith et al. 2007), band-rumped 

storm-petrels have undergone allochronic switches at least four times independently 
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throughout their range (Taylor et al. in review). In the Galápagos, the South Atlantic islands 

of Ascension and St Helena, and the North Atlantic islands in the Azores (Praia and Baixo) 

and Madeira (Desertas), band-rumped storm-petrels have sympatric seasonal populations, 

with one population breeding in the hot season and one in the cool season (Monteiro & 

Furness 1998; Friesen et al. 2007b; Smith et al. 2007; Bennett et al. 2009). On Selvagem and 

in Cape Verde, birds breed year-round (Mougin et al. 1990; Friesen et al. 2007b). 

 Different band-rumped storm-petrel seasonal populations appear to be at different 

stages along the speciation continuum. The Azores hot season breeding population is 

genetically differentiated from all other populations, and has been elevated to a distinct 

species, Monteiro’s storm-petrel (H. monteiroi; Bolton et al. 2008), clearly demonstrating 

isolation by time. Seasonal populations in the Azores have also been studied in their 

morphology and show adaptation by time, with hot season breeders having smaller masses, 

more deeply forked tails, proportionately longer wings and thinner bills (Monteiro & Furness 

1998; Bolton et al. 2008). Monteiro and Furness (1998) hypothesised that these 

morphological differences are adaptations to the different environmental conditions in the hot 

versus cool seasons. Stable isotope analysis of the first primary (P1) feathers (grown during 

the breeding season) and eighth secondary (S8) feathers (grown during the non-breeding 

season) indicated potential differences in foraging ecology (Bolton et al. 2008), further 

evidence for adaptation by time in their use of resources. 

 Other seasonal populations appear not to be as far along the speciation continuum, 

with lower levels of genetic and morphological divergence between the Galápagos 

populations (Smith & Friesen 2007; chapter 4). The seasonal populations in the South 

Atlantic were found to be genetically undifferentiated from one another, as were the seasonal 

breeders on Desertas and Selvagem (chapter 4), raising the question of whether low 

differentiation represents recent switches in breeding time and incomplete lineage sorting, or 
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plasticity in breeding time and therefore ongoing gene flow between the seasonal populations 

in those areas. 

 In this paper, we investigated the evolutionary history of seasonal populations of 

band-rumped storm-petrels to test for the potential role of plasticity in breeding time (and 

therefore gene flow between seasonal populations) in the foundation of allochronic 

populations. We used genome-wide SNP data derived from double-digest restriction site-

associated DNA sequencing (ddRADseq; Peterson et al. 2012) to address four hypotheses. 

 We first investigated which breeding season is the ancestral state for band-rumped 

storm-petrels. Given that most storm-petrel species breed in the hot season (Spear & Ainley 

2007), we hypothesized that hot season breeding is the ancestral state in the band-rumped 

storm-petrel. We used ancestral state reconstruction to address this first hypothesis, and to 

test for multiple breeding time switches across the phylogeny, which would imply either 

standing variation or plasticity, rather than a new mutation, as responsible for changes in 

breeding time. 

 An alternative to allochronic speciation as an explanation for the origin of the 

allochronic races of band-rumped storm-petrels is secondary contact between populations 

that diverged in allopatry. Some evidence suggests secondary contact could be the case in the 

Azores as some phylogenetic incongruence exists: the Azores hot birds were sometimes 

recovered as sister to the Azores cool breeders but sometimes as basal to the entire complex 

aside from the Cape Verde population (chapter 4). We tested the hypothesis that the Azores 

hot population diverged allochronically from the Azores cool birds followed by gene flow 

with the Pacific, and was not colonised from the Pacific followed by gene flow with the 

Azores cool birds. We measured gene flow between the Azores hot population and the 

Azores cool breeders, and between the Azores hot population and the Pacific hot breeders in 



 112 

Japan and Hawaii (with which they cluster in a STRUCTURE analysis; chapter 4) to test for 

evidence for gene flow that underlies the observed phylogenetic incongruence (chapter 4). 

 Thirdly, we tested for plasticity in breeding time between seasonal populations. Due 

to lack of empirical evidence of storm-petrels switching seasons during extensive field work 

in the Azores (Bolton et al. 2008), we expected that the lack of genetic differentiation 

between the South Atlantic seasonal populations on Ascension Island and St Helena Island, 

and between the North Atlantic seasonal populations on Desertas and Selvagem is due to 

incomplete lineage sorting and not plasticity. We hypothesized that the allochronic 

populations all formed in the absence of gene flow (either due to a founder event or from low 

levels of standing variation within the population) rather than via plasticity in breeding time 

and therefore gene flow. To test this we first quantify heterozygosity, genetic diversity (π) 

and inbreeding co-efficient (Fis) in each population to test for a recent bottleneck and founder 

event, and therefore reduced genetic diversity, as was found in the pine processionary moths. 

We measured gene flow between the seasonal populations in each clade to test for 

contemporary migration between the seasonal populations. We also used an Approximate 

Bayesian computation (ABC) approach to simulate three demographic scenarios of 

divergence between the seasonal populations (without gene flow, with ongoing gene flow, or 

with initial gene flow which ceased; Figure 5.1) to test which scenario best matches the 

observed data. To test for evidence of standing genetic variation having led to the formation 

of seasonal populations, we undertook pairwise outlier analyses between sister seasonal 

populations to find SNPs potentially related to (or linked to) genes controlling breeding time, 

recognising that our chosen method covers only a small part of the genome. We tested if any 

outliers were present in multiple comparisons, indicating evolution from standing variation. 

This approach was used to uncover the key role of standing variation in parallel divergence of 

benthic-limnetic species pairs of stickleback fish (Gasterosteus aculeatus; Jones et al. 2012). 



 113 

 

Methods 

 

Sample collection, sequencing and data filtering 

Chapter 4 provides details on sample collection and data filtering. For analyses involving all 

populations, we used SNP Dataset 1. For analyses using only a subsample of populations, to 

create Variant Call Format (VCF) files containing only loci from those populations we ran 

filtering separately but with the same stringency, requiring SNPs to be present in all 

populations. Observed and expected heterozygosity and homozygosity, π, and FIS were 

calculated using the ‘populations’ module in STACKS. 

 

Ancestral state reconstruction 

To reconstruct the ancestral breeding times, we used the ‘Multistate’ option in BayesTraits 

version 3 (Pagel & Meade 2006). BayesTraits uses all generated phylogenies in the analysis 

(instead of solely using the consensus tree) to account for phylogenetic uncertainty. To 

generate the trees, we used PGDSpider version 2.1.0.2 (Lischer & Excoffier 2012) to convert 

the VCF file containing the SNP data into a Phylip file. Maximum-likelihood trees were 

generated in RAxML version 8.2.9 (Stamatakis 2014). We used a General Time Reversible 

model with a gamma distribution of substitution rates (GTRGAMMA), and used the rapid 

bootstrap algorithm using 2000 replicates (and therefore generating 2000 possible trees). As 

the Cape Verde population represents a monophyletic group that is basal to the other 

populations (chapter 4), the Cape Verde birds were set as an outgroup for the RAxML 

analysis. 

A preliminary ML analysis was run in BayesTraits to view likelihoods for the 2000 

trees (as recommended by Pagel & Meade 2006). We then used Bayesian Inference (BI) to 
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reconstruct the ancestral breeding state for the different nodes of the trees. We ran 

preliminary analyses to optimise prior settings, computing marginal likelihoods for different 

parameter values, and calculating log Bayes Factor scores. We then performed an MCMC 

analysis using a reversible-jump hyper-prior with an exponential prior seeded from a uniform 

distribution between 0 and 10, running 11,000,000 iterations, discarding the first 1,000,000 as 

burn-in and sampling every 1,000. The ‘addMRCA’ command was used to calculate 

likelihoods of either hot or cool breeding as the ancestral state at each of the nodes. To 

calculate log Bayes Factor scores to assess certainty in either hot or cool breeding at each 

node, we used the ‘Fossil’ command. In turn, each node was fixed to ‘hot’ season breeding as 

the ancestral state, and marginal likelihoods were calculated. The nodes were then fixed to 

‘cool’ season breeding as the ancestral state, and the marginal likelihoods were re-calculated. 

The likelihoods were then used to calculate log Bayes Factor scores. 

 

Current migration rates 

To estimate contemporary migration between populations, we used a modified version of 

BAYESASS version 3 (Wilson & Rannala 2003, modified version available here: 

https://github.com/smussmann82/BayesAss3-SNPs) that allows the use of thousands of 

SNPs. VCF files from STACKS were converted to BAYESASS input files using PGDSpider. 

To test for plasticity in breeding time (birds switching seasons), migration was measured 

separately among (1) the South Atlantic populations (Ascension Island June, Ascension 

Island November, St Helena June and St Helena November), (2) the Galapagos populations 

(Plaza Norte May and Plaza Norte December), and (3) the genetically undifferentiated North 

Atlantic seasonal populations (Berlengas September, Praia September, Desertas November, 

Desertas August, Selvagem October, and Selvagem June). Migration was also quantified 

between Azores hot breeders and the Japan and Hawaii populations (Praia June, Kaua’i 
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September and Hidejima August), as well as between Praia June and September populations 

to test if contemporary migration could account for the phylogenetic uncertainty found with 

the Azores hot season breeders (chapter 4). Initial runs were conducted to assess the mixing 

parameters and adjust input settings to ensure mixing values between 20% and 60%. Runs 

were then conducted for 20,000,000 MCMC iterations with a burn-in of 2,000,000 and 

sampling every 1,000 iterations. Convergence was assessed using TRACER version 1.5 

(Rambaut & Drummond 2007), ensuring mixing parameters remained between 20% and 

60%. At least three runs were undertaken for each comparison, and results were taken from 

the run with the best convergence (highest ESS values), as assessed in TRACER and 

ensuring mixing parameters were not too high or low (as recommended by Miermans 2013). 

 

Inference of demographic history using ABC 

To test whether the switches in breeding time occurred with gene flow (plasticity in breeding 

time), we simulated three demographic scenarios in an Approximate Bayesian computation 

approach (ABC). We used a standard algorithm in ABCtoolbox (Wegmann et al. 2010), 

simulating genetic datasets using Fastsimcoal2 (Excoffier et al. 2013), and calculating 

summary statistics in arlsumstat version 3.5, the command line version of Arlequin 

(Excoffier & Lischer 2010). The demographic scenarios simulated included divergence 

between seasonal populations with no gene flow (i.e. no plasticity), divergence with ongoing 

gene flow, and divergence with initial gene flow (Figure 5.1). We simulated 100,000 datasets 

for each demographic scenario. For each simulation, we used Fastsimcoal2 to generate 

30,000 independent short (10 bp) DNA sequence reads, from which only the SNPs were 

retained in the arlsumstat input file (using the –s option), as this was recommended by the 

author to generate SNP data (L. Excoffier, personal communication), and emulates the 

generation of SNP data by ddRADseq. We retained 4,000 SNPs during each simulation. We 
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ran 50 scripts each generating 2,000 simulations with different random seeds (L. Excoffier, 

personal communication) and concatenated the results before running ABCestimator for 

model testing (Wegmann et al. 2010).  

 For the parameters of each scenario, Wegmann et al. (2009) recommends sampling 

from as narrow a distribution as possible, without risking missing the true values. To reduce 

the range of the prior distribution for the times of divergence between seasonal populations, 

we generated a dated phylogenetic tree in BEAST v.1.7.4 (Drummond et al. 2012). We used 

control region and cytochrome b sequences from three individuals per population using the 

*BEAST algorithm, (Heled & Drummond 2010) using the mitochondrial sequences from 

three individuals per population from chapter 4. We selected the model of sequence evolution 

using the Bayesian Information Criterion (BIC) in jModelTest2 (Darriba et al. 2012). For the 

control region sequences, the HKY + I + G substitution model was selected, and for the 

cytochrome b sequences, the HKY + I model was selected. We ran the *BEAST analysis for 

100,000,000 generations, sampling every 1,000 generations, and discarded the first 10% of 

trees as burn-in. We assessed convergence by ensuring all effective sample size (ESS) values 

were over 200 using Tracer v.1.5 (Rambaut & Drummond 2007). The analysis was run three 

times, and resultant tree files were combined using LogCombiner v.1.8.4, and a consensus 

tree was generated in TreeAnnotator v.1.8.4 (Drummond et al. 2012). The tree was visualized 

in FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 

To estimate divergence times, the divergence rate for the cytochrome b sequences was 

fixed at 0.92% per million years, as estimated for the Oceanitinae (Nunn & Stanley 1998). 

The rate for the control region was estimated relative to cytochrome b. We used a strict 

molecular clock with a uniform distribution, and the Yule species tree prior (Drummond et 

al. 2006). The dating on the nodes could then be used as a rough upper estimate for the times 

of divergence between the seasonal populations within those nodes. 
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We sampled the time of divergence between seasonal populations in the Galápagos, 

Ascension and St. Helena in the South Atlantic, and Desertas and Selvagem in the North 

Atlantic from a uniform distribution between 10 and 30,000 generations. Given a generation 

time of 12 years in band-rumped storm-petrels (Smith et al. 2007), and estimates that each of 

those clades formed between 126,000 and 159,000 years ago (Figure 5.2), this translates to 

divergence times of between 10,500 and 13,250 generations. We sampled around this (to 

account for potential error in the cytochrome b dating), and decided a distribution of 10 to 

30,000 generations to be a wide enough prior distribution while also not being too wide for 

efficient sampling of the distribution. We sampled effective populations sizes from a uniform 

distribution of between 100 and 60,000, keeping the distribution quite wide relative to the 

likely effective population sizes of these birds, for example estimated to be between around 

4,000 females for the May breeding season and 5,600 females for the December breeding 

season in the Galápagos (Smith & Friesen 2007). For the models of divergence with gene 

flow and divergence with initial gene flow, migrations rates were set to a moderate level of 

0.02. For the model of initial divergence with gene flow, we sampled from a uniform 

distribution of between 10 and 30,000 generations ago for the time when gene flow ceased, 

however implementing a rule in the simulations that the time when gene flow ceased must be 

more recent than the time of divergence between the seasonal populations. Given the 

uncertainty in the evolutionary history of the Azores seasonal populations (chapter 4), we did 

not use these populations in the ABC simulations. 

As the choice of summary statistics is an important consideration for comparing 

simulated and observed datasets (Wegmann et al. 2010), we evaluated different combinations 

of summary statistics to test whether this influenced resulting likelihoods. The summary 

statistics included in our analysis were heterozygosity (H), the standard deviation of the 

heterozygosity (Hsd), the mean number of alleles over the loci (K), the standard deviation of 
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the mean number of alleles (Ksd), global Fst, and Fst between the two populations. Model 

testing was performed using ABCestimator (Wegmann et al. 2010) retaining the best 1,000 

simulations (the top 1%) for each scenario to compute the marginal likelihoods for log Bayes 

Factor calculations. In addition, p values were calculated to allow another test of model 

suitability using all generated simulations (the higher the p value, the ‘better’ the model, 

calculated as the fraction of retained simulations with a smaller or equal likelihood; 

Wegmann et al. 2010). 

 

Outlier analysis 

To detect loci potentially under selection, we performed an outlier analysis in BAYESCAN 

version 2.1 (Foll & Gaggiotti 2008). As we wanted to find SNPs potentially related to 

breeding time, pairwise analyses were conducted between seasonal populations within (1) the 

South Atlantic, (2) the Galápagos, (3) the North Atlantic (excluding Cape Verde and Azores 

hot birds), and (4) the Azores. Default settings were used and a false discovery rate of 0.05 

applied, and results were plotted using the ‘plot_bayescan’ function, implemented in R 

software version 3.3.2 (R Development Core Team 2006). 

 

Results 

 

From the ddRAD sequencing we obtained 732.2 million reads from 146 individuals. Due to 

missing data, this was reduced to 133 individuals for the final dataset, which contained 4,537 

SNPs (detailed in chapter 4). Measures of heterozygosity and π were high and FIS low (Table 

5.1), implying no signature of a recent bottleneck in any population. 
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Ancestral state reconstruction 

BayesTraits strongly supported hot season breeding as the ancestral state of the phylogeny, 

with a probability of 0.93 and a log Bayes Factor score of 4.84 (log Bayes Factor scores of > 

2 indicate strong support; Pagel & Meade 2013; Table 5.2). Hot season breeding was inferred 

to be ancestral for most relevant nodes, apart from the North Atlantic group and the South 

Atlantic group where cool season breeding was favoured as ancestral, although the log Bayes 

Factors for those nodes were low (Figure 5.3; Table 5.2). 

 

Current migration rates 

BAYESASS did not find evidence of contemporary migration between any seasonal 

populations in the South Atlantic (Table A5.1), or the Galápagos (Table A5.2). Runs 

including all genetically undifferentiated North Atlantic populations did not converge, 

potentially because BAYESASS does not perform well with more than a few populations 

(Meirmans 2013). As a result we re-ran the programme only including Desertas and 

Selvagem seasonal populations. No evidence of migration was found between the Desertas 

and Selvagem populations (Table A5.3). Similarly, there was no evidence of migration 

between Praia June and the Hawaii or Japan populations (Table A5.4) or between Praia June 

and Praia September (Table A5.5). 

 

Demographic history using ABC 

In contrast to the BAYESASS results, the favoured model from ABC for all sets of seasonal 

populations was divergence with ongoing migration between populations (Tables A5.6-

A5.12). For the Galápagos populations, ongoing migration was favoured in 15 out of 16 

combinations of summary statistics. However, the log Bayes factor scores were only over 2 
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in favour of ongoing gene flow in 6 of the combinations of summary statistics, suggesting 

low support. Similarly, the p values were all low (Table A5.6).  

When grouping the two South Atlantic islands together, ongoing migration was 

favoured in 12 out of the 16 combinations, with log Bayes Factor scores over 2 in favour of 

ongoing gene flow in all of these. For the combinations of summary statistics favouring a 

different model the log Bayes factor scores did not exceed 2, and the p values for three of 

them dropped to zero (Table A5.7). When grouping Desertas and Selvagem, 15 out of the 16 

combinations favoured ongoing gene flow with log Bayes Factor scores over two in 14 of 

these, with two combinations of summary statistics having very low p values (Table A5.8). 

The results for Ascension Island and St Helena Island considered separately are 

similar to one another, with ongoing gene flow favoured in 15 and 14 out of 16 combinations 

respectively, with log Bayes factor scores of over 2 for all of them (Tables A5.9 and A5.10). 

The results for Desertas and Selvagem taken separately favour ongoing migration using 15 

and 13 combinations, and with log Bayes factor scores over 2 in 11 and 10 combinations, 

respectively (Tables A5.11 and A5.12). 

 

Outlier analysis 

Two outliers were detected between the Galápagos hot and cool populations, having a 

posterior odds score, the log10(q value), calculated as significant (to the right of the 

‘significance’ line and circled in Figure 5.4A). These two SNPs represent fixed differences 

between the two populations. No outliers were found in any of the other pairwise 

comparisons (Figures 5.4B, C, D).  
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Discussion 

 

In this paper, we used a variety of analyses to investigate the evolution of allochronic 

populations across the range of the band-rumped storm-petrel species complex. Ancestral 

state reconstruction indicates hot season breeding as ancestral, with some evidence for 

multiple breeding time switches across the phylogeny albeit with lower support (Figure 5.3; 

Table 5.2). We found no evidence either of a recent bottleneck in any population (Table 5.1); 

or of contemporary migration using BAYESASS (Tables A5.1-A5.5). Comparing three 

demographic scenarios in an ABC approach - divergence without any migration, divergence 

with ongoing migration, and divergence with past migration that since ceased - favoured a 

model with ongoing migration (Tables A56-A5.12). However, the support was low for the 

Galápagos comparisons, suggesting the models did not perform well for these populations. 

Outlier analysis only uncovered two potential SNPs relating to breeding season, and only in 

the Galápagos populations (Figure 5.4), precluding any formal investigation into the role of 

standing variation. 

 

Ancestral state reconstruction and no evidence of recent founder events 

Using the same method of ancestral state reconstruction of breeding time as in the present 

study, Yamamoto et al. (2016) found evidence for multiple independent breeding time 

switches across the phylogeny of geometrid moths (Inurois spp;), but were not able to resolve 

the ancestral breeding time (early versus late winter breeding). In contrast, in the band-

rumped storm petrels a hot breeding season was strongly favoured as ancestral. We 

hypothesized that hot season breeding would be the ancestral state as hot season breeding is 

more common in storm-petrel species (Spear & Ainley 2007). We found some evidence of 

switching from hot to cool season breeding, and then back to hot season breeding, as the 
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ancestral state for the North Atlantic group (excluding Praia June and Cape Verde), as well as 

the South Atlantic group, was more likely to be cool season breeding (Figure 5.3). Multiple 

switches between breeding seasons are inconsistent with the argument for a mutational shift 

in breeding time associated with the formation of allochronic populations; however the log 

Bayes factor support for those two nodes was not strong (< 2; Table 5.2). Even if hot season 

breeding is ancestral at those nodes, clearly cool season breeding populations have arisen 

multiple times in parallel across the phylogeny (Figure 5.3; chapter 4), which in itself would 

make multiple spontaneous mutational shifts seem unlikely. Similarly, we found no evidence 

of a recent bottleneck in any population from inbreeding co-efficients, levels of 

heterozygosity, or diversity (Table 5.1). Pfennig et al. (2010) suggested that ancestral 

plasticity may explain cases of parallel evolution, or ‘the same solutions to the same 

problems.’ Periodical cicadas have also undergone parallel shifts in life cycle length (Sota et 

al. 2013), and perhaps cases where breeding time changes have occurred multiple times 

across a phylogeny points towards a role for plasticity in the evolution of allochronic 

populations. However, this does not rule out a role for ancestral standing variation in 

facilitating the evolution of allochronic divergence as is the case for multiple host shifts in 

Rhagoletis spp. (Powell et al. 2014). Unfortunately, because we lack outlier SNPs between 

seasonal populations of band-rumped storm-petrel, an explicit test of evolution from standing 

genetic variation was not possible. While we were not able to rule this out, finding evidence 

of continued or contemporary migration between populations would imply plasticity in 

breeding time and the ability of birds to switch breeding seasons. 

 

Migration between seasonal populations 

To test for contemporary migration between seasonal populations, as well as between the 

Praia June population and the Hawaii and Japan populations, we used the program 
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BAYESASS. BAYESASS does not require populations to be in mutation drift equilibrium as 

is assumed by many classical population approaches (e.g. Fst analysis), and migration can be 

asymmetrical between populations (Miermans 2013). We found no evidence of contemporary 

migration between any of the populations tested (Tables A5.1-A5.5), which implies no 

current switching of breeding season in the band-rumped storm-petrels. However, there are 

some limitations to BAYESASS that may bias its interpretation for our analysis. First, 

BAYESASS does not perform well if the proportion of migrants is over 1/3 because it 

functions by detecting individuals with migrant ancestry. Above this threshold mating 

between individuals with migrant ancestry will occur (Miermans 2013). BAYESASS may be 

biased towards producing values at the lower or upper bound of the prior distribution (i.e. 

with nonmigrant proportions near either 0.67 or 1; Faubet et al. 2007; Miermans 2013). In 

addition, Miermans (2013) recommended using few populations with large sample sizes for 

each, because small sample sizes reduce the likelihood of sampling individuals with migrant 

ancestry. In this study, we have relatively small sample sizes per population (n=6-13), 

although whether using thousands of genome wide SNPs compensates for this has not been 

assessed. Miermans (2013) also noted that analyses where population structure is weak (e.g. 

with a very low Fst) should be avoided, although this purportedly results in bias towards 

sampling at the lower end of the nonmigrant proportion distribution (0.67). This is not 

something we observe in our data.  

 Overall, the biggest potential issues for using BAYESASS with our data are the 

possibility of migration rates above 1/3, and the sampling of few individuals per population. 

Due to a lack of alternative software to estimate migration rates using large SNP datasets, an 

ABC approach seemed like the best alternative. We built three simple demographic scenarios 

using as few parameters as possible, as recommended by the authors of ABCtoolbox (Figure 

5.1; Wegmann et al. 2010). When comparing the scenarios to our actual data, a model of 



 124 

ongoing gene flow was favoured between seasonal populations in the South Atlantic on both 

Ascension Island and St Helena Island, and between seasonal populations in the North 

Atlantic on both Desertas and Selvagem (Tables A5.7-A5.12). However, the Galápagos 

populations were not well matched with either scenario, with low p values, and Bayes Factor 

scores under 2 for most combinations of summery statistics (Table A5.6). Thus, results 

potentially indicate migration between seasonal populations and possible plasticity in 

breeding time, at least in the North and South Atlantic.  

These findings should be considered preliminary for several reasons. The simulation 

of data is computationally intensive (Bertorelle et al. 2010; Csilléry et al. 2010; Li & 

Jakobsson 2012), and so far we generated 100,000 simulations for each scenario. Bertorelle 

et al. (2010) recommended running at least 10,000,000 simulations, and this number should 

be included in our future analyses. In addition, after running these preliminary simulations, 

input parameters may require adjusting (Bertorelle et al. 2010). The use of prior distributions 

for the population sizes and the timing of divergence is an essential part of our models (as 

these parameters are not known). Although we narrowed down the timing of divergence 

using a cytochrome b dated tree, we necessarily kept the distributions quite wide because 

missing the true divergence time would mean creating and comparing unrealistic models, a 

major criticism of the ABC approach (Templeton 2009). In sum, either more simulations are 

needed to cover the wide distributions better, or the distributions need to be narrowed. The 

poor performance of the Galápagos models, for example, may be because the timing of 

divergence is very recent but the simulations under the ‘correct’ model have not explored the 

‘true’ part of the prior distribution. The p values, which are calculated as the fraction of 

retained simulations with a smaller or equal likelihood, would likely increase with a larger 

number of simulations. Regardless, given the estimated times from the cytochrome b tree, 

narrowing the distribution for the time of divergence may be justified. Similarly, we used a 
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uniform distribution to sample the parameters, as recommended by Bertorelle et al. 2010. 

However, when sampling over larger orders of magnitude a loguniform distribution may be 

better than a uniform one (L. Excoffier, personal communication).  

The use of ABC has been criticized because the compared demographic histories are 

subjective, and the ‘real’ scenario may not be modelled at all (Templeton 2009). We 

investigated a simple situation, a split between two populations, and so this seems less likely 

a problem here. However, variations on our three models are also possible, for example 

intermittent gene flow. Given that we are trying to answer whether gene flow occurs at all 

between seasonal populations, and are not interested in the exact demographic history and 

parameters, the three scenarios we model are probably sufficient. In future, however, we will 

test different levels of migration. 

Finally, the choice of summary statistics can affect model support; however there is 

no consensus as to how many should be used, or which ones are best under different analyses 

(Bertorelle et al. 2010; Csilléry et al. 2010). The authors of ABCtoolbox recommend starting 

with few, carefully chosen summary statistics (Wegmann et al. 2009). Using a lot of 

summary statistics may seem intuitive; however the use of too many introduces noise into the 

analysis, and most studies use between five and 20 (Bertorelle et al. 2010). We have started 

with various combinations of seven summary statistics, and aim to increase these to include 

FIS and π. Currently, the probabilities tend to drop to zero when using a higher number of 

summary statistics. This is likely an artefact of not sampling the prior distributions 

sufficiently (e.g. an increase from 20,000 to 100,000 dramatically increased p values). We 

presented the results for various combinations of our chosen summary statistics for 

transparency, but also to determine whether different numbers and combinations of the 

chosen statistics altered the outcome, as was done by Li and Jakobsson (2012). Even though 
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the p values and marginal likelihood values did vary considerably (Tables A5.6-A5.12), we 

found near consensus in the chosen model across all combinations. 

ABC is powerful and flexible and will increasingly be used in population genomics 

(Csilléry et al. 2010) and conservation genetics (Lopes & Boessenkool 2010). However, 

ABC is time consuming and complex (Bertorelle et al. 2010; Li & Jakobsson 2012). More 

standardization is needed in how the analysis is done, especially for the methods used for 

model testing (e.g. the choice of summary statistics). Simulations of large genome wide 

datasets using ABC are increasing in the literature, mostly focused on primate demographic 

histories (e.g. Wollstein et al. 2010; Li & Jakobsson 2012; Veeramah et al. 2015), but with 

some interesting examples appearing in non-model taxa (e.g. Nadachowska-Brzyska et al. 

2013; Shafer et al. 2015a). Faster and more efficient simulation techniques would make ABC 

more approachable for a wider range of studies. Even though we need more simulations to 

thoroughly test our three models, our preliminary results are illuminating and suggest the 

possibility of interbreeding between seasonal populations in parts of their range. 

 

Plasticity in breeding time and the evolution of allochronic populations 

The reasons for the evolution of two seasonal populations in many areas of the band-rumped 

storm-petrel breeding range are not known. Monteiro and Furness (1998) postulated that 

competition for food and/or nest sites may have driven the evolution of the allochronic 

populations. Seasonal populations are also observed in Leach’s storm-petrels (Taylor et al. 

2017) and potentially in other storm-petrel species (Spear & Ainley 2007). New mutation 

seems unlikely to explain the repeated evolution of allochronic populations in multiple 

populations of storm-petrels. However, if divergent seasonal breeding is advantageous, why 

do we not see it in other seabird species? One possibility is that storm-petrels have the 

standing variation present, or the propensity for plasticity in breeding time (having evolved 
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the genetic or epigenetic mechanisms necessary). Perhaps competition for nest sites at 

densely populated breeding colonies is not the sole or most important driving force, and so 

other seabird species, even if facing the same competition for nest sites, may not face as 

strong a selective pressure to develop seasonal populations. For example, storm-petrels are 

predated by larger seabirds, and predation was suggested as another potential (though less 

likely) explanation for seasonal breeding in the Azores populations of band-rumped storm-

petrels (Monteiro & Furness 1998). 

 Investigating whether plasticity in breeding time plays a role in allochronic 

divergence is important to fully understand the process of allochronic speciation, setting the 

stage for theoretical research into plasticity and the colonization of new temporal 

environments, similar to the work done for understanding the role of plasticity and the 

colonization of new geographic areas (e.g. Thibert-Plante & Hendry 2010; Hendry 2016). 

However, it is important to distinguish between the different temporal scales over which 

allochrony can arise. The role of plasticity in the evolution of seasonal allochronic 

populations may be different from daily or yearly examples, which are less likely to be driven 

by environmental causes (Taylor & Friesen 2017; chapter 2). For example, species with 

yearly allochrony, where there is a strict multi-year life cycle (e.g. ‘even’ and ‘odd’ year 

breeding populations of pink salmon, Oncorhynchus gorbuscha; Aspinwall 1974), on 

average will have similar environmental conditions when allochronic populations breed. 

Periodical cicadas are an exception to this, with the evolution of yearly allochronic 

populations and their different geographic distributions likely driven by climatic processes 

(Marshall et al. 2003; Marshall et al. 2011). Perhaps cases of allochrony involving selection 

caused by varying environmental conditions or stressors are more likely to involve plasticity 

in breeding time, in a similar way that plasticity is favoured in fluctuating or changing 

environments (Crispo 2010; Thibert-Plante & Hendry 2010). For example, the distinct pine 
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processionary moth populations, evolving in a mutational shift, seemingly did not evolve due 

to any environmental driver. This is an exciting avenue for future research into allochronic 

speciation. 

 

Conclusions and next steps 

 

Unravelling the demographic history of the seasonal populations of band-rumped storm-

petrels is challenging. We generated a large, genome-wide SNP dataset that is inherently 

more statistically powerful than studies using relatively few DNA markers. Many software 

packages still cannot accommodate large datasets for particular analyses. The question of 

whether Praia June is sister to the Praia September birds, versus the Hawaii and Japan birds 

has not yet been answered as BAYESASS implies no gene flow between any of the 

populations. To fully resolve this, we may be able to use ABC modelling of the two scenarios 

to see which appears more likely. Because the evolutionary history of the Praia June 

population is unknown, we could not use the Azores populations to test whether divergence 

between seasonal populations occurred with gene flow. Future ABC analyses of these 

populations will require simulations with different parameters from those used for the 

seasonal populations in the Galápagos, Desertas, Selvagem, Ascension Island and St Helena 

Island. This is because the origin of the Praia June allochronic population may be markedly 

older, at least according to the cytochrome b dated phylogeny (Figure 5.2), and so the prior 

distribution for the divergence time will need to be different.    

 Preliminary results from ABC indicated the possibility of migration between seasonal 

populations within the South Atlantic and within the North Atlantic (on Desertas and 

Selvagem). However, if the divergence event is very recent, even if no current gene flow 

occurs, incomplete lineage sorting may mean a model of divergence with gene flow is 
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favoured. Future analysis must ensure full sampling of the prior distribution under a model of 

no gene flow, making sure to include very recent divergence times. The ABC approach is 

obviously useful but it is computationally intensive. User-friendly packages, such as 

DIYABC (Cornuet et al. 2008), are only useful under very simple demographic scenarios 

without any migration between populations (Bertorelle et al. 2010; Cabrera & Palsbøll 2017). 

Ongoing development of the method and pipelines will be important for ABC to become 

more widely used, especially for more practical applications such as conservation and 

management (Bertorelle et al. 2010). Similarly, the finding of no outliers between seasonal 

populations could represent a problem with Bayescan, which is known to be very 

conservative. However, it is more likely a limitation of using ddRADseq data to find loci of 

adaptive significance (Lowry et al. 2016), which will likely require whole genome 

sequencing.  

Our findings indicated a new mutation seems unlikely to have led to the formation of 

allochronic populations within the band-rumped storm-petrel species complex. However, 

disentangling the relative contributions of standing genetic variation at the population level 

versus plasticity in breeding time at the individual level will require more analyses. 

Answering this question will shed light on how allochronic speciation is initiated, a key 

question in the investigation of this mechanism of divergence. 
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TABLE 5.1. Sampling locations with observed (Ho) and expected (He) heterozygosities, π, 

and Fis statistics calculated in STACKS. 

Population Ho He π Fis 
Praia June 0.0627 0.0682 0.0748 0.0302 
Praia September 0.0447 0.0442 0.0484 0.0093 
Selvagem June 0.0450 0.0453 0.0489 0.0111 
Selvagem October 0.0459 0.0480 0.0514 0.0154 
Desertas August 0.0458 0.0471 0.0504 0.0127 
Desertas Nov 0.0444 0.0460 0.0492 0.0144 
Berlengas Sept 0.0422 0.0440 0.0472 0.0127 
Raso June 0.0528 0.0595 0.0644 0.0291 
Galápagos Dec 0.0481 0.0500 0.0535 0.0144 
Galápagos May 0.0479 0.0502 0.0542 0.0173 
Hawaii Sept 0.0595 0.0634 0.0696 0.0235 
Japan Aug 0.0556 0.0580 0.0621 0.0170 
Ascension Nov 0.0599 0.0626 0.0662 0.0177 
Ascension June 0.0584 0.0647 0.0674 0.0296 
St Helena Nov 0.0578 0.0632 0.0661 0.0264 
St Helena June 0.0562 0.0604 0.0634 0.0246 
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TABLE 5.2. Probability for hot season breeding as the ancestral state for each node on Figure 

3. Log Bayes Factor scores are shown, calculated as strength of support for hot season 

breeding as ancestral, apart from for nodes D and G where they are calculated as strength of 

support for cool season breeding as ancestral.  

Node Probability of hot season 
breeding as ancestral 

Log Bayes Factor 

A 0.93 4.84 
B 0.81 4.77 
C 0.76 2.09 
D 0.32 0.50 
E 0.74 3.91 
F 0.88 4.91 
G 0.39 0.47 
H 0.96 6.83 
I 0.60 2.65 
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Figure 5.1. A schematic of three demographic scenarios simulated in fastsimcoal2. Boxes 

indicate populations and arrows indicate gene flow. Scenario A shows divergence between 

two seasonal populations with no gene flow, scenario B shows divergence between two 

seasonal populations with ongoing gene flow, and scenario C shows divergence between two 

seasonal populations with past gene flow, which has since ceased. 
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Figure 5.2. Phylogenetic reconstruction of mitochondrial DNA sequences of the band-

rumped storm-petrel species complex, generated in *BEAST. Posterior probability values are 

given below major nodes, and estimated times to most recent common ancestor are indicated 

above nodes with high support. Letter codes are the breeding colony that the bird was 

sampled, see Table 4.1 for abbreviations. 

 

 

 

 

 

 

 

 

RJA
RN
BRJ
RJU
RA
BXJ
PRJ
SVJ
PRS
SVO
VLS
DSN
BLS
DSA
BXS
AIJ
AIN
SHJ
SHN
GD
GM

JA

~2.4 mya

~2 mya

~1 mya

~1.4 mya

1

0.7

0.9

0.3

0.3

1

1

1

1

1

1

Azores hot

North 
Atlantic

South 
Atlantic

Galapagos

Hawaii
Japan

Cape Verde~89,000 ya

~160,000 ya

~159,000 ya

~126,000 ya

~127,000 ya

HS



 134 

 

Figure 5.3. Ancestral state reconstruction of breeding season within the band-rumped storm-

petrel species complex using BayesTraits. Letter codes are the breeding colony that the bird 

was sampled, see Table 4.1 for abbreviations. Results are shown on a consensus tree output 

from RAxML, although the reconstruction was conducted on a set of 2,000 phylogenies. Pie 

charts give the probability of hot (red) versus cool (blue) season breeding at each node. 

Nodes with a star have a log Bayes factor > 2 for the favoured breeding season.  
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Figure 5.4. Outlier analysis between seasonal populations of band-rumped storm-petrel, 

conducted in Bayescan. Each dot represents a single SNP, with its FST value plotted against 

its log10(qvalue), the posterior odds score used to determine significance. Plot A shows the 

analysis between the Galápagos hot and cool breeders with the outliers circled to the right of 

the line, Plot B shows the analysis between the North Atlantic hot and cool breeders 

(excluding Praia June and Cape Verde), plot C shows the analysis between hot and cool 

breeders in the South Atlantic, and Plot D shows the analysis between hot and cool season 

breeders in the Azores. 
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Chapter 6: General discussion and future research 

 

The study of speciation is key to understanding biodiversity. However, many unanswered 

questions remain, particularly in regards to the frequency of speciation without geographical 

barriers to gene flow, and our understanding of what causes divergence without 

morphological change (Coyne & Orr 2004; Bickford et al. 2007). This thesis addressed 

questions pertaining to these two major themes. I uncovered both geographical and non-

geographical drivers of genetic divergence in two storm-petrel species complexes, and found 

cryptic diversity with important implications for taxonomy and conservation. I also addressed 

broader issues associated with the study of cryptic species formation, particularly allochronic 

divergence, one mechanism able to drive speciation without morphological change. This 

chapter synthesizes each of these points, and then highlights key steps for future research. 

 

Speciation in storm-petrels 

In my thesis, I investigated what factors drove genetic differentiation within both Leach’s and 

band-rumped storm-petrel species complexes (Hydrobates spp. See Figure A1.1 for a 

phylogeny of hydrobatine storm-petrels). Allopatric speciation, or divergence between 

populations that are separated by geographical barriers to gene flow, is thought to be more 

common than speciation without physical barriers (Coyne & Orr 2004). In two reviews of 

speciation in seabirds, land and ice barriers were identified as strong drivers of 

differentiation, due to the inability of seabirds to find food and/or take flight from land 

(Friesen et al. 2007a; Friesen 2015). In 16 species that had distributions containing large 

areas of land or ice, all showed evidence of genetic isolation between ocean basins (Friesen 

2015). In this thesis, I sampled from across the geographic ranges of Leach’s and band-

rumped storm-petrels for the first time. Both species complexes have breeding colonies 
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distributed in the Atlantic and Pacific oceans, and so I hypothesised that land would act as a 

driver of differentiation in both. I found some evidence for this in band-rumped storm-petrels, 

as Pacific and Atlantic colonies were differentiated from one another (chapter 4). However, 

South Atlantic colonies were more closely related to those in the Pacific upon phylogenomic 

reconstruction (chapter 4). Similarly, Atlantic H. l. leucorhoa storm-petrels were only weakly 

differentiated from Pacific H. l. leucorhoa storm-petrels (chapter 3). Much stronger genetic 

structuring is present within ocean basins in both (chapters 3 and 4), indicating that within 

these cryptic storm-petrel species complexes, non-physical barriers may have driven more of 

the genetic differentiation we see across their ranges than physical ones.  

 A number of other potential drivers of differentiation within seabirds have been 

uncovered (Friesen et al. 2007a; Friesen 2015). Differences in ocean regimes could be a key 

factor promoting divergence in both Leach’s and band-rumped storm-petrels. Oceans can 

vary in several attributes, including upwelling, productivity, seasonality, sea surface 

temperature and prey availability (Friesen 2015). Individuals are likely locally adapted to 

foraging in their particular regime, and hybrids and migrants may be less able to successfully 

forage and survive (Friesen 2015). The Galápagos, Cape Verde, and Guadalupe islands are 

all hotspots of endemism, including for seabirds (Friesen 2015; Aguirre-Muñoz et al. 2011, 

AOU Classification Committee 2016), and ocean currents in these areas are hypothesized to 

restrict gene flow between seabird populations on each of these archipelagos and from 

elsewhere (Friesen 2015). The genetic distinctiveness of band-rumped storm-petrels in Cape 

Verde and the Galápagos, and Leach’s storm-petrels in Guadalupe, could therefore be driven, 

at least in part, by ocean regimes.  

 Philopatry also may reduce migration between colonies sufficiently to drive 

differentiation. Seabirds often exhibit strong philopatry, returning to their natal site to breed 

(Friesen 2015). However, Leach’s storm-petrels are not thought to be natally philopatric 
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(O’Dwyer et al. 2008). The level of philopatry is not known for band-rumped storm-petrels, 

although adults appear to nest at the same site each year (Harris 1969; Monteiro & Furness 

1998; Bried & Bolton 2005).  

Differences in non-breeding and foraging distributions are known to drive divergence 

in seabirds as these factors can reduce dispersal between colonies (Friesen et al. 2007a; 

Friesen 2015). For example, black-browed albatrosses (Thalassarche melanophris) on the 

Falkland Islands have different foraging and wintering grounds to the rest of the range, and 

are genetically distinct (Burg & Croxall 2001). Little is known about foraging and non-

breeding distributions in Leach’s or band-rumped storm-petrels, because tracking studies are 

difficult in such small seabirds. The one study that tracked Leach’s storm-petrels only 

recovered 2 out of 21 geolocators, and found the attachment of geolocators to cause chick 

abandonment (Pollet et al. 2014). Some stable isotope work has been undertaken in these 

storm-petrels to gain insights into their foraging ecology and non-breeding distributions. For 

example, Leach’s storm-petrels breeding in Newfoundland, Canada, were studied using 

carbon and nitrogen isotopes, using feathers grown during both the breeding season and non-

breeding seasons (Hedd & Montevecchi 2006). The researchers inferred differences in diet 

and feeding locations between the breeding and non-breeding seasons, finding the storm-

petrels were likely feeding on more crustaceans and moving to tropical waters in the 

wintering period. Similar work on Leach’s storm-petrels in Guadalupe and San Benito in 

comparison to other populations would indicate if birds are feeding in different areas and/or 

diets, which may be contributing to genetic divergence between colonies in that area. 

Carbon and nitrogen stable isotope analysis of feathers grown in the breeding versus 

non-breeding season was used to investigate differences in foraging ecology of the 

allochronic populations of band-rumped storm-petrels in the Azores (Bolton et al. 2008). Hot 

season breeders potentially feed at higher trophic levels, and appear to remain near the 
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Azores year-round. Cool season breeders, however, may be dispersing from the Azores 

during the over-wintering period as they have different carbon isotope signatures in feathers 

grown during the breeding versus non-breeding seasons (Bolton et al. 2008). Similar work is 

needed on birds from throughout their distribution to compare foraging ecology and non-

breeding distributions of birds in different areas as our knowledge about these aspects of their 

ecology is poor. 

Breeding phenology appears to be a key driver of divergence between the Guadalupe 

species of Leach’s storm-petrels (chapter 3), and between multiple seasonal populations of 

the band-rumped storm-petrel (chapter 4), and is discussed in detail below.  Overall, many 

different factors may have contributed to speciation in Leach’s and band-rumped storm-

petrels, and Friesen (2015) found that speciation is more likely in seabirds when two or more 

drivers are involved. In particular, breeding phenology, philopatry and differences in ocean 

regime are likely key drivers of divergence between populations of band-rumped storm-

petrels globally, and breeding phenology, differences in ocean regime and perhaps 

differences in foraging ecology are likely driving the high level of genetic differentiation in 

the Guadalupe and San Benito populations of Leach’s storm-petrels. However, further 

investigation, particularly with tracking and/or stable isotope data, is needed to test this.  

 

Taxonomy and conservation of Leach’s and band-rumped storm-petrels 

Leach’s storm-petrels have recently been split taxonomically due to subtle differences in their 

morphology and vocalisations, and my study confirms the genetic distinctiveness of the 

Guadalupe populations in comparison to all other locations (chapter 3). Within the band-

rumped storm-petrels, high throughout sequencing revealed at least six strongly differentiated 

genetic groups, and seven groups with reciprocal monophyly in both their nuclear and 

mitochondrial DNA (chapter 4). As such, both are cryptic species complexes with subtle 
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differences in morphology throughout their ranges. Multiple conservation organisations are 

interested in resolving the taxonomy of the band-rumped storm-petrel species complex, and 

this thesis was undertaken in collaboration with some of these organisations from around the 

world, including the Royal Society for the Protection of Birds (RSPB), the St. Helena 

Government, the Kaua'i Endangered Seabird Recovery Project (Hawaii), and the University 

of Barcelona. The identification of seven reciprocally monophyletic groups has important 

implications because, aside from Monteiro’s storm-petrel, all other groups are classified and 

assessed on the IUCN Red List as one species. Band-rumped storm-petrels are currently 

listed as Least Concern due to their large range (IUCN 2017), which is likely an 

underestimation of their threat status. If split into different species based upon my results, the 

range sizes will be dramatically reduced and threat statuses may increase, as happened for 

Monteiro’s storm-petrel which is now listed as Vulnerable (IUCN 2017). My results will 

allow my collaborators to move forward and implement conservation strategies able to 

preserve the full genetic diversity of the band-rumped storm-petrel species complex. 

 

Cryptic speciation 

The identification of multiple cryptic species allowed me to gain insights into the process of 

cryptic speciation, the formation of cryptic species. Two major reasons for speciation without 

morphological divergence (therefore leading to cryptic species) were identified in a review 

by Bickford et al. (2006): morphological constraint and non-visual reproductive signals. 

Storm-petrels must fly over large expanses of ocean to find food (Spear & Ainley 1997; 

Hertel & Balance 1999), and therefore morphological adaptations for flight and foraging are 

likely constrained. Storm-petrels are also nocturnal, burrow nesting seabirds, and so use non-

visual reproductive signals to attract mates. Acoustic signals appear to be key for attracting 

mates and maintaining pair bonds (Bretagnolle 1996), and differences in vocalisations have 
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been found between the two Guadalupe species of Leach’s storm-petrel versus all other 

colonies (Ainley 1980; AOU classification committee 2016). Similarly, playback 

experiments undertaken with some populations of band-rumped storm-petrels found that 

Azores hot season birds do not respond to calls from either Azores cool season birds or 

Galápagos hot season birds; the Galápagos hot season birds do not respond to Azores hot or 

cool season breeding birds; and Cape Verde birds do not respond to Azores hot or cool or 

Galápagos hot season breeders (Bolton 2007). Ideally, playback experiments would be 

conducted across their ranges (and breeding times) to test for pre-mating isolation between 

the genetic groups, however such experiments are logistically complex and expensive 

(Bolton 2007). 

 In addition to vocalisations, the importance of olfaction as a non-visual cue for 

species recognition needs to be further explored. Burrow nesting procellariformes have well 

developed olfactory abilities which they use for foraging, homing to their nest sites, mate 

choice and even individual recognition (Grubb 1979; O’Dwyer et al. 2008; Bonadonna 

2009). Olfactory cues are thought to be important for inbreeding avoidance when choosing 

mates (Bonadonna 2009), however it remains untested whether olfactory cues may also act 

for outbreeding avoidance, and as a pre-mating barrier. 

 Testing for reproductive isolation under the biological species concept, for example 

using playback or olfaction choice experiments, is difficult in these remotely located, 

globally widespread storm-petrels. However, not recognising cryptic diversity because of this 

could lead to erroneous management. In the words of Bickford et al. (2006) “implications of 

cryptic species complexes for conservation are sobering”, and one of the key unresolved 

questions they highlighted was “how do different species concepts influence the assessment 

of cryptic speciation?” Numerous species concepts exist in addition to the biological species 

concept (Coyne & Orr 2004), and one outcome of my thesis regarding research into cryptic 
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species is highlighting the potential use of alternative species concepts. Given conservation 

and management implications, but also differences in the taxonomic groups (for example 

asexual vs sexual organisms), other species concepts must sometimes be considered. For 

example, my data were amenable to investigate cryptic species of band-rumped storm-petrels 

under the phylogenetic species concept, which defines a species as a monophyletic group 

based on numerous loci, or more specifically, as a basal group of individuals whose genes 

coalesce more recently with each other than with other individuals (Coyne & Orr 2004). 

Given increasingly available genetic data across taxonomic groups, the phylogenetic species 

concept may be a good alternative to, and easier to implement than, the biological species 

concept in some cases. 

 Another key unresolved question pertaining to cryptic speciation is the identification 

of evolutionary and ecological processes able to lead to genetic divergence and speciation 

without morphological divergence (Bickford et al. 2006). One as yet underappreciated 

mechanism is allochronic divergence, which appears to have led to the formation of cryptic 

species in both Leach’s and band-rumped storm-petrels (chapters 3 and 5), and can lead to 

divergence across many taxonomic groups without morphological divergence (chapter 2). 

However, it is never included as a mechanism of cryptic speciation in reviews on the subject. 

A major contribution of my thesis is the recognition of allochrony as a significant 

evolutionary driver of divergence, particularly in the formation of cryptic species. 

 

Allochrony and speciation 

Given the increasing number of examples of speciation due to differences in reproductive 

time, I decided to compile all studies I could find and consolidate what we know about 

allochrony as a driver of divergence between populations. In my review paper (chapter 2), I 

aimed to glean new insights into allochronic speciation, but also give a framework to guide 
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future research. I investigated (1) examples of true allochronic divergence, i.e. speciation 

resulting initially from temporal separation (Alexander & Bigelow 1960), but also (2) 

examples where allochrony played a role in divergence even if it wasn’t the initial driver. The 

latter includes examples involving a host shift, a few of which have been well studied in 

terms of genomic underpinnings of changes in breeding time. One major outcome of my 

review was the range of taxonomic groups with examples of allochrony contributing to 

divergence, including fungi, plants, insects, corals, fish and birds. In addition, all examples 

appear to have involved little or no morphological divergence between populations, and so 

allochrony is probably an important and yet overlooked mechanism in the creation of cryptic 

diversity across taxa. 

 While researching examples for chapter 2, I found that allochrony can act over three 

different time scales, with individuals breeding at different times of day (daily allochrony), at 

different times of year (seasonal allochrony), or in different years (yearly allochrony). Daily 

allochrony appears least likely to result in speciation, except under certain circumstances 

such as in coral species, where mass spawning occurs and gametes are only present in the 

water column at high enough concentrations for fertilizations for short periods of time 

(Fukami et al. 2003; Levitan et al. 2004). I found more examples of yearly allochrony, some 

of which involve taxa with a strict 2-year life cycle, for example pink salmon (Oncorhynchus 

gorbuscha; Aspinwall 1974) and the white mountain arctic butterfly (Oeneis melissa 

semidea; Gradish et al. 2015). More examples of taxa with strict multiyear life cycles 

undoubtedly exist, a clear avenue for future research.  

 Seasonal allochrony is the most common of the three timescales, and the only one to 

be studied in detail in terms of the genetic underpinnings of phenological shifts. So far, 

genetic study has largely been conducted within insects, however this seems set to change 

with the advent of high-throughput sequencing and the ability to study non-model organisms. 
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For example, a study on Chinook salmon (O. tshawytscha) found multiple loci of both large 

and small effect related to run timing (Brieuc et al. 2015).  Within the next few years, our 

knowledge of genomic mechanisms underlying changes in breeding time, including the exact 

genes involved as well as the role of genomic architecture (e.g. chromosomal 

rearrangements), will vastly improve. 

 Overall, my review paper highlighted four major conclusions regarding allochrony as 

a driver of genetic divergence. The first of these was that the less that breeding time overlaps, 

the more likely full speciation appears to be. This seems intuitive because when breeding 

times do not overlap allochrony acts as a kind of temporal allopatry, whereupon both 

selective and neutral processes could lead to divergence. Allochronic populations of both the 

Leach’s and band-rumped storm-petrels are well separated in time, and did not overlap in 

timing of egg laying, incubation, or chick rearing over many years in the Azores (Bolton et 

al. 2008). Therefore, full speciation may seem more likely in the storm-petrels than in other 

cases where some overlap in the reproductive period exists, for example in Rhagoletis 

pomonella apple and hawthorn host races (Ragland et al. 2012). 

While my review focused on the role of allochrony in sympatric divergence, as is the 

focus of my thesis, my second major conclusion was that allochrony has the potential to at 

least contribute to population divergence in sympatry, parapatry and allopatry, and can also 

facilitate reinforcement following secondary contact. This may seem less intuitive in 

allopatric taxa, however allochrony can reduce the ability of migrants to find mates if they 

move to a population with a different reproductive period, as detailed by Martin et al. (2009) 

in their Asynchrony of Seasons Hypothesis. 

 The third major conclusion, that allochrony can be caused by a variety of 

environmental and evolutionary factors, speaks to the ability of allochrony to be a general 

mechanism of divergence across taxa. I could not uncover one single driver leading to 
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populations shifting their breeding time; rather a multitude of causes came to light, including 

a new mutation leading to the formation of a population with a shifted breeding time in a 

founder event, new ecological opportunities, temporal peaks in available resources, 

competition, and environmental perturbations. In terms of band-rumped storm-petrels, 

Monteiro and Furness (1998) hypothesized that competition for food and/or nest sites would 

drive individuals to breed at a new time, and an interesting avenue for future research would 

be to test whether the locations of seasonal populations of both Leach’s and band-rumped 

storm-petrels relate to available food resources. Not all global populations have developed 

two breeding seasons, and an investigation as to whether the location of allochronic 

populations is linked to areas with multiple seasonal upwellings would be interesting. For 

example, year-round breeding is observed in the Cape Verde population of the band-rumped 

storm-petrel (Deane 2011), and upwelling-favourable winds are strong year-round in the 

North-West African upwelling system (Meunier et al. 2012). 

 The fourth major conclusion was that within insects, mechanisms underlying 

allochrony at different timescales appear to overlap, and the genes involved may be 

physically and not just functionally linked. Circadian genes may be involved in both daily 

and seasonal allochrony, and genomic inversions have been found in the two examples that 

have been studied in the most detail (R. pomonella and Ostrinia nubilalis; Feder et al. 2003; 

Wadsworth et al. 2015). However, clearly much more research is needed to know whether 

these are general conclusions or are specific to insects. For example, six undergraduate 

students have investigated circadian genes and allochrony in the Leach’s and band-rumped 

storm-petrels (four of which I co-supervised). Results from the genes clock, per2 and bmal1 

so far show no relationship with breeding season (unpublished data).  

In R. pomonella, standing genetic variation played a key role in the ability of flies to 

shift their phenology (Egan et al. 2015). However, whether standing variation is involved 
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across examples is unknown. Similarly, the role of plasticity in breeding time is an interesting 

yet unanswered question. Plasticity is thought to play a role in periodical cicada life cycle 

switches (Marshall et al. 2003; Marshall et al. 2011), however the role of plasticity has not 

been investigated thoroughly in any example. These two questions raised by my review 

intrigued me, particularly when I failed to find genetic differentiation between some of the 

seasonal populations of band-rumped storm-petrel, even using genome wide SNP data 

(chapter 4). Are the birds switching breeding season and therefore plastic in their breeding 

time early in speciation? Or does the result simply reflect incomplete lineage sorting? In 

chapter 5 I therefore undertook a more detailed investigation of the evolution of seasonal 

breeding populations in these birds. 

Results of my review suggested three different scenarios that could lead to the 

formation of allochronic populations in the band-rumped storm-petrels (chapter 2): (1) a new 

mutation leading to a founder event, as in the pine processionary moths (Santos et al. 2007); 

(2) standing genetic variation at the population level that becomes favoured under certain 

environmental conditions, such as in host races of Rhagoletis pomonella (Barrett & Schluter 

2008; Egan et al. 2015); (3) individuals switching breeding seasons due to plasticity in 

breeding time. Individuals having the genetic variation for both short (13-year) or long (17-

year) life cycle length, and therefore able to be plastic depending on the environment during 

development, is posited to be involved in the evolution of allochronic populations of 

periodical cicadas (Marshall & Cooley 2000; Marshall et al. 2003; Marshall et al. 2011). In 

chapter 5 I sought to tease apart which of these three events likely led to the formation of 

allochronic populations of band-rumped storm-petrel. My results suggest that a mutation for a 

new breeding time causing a founder event is unlikely, given multiple breeding time switches 

across the phylogeny and no evidence of a recent bottleneck in any population. Given my 
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lack of outliers to test for a role of standing genetic variation, an obvious way forward was to 

test for plasticity in breeding time and migration between seasonal populations. 

The program BAYESASS allows measures of contemporary migration between 

populations, and so was my first choice to investigate plasticity. Results indicated no 

contemporary migration between seasonal populations. However, given the use of few 

individuals per population, and BAYESASS not performing well with higher levels of 

migration (Miermans 2013), an approximate Bayesian computation (ABC) approach seemed 

necessary to strengthen my conclusions. Results provided some support for a model of 

divergence with migration, at least between South Atlantic seasonal populations on 

Ascension Island and St Helena Island, and North Atlantic seasonal populations in Desertas 

and Selvagem (chapter 5). Work to improve my ABC analysis, in particular to run many 

more simulations, is needed before I can draw any strong conclusions. However, a finding of 

migration between seasonal populations and a potential role for plasticity in allochronic 

divergence has important implications. The role of plasticity in ecological speciation is 

unresolved, with some theory pointing towards plasticity hindering divergence (Fitzpatrick 

2012; Schmid & Guillaume 2017), but in some circumstances, such as the colonization of 

new environments, plasticity may aid ecological speciation (Pfennig et al. 2010; Hendry 

2016). Plasticity in breeding time leading to ecological speciation via allochrony could be 

considered a colonization event, but to a new temporal environment rather than a new 

geographic one. This idea has been explored to some degree, for example in the development 

of the theory of isolation and adaptation by time by Hendry and Day (2005). However, much 

more work is needed to understand allochronic speciation as a mechanism of divergence, and 

development of theory explaining the mechanisms underlying the formation of allochronic 

populations is a key part of that. In particular, the role of plasticity and/or standing genetic 

variation in the ability of individuals to change their breeding time not only has implications 
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for understanding allochrony as a mechanism of cryptic speciation, but also is relevant to the 

phenological shifts required under climate change (chapter 2). 

 

High-throughput sequencing, non-model organisms and future directions 

The relatively recent advent of high-throughput sequencing has enabled researchers studying 

non-model organisms to move from targeted gene sequencing and microsatellite analysis to 

genome-wide data (Shafer et al. 2015b). Whole genome sequencing of all the individuals 

needed for my thesis is still prohibitively expensive, and so I opted to use reduced 

representation sequencing to produce SNP data covering approximately 1-2% of the genome, 

still enabling a huge leap forward in the amount of data compared to traditional approaches. 

However, I found that the available software and pipelines for analysis of such a large 

amount of data fell far behind the advancement in data generation. Whilst the STACKS 

pipeline (Catchen et al. 2015) is well developed and easy to use for filtering raw ddRAD 

sequence reads, programmes for further analysis are lacking, and the ones able to handle the 

data are often very slow. Some programmes have been modified to allow the use of SNP 

datasets, for example the SNAPP package for BEAST (Bryant et al. 2012). However, even 

subsampling 2,000 SNPs and three individuals per population to run BEAST on a Linux 

cluster took approximately 1 month to generate a single tree.  

 I also struggled to find programmes able to address demographic history with large 

datasets for chapter 5. The only programme I could find able to measure contemporary 

migration rates was BAYESASS (Wilson & Rannala 2003; modified for large SNP datasets 

at: https://github.com/smussmann82/BayesAss3-SNPs). However, BAYESASS has 

limitations (chapter 5, Meirmans 2013), and so the use of ABC seemed like the best 

approach. ABC is a flexible and powerful tool, and will likely become increasingly used to 
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address questions pertaining to demographic histories of populations (Bertorelle et al. 2010). 

However, new and more efficient analytical pipelines for large genome-wide data are needed. 

 Reduced representation sequencing was ideal to answer questions pertaining to 

cryptic species, using population and phylogenomic analyses. I had the power to resolve the 

evolutionary history of the populations (chapter 4), which has clear conservation applications. 

There is currently a gap between the generation of genomic datasets in non-model organisms 

and their use by conservation managers, however the use of DNA sequencing for taxonomic 

identification is perhaps the easiest application for conservation and is regularly used (Shafer 

et al. 2015b). For applications beyond taxonomic inference, for example looking for adaptive 

genetic variation and demographic inferences, again, the development of pipelines and more 

user-friendly software will be needed (Shafter et al. 2015). For example, even though ABC is 

a powerful tool, it requires time and patience to learn, and Bertorelle et al. (2010) suggest that 

the ‘spread to non-experts might not be rapid’.  

 Moving beyond population and phylogenomic analyses, the use of reduced 

representation sequencing started to hit limitations regardless of the limitations in the 

analytical pipelines. My inability to find outlier loci to test whether populations arose from 

standing genetic variation (chapter 5) highlights this. The search for potentially functional 

variation will require whole genome sequencing, a likely next step in the investigation of 

allochronic divergence in the band-rumped and Leach’s storm-petrels.  

 In addition to searching for DNA sequence variation across the whole genome, 

another avenue to investigate the potential role of plasticity in the evolution of seasonal 

populations is epigenetic variation. Epigenetic mechanisms may aid in the colonisation of 

new environments. For example epigenetic differences in DNA methylation have been found 

between urban and rural populations of two species of Darwin’s Finches (genus Geospiza; 

McNew et al. 2017), and increased epigenetic diversity may have aided house sparrows 
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(Passer domesticus) in their range expansion in Kenya (Liebl et al. 2013). It would be 

intriguing to investigate whether epigenetic differences exist between seasonal populations of 

band-rumped storm-petrel that are not genetically differentiated. 

 Another key next step in the study of allochrony in band-rumped storm-petrels is to 

couple sequence data with ecological data. In particular, tracking and diet analysis (for 

example using stable isotopes) would enable a test of whether foraging ecology during the 

breeding and non-breeding seasons differ between sympatric seasonal populations. I will be 

undertaking a more detailed investigation of the year-round breeding birds in Cape Verde as 

an immediate next step, combining genetic and stable isotope data. I have extracted DNA 

from around 200 birds (which will be sequenced using ddRADseq) sampled from four annual 

time points on the Island of Cima, four annual time points on the Island of Raso, and one 

time point on the islands of Branco, Boavista and Grande. For these same birds, I have done 

carbon and nitrogen stable isotope analysis of blood, first primary (P1) feathers (grown 

during the breeding season), and eighth secondary (S8) feathers (grown during the non-

breeding season). I will test whether birds show isolation by time using the DNA sequences, 

whether they form two genetic groups (as there are two peaks in the number of birds 

breeding, one in the hot and one in the cool season), or whether they are genetically 

undifferentiated and perhaps interbreeding. I will then test whether the genetic pattern is 

reflected in differences in the stable isotope signatures, during both the breeding and non-

breeding seasons. This study will be a detailed investigation into isolation by time, and the 

largest study to date in band-rumped storm-petrels that will combine genetic and ecological 

(stable isotope) data. 

My thesis has major contributions for our understanding of allochronic speciation. I 

hope to have broadened knowledge of allochrony as a contributor to divergence across taxa, 

which should no longer be considered an extremely rare or exceptional driver of speciation. 
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Similarly, allochrony should now be recognised as an evolutionary mechanism leading to the 

formation of cryptic species. My thesis also has major contributions for the taxonomy and 

conservation of both the Leach’s and band-rumped storm-petrel species complexes. 
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Appendix 1. Supplementary information for chapter 1 

 

 

Figure A1.1. Cytochrome b gene tree depicting the phylogenetic relationship between 

species, subspecies and local races of hydrobatine storm-petrels. Posterior 

probabilities above 0.8 are indicated on the tree and a “�” indicates a posterior 

probability of 1.0. All species and subspecies breed in the local hot season except for 

the branches coloured in blue, indicating cool season breeders. Green branches 

represent species breeding north of the equator off the coast of Baja California 

whereas orange branches represent species breeding off the coast of Peru. Taken from 

Wallace et al. (2017). 
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Appendix 2. Supplementary information for chapter 2 

 

TABLE A2.1. List of species with allochronic populations or that have undergone allochronic speciation. Note: this is probably not an 

exhaustive list, but represents examples the authors came across when searching the literature. Some species appear in two time scales. 

Examples highlighted in bold are cases of true or incipient allochronic speciation (and so allochrony was the initial driver of divergence). Those 

examples in italics may also be cases, but further study is needed. 

 
Species Description Point 1: Potential 

incipient species 
or reproductively 
isolated sister 
species?  

Point 2: Allochrony driver of 
reproductive isolation? 

Point 3: Does breeding 
time have a genetic 
basis? Has the 
genomic architecture 
been studied? 

Reference(s) 

Section 1: Daily allochrony 
European corn 
borer moth 
(Ostrinia 
nubilalis) 

The two North American 
strains tested appear to 
breed at different times of 
the night. Based on a single, 
rather an old study so 
further investigation would 
be beneficial. 

Incipient species Allochrony clearly not sole 
driver (so not strict allochronic 
speciation) as pheromones play a 
strong role. Also show seasonal 
allochrony (see below) 

Unknown for daily 
allochrony (but see 
below for seasonal 

allochrony).  

Liebherr & 
Roelofs (1975) 

Fall Armyworm 
(Spodoptera 
frugiperda) 

The two strains appear to 
breed at different times of 
night, at least in the U.S.  

Incipient species The importance of allochronic 
differences is unclear. 
Allochrony does seem to 

Timing of breeding is 
heritable and therefore 
genetically controlled. 

Schöfl et al. 
(2009); Schöfl 
et al. (2011) 
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This is a phytophageous 
example involving two 
strains on different hosts, 
one on corn and one on rice. 

contribute in the U.S. (but does 
not seem to in Colombia). 
However there are clearly other 
isolating mechanisms e.g. 
pheromone differences, and 
there has been a host shift so not 
true allochronic speciation. 

Genomic architecture is 
not completely known 
though [2] did start to 

elucidate this.  

and 
Saldamando-
Benjumea et 
al. (2014) for 
the Colombia 

population 
 

Mosquito 
(Anopheles 
gambiae and A. 
coluzzii) 

Slight time difference in 
swarm formation after 
sunset. Though there is a 
large overlap in overall 
swarming over the night, the 
difference in initiation time 
of the swarm may promote 
single species swarms.  

Reproductively 
isolated species, 
certainly sister 
taxa, only recently 
described as 
separate species 

Clearly a lot of factors involved 
here (e.g. possible 
microallopatry). Also, 
allochrony may be due to 
reinforcement rather than having 
caused initial speciation. 

Mating rhythms under 
control of circadian 

clock but exact genes 
unknown.  

Rund et al. 
(2012); 

Sawadogo et 
al. (2013) 

Bactrocera 
tryoni and B. 
neohumeralis 

Two species able to 
hybridize in the lab but do 
not in the wild. B. tryoni 
mates at dusk and B. 
neohumeralis mates during 
the day 

Reproductively 
isolated species. 
Whether they are 
sister species is 
not actually tested 
explicitly by the 
authors (perhaps 
this is already 
known to be the 
case). Likely as 
they are extremely 
genetically similar 
and can readily 
hybridise in the 

Not extensively explored, likely 
prevents interbreeding in the 
wild and it could have been the 
driving force in speciation but it 
is possible that allochrony is 
secondary reinforcement. 

Breeding time is 
heritable, though the 

actual genomic 
architecture is 

unknown. 

Pike et al. 
(2003) 
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lab. 
Anastrepha 
bistrigata and A. 
striata 

The two species are 
prezygotically isolated, with 
mating activity concentrated 
in the afternoon for A. 
striata and the morning for 
A. bistrigata 

Reproductively 
isolated species.  
Described as 
‘closely related 
species’. Exact 
phylogeny of 
genus not 
shown/known. 

The authors suggest allochrony 
is important for reproductive 
isolation, however this could 
well be reinforcement. They 
have differences in courtship 
behaviour that also may cause 
isolation. 

Unknown. Selivon & 
Morgante 

(1997) 

Rice stem borer 
(Chilo 
suppressalis) 

Two host strains with 
different timing of mating 
over the night, though with 
large overlap. This is a 
phytophageous example so 
involving two host plants, 
rice and wateroat.  

Incipient species Possibly a little, along side other 
factors (such as seasonal 
allochrony, see below).  Also not 
true allochronic speciation as 
involved a host shift. These 
strains are probably early in 
divergence, genetic study is 
needed. 

Unknown.  Ueno et al. 
(2006) 

Many species of 
skipper 
(Lepidoptera: 
Hesperiidae) 

A survey of over 400 
species in Brazil finding 
significant temporal 
structure among species, 
suggesting it to be a 
prezygotic isolating barrier 
to some species pairs. 

Reproductively 
isolated species 

It is interesting that the survey 
revealed such temporal structure. 
Further study is needed to 
determine the likelihood that 
allochrony led to reproductive 
isolation in initial speciation.  

Unknown. Devries et al. 
(2008) 

Acropora spp. of 
coral 

Phylogenetic study of 
Japanese corals revealed 
genetic sub-groups by 
spawning time.  

Reproductively 
isolated species.  A 
phylogenetic 
analysis shows the 
relationships 

Yes allochrony very likely led to, 
or at least facilitated speciation 
in these corals. It does seem like 
some cases could potentially be 
true allochronic speciation, 

Spawning time appears 
to be controlled 

genetically, but the 
genomic architecture is 

unknown. 

Fukami et al. 
(2003) 
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among the early 
and late spawners 
(and that they are 
grouped by 
spawning time). 

although reinforcement has not 
been ruled out entirely. More 
study needed, as other isolating 
mechanisms are not really 
discussed. 

Coral species 
(Montastraea 
annularis, M. 
faveolata, and 
M. franksi) 

Spawning time differences 
offset from one another. 

Reproductively 
isolated species. 
Likely sister taxa 
as only recently 
split into three 
species. 

Often cited as a key example of 
daily allochrony. Could be an 
example of true allochronic 
speciation, particularly between 
M. annularis and M. franksi 
which otherwise are cross 
compatible in the lab. Difficult 
to rule out this was 
reinforcement entirely though as 
other differences exist. Either 
way it is likely allochrony led to, 
or facilitated reproductive 
isolation in these corals. 

Not known, control 
thought to be at least 
partially genetic but 
genomic architecture 

unknown.  

Knowlton et al. 
(1997) 

Also see 
Tomaiuolo et 

al. (2007) for a 
theoretical 

framework of 
daily 

allochrony 
leading to 

reproductive 
isolation 

(modeled using 
parameters 

from 
Montastraea 
annularis) 

Schistosoma 
mansoni 

Parasitic S. mansoni 
underwent host shift from 
humans to rats. Because of 
transfer to nocturnal species, 
timing of cercarial 
emergence shifted. 

Incipient species Both the host switch and timing 
important barriers to gene flow 
(so not true allochronic 
speciation but allochrony clearly 
important). 

 Seems to be heritable 
so based on genetic 

differences (F1 hybrids 
have intermediate 
timing of cercarial 
emergence). Exact 

genomic architecture 

Theron & 
Combes (1995) 
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unknown though.  
Section 2a: Seasonal allochrony without a host shift 

Sockeye salmon 
(Oncorhynchus 
nerka) 

Within each year Sockeye 
salmon often have ‘early’ 
and ‘late’ breeding runs, 
which are more genetically 
differentiated than fish 
breeding in the same run in 
different years. Also show 
adaptation by time in 
reproductive lifespan, with 
early breeders having a 
longer reproductive lifespan 
due to the need for nest 
defense against late run 
fish. 

Incipient species Yes allochrony seems key here, 
could indeed be true incipient 
allochronic speciation. 

Breeding times in 
salmon are known to be 

highly heritable. 
Genomic architecture 

unknown in this species. 

Hendry et al. 
(1999); 

Fillatre et al. 
(2003); 

Hendry et al. 
(2004) 

 

Chinook salmon 
(Oncorhynchus 
tshawytscha) 

Chinook salmon show 
variation in run time 
throughout their range, 
which appears to be highly 
heritable (as with other 
salmon). 

Incipient species The importance of allochrony 
compared to other factors has 
not been directly assessed. Very 
likely an important factor in 
genetic differentiation between 
different run times (in some 
cases there are certainly other 
contributing factors, e.g. having 
colonized from different 
refugia). 

Breeding time is highly 
heritable and work has 

begun to understand the 
genomic architecture of 

the trait, finding (for 
example) genes of both 
large and small effect to 

contribute (see 
reference [19] and main 

text).  

Quinn et al. 
(2000); Brieuc 
et al. (2015) 

Pink salmon 
(Oncorhynchus 
gorbuscha) 

Pink salmon can have 
‘early’ and ‘late’ runs as 
well, which again is highly 

Incipient species Certainly important for genetic 
differentiation between runs, 
possibly alongside small spatial 

Breeding time highly 
heritable, genomic 

architecture unknown. 

Smoker et al. 
(1998); 

Gharrett et al. 
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heritable.  differences in spawning site.  
Assessment of the effect size of 
allochrony vs microallopatry is 
needed. However most research 
on allochrony in pink salmon 
focuses on the yearly cohorts 
(see below). 

(2001) 

Lake whitefish 
(Coregonus 
culpeaformis) 

Kirkpatrick and Selander 
(1979) suggested the 'dwarf' 
and 'normal' forms of this 
fish are actually different 
species, and noted a 
difference in spawning time 
of three weeks. 

Probably 
reproductively 
isolated species 

No, more recent literature 
suggests they initially diverged 
in refugia in allopatry 

Unknown. Kirkpatrick & 
Selander 

(1979); Rogers 
et al. (2007) 

Pine 
processionary 
moth 
(Thaumetopoea 
pityocampa) 

A population of pine 
processionary moths with 
summer larval 
development, as well as 
the population with winter 
larval development, was 
found. They are 
genetically differentiated 
at microsatellite loci and 
there is evidence of 
adaptation by time in the 
two populations. 

Incipient species Yes, this seems to be a case of 
incipient true allochronic 
speciation. 

Neat study 
demonstrated the high 

heritability of 
reproductive time, 

and that hybrids had 
an intermediate 
emergence time, 

indicating a form of 
co-dominance in the 

genes controlling 
emergence. The exact 
genes responsible are 
currently unknown. 

Pimentel et al. 
(2006); Santos 
et al. (2007); 
Santos et al. 

(2011); Santos 
et al. (2013); 
Branco et al. 

(2016) 
 

Japanese winter 
geometrid moth 

Genetically differentiated 
‘early’ and ‘late’ winter 

Incipient species Yes this is likely a case of true 
incipient allochronic 

Unknown. It is likely 
heritable given the 

Yamamoto & 
Sota (2009); 
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(Inurois 
punctigera) 

breeding populations have 
developed multiple times 
independently in areas 
where harsh mid-winter 
temperatures prevent 
breeding at this time.  

speciation. genetic differentiation, 
however this is not 

known for sure. 
Genomic architecture 

unknown. 

Yamamoto & 
Sota (2012) 

Also see 
Yamamoto et 
al. (2016) for 
evidence of 

multiple 
allochronic 

splitting 
events within 

the genus. 
Gall forming 
aphids 
(Pemphigus 
populi-
transversus and 
P. 
obesinymphae) 

A highly cited example, P. 
populi-transversus and P. 
obesinymphae utilize 
different leaves on the 
same plant host for sexual 
reproduction. P. populi-
transversus forms galls on 
leaves appearing in early 
spring, whereas P. 
obesinymphae forms galls 
on later appearing 
summer leaves. They are 
monophyletic and highly 
divergent genetically.  

Reproductively 
isolated species. 
Certainly sister 
taxa as 
phylogenetic 
study found them 
to be 
monophyletic 
species 

Very likely that allochrony 
caused reproductive isolation.  
There is some uncertainty as 
to whether this was 
allochronic speciation vs 
allopatric speciation (as P. 
obesinymphae has a second 
host plant). However, the 
authors do evaluate the 
scenarios and speculate 
allochronic speciation to be the 
most likely and parsimonious 
explanation here. 

Unknown. Abbot & 
Withgott 

(2004) 

European corn 
borer moth 
(Ostrinia 
nubilalis) 

Complicated situation with 
different types of 
allochrony. There is 
evidence for daily 

Incipient species Likely contributes, but multiple 
barriers are involved here, most 
importantly differences in 
pheromones (E and Z strains).  

Some understanding of 
the genetic mechanisms 
involved here (see text). 

Clearly has a genetic 

Thomas et al. 
(2003); 

Dopman et al. 
(2010); 
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allochrony (above) and in 
Europe there is evidence of 
two host plants with 
differences in emergence 
time (similar to Rhagoletis). 
In North America, temporal 
separation is related to 
voltinism, or the number of 
generations per year with 
sympatric univoltine Z and 
bivoltine E strains that are 
temporally separated. 

basis (e.g. the genes in 
the inversion on the Z 

chromosome 
controlling post 

diapause development 
and pheromones). 

Lassance et al. 
(2010); 

Wadsworth et 
al. (2015) 

 

Stem galling 
midges 
(Asphondylia 
spp.) 

Multiple different 
Asphondylia species on the 
same host (Larrea 
tridentata), mainly using 
different parts of the 
plant. One clade has three 
species that are temporally 
separated and all using the 
stem: A. resinosa emerge 
in winter, A. foliosa in 
spring, and A. auripila in 
summer. 

Reproductively 
isolated species. 
Shown to be 
sister taxa as the 
species colonizing 
the focal host 
plant were 
monophyletic, 
and the three 
stem infecting 
species that are 
temporally 
separated form a 
monophyletic 
clade within this. 

Yes this appears to be a case of 
true allochronic speciation, at 
least between the three stem 
infecting species. 

Unknown. 
 

Joy & Crespi 
(2007) 

Ixodid ticks 
(Dermacentor 

A survey of many tick 
species found allochrony 

Reproductively 
isolated species. 

Possibly, the author suggests 
allochrony may have played a 

Unknown. Hornok (2009) 
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and 
Haemaphysalis 
spp.) 

between peak activity of the 
two Dermacentor spp. 
(spring vs. autumn) and 
three Haemaphysalis spp. 
(early spring, late spring and 
late autumn), which occur in 
sympatry. 

Not clear if they 
are sister species, 
authors do not use 
genetic study or 
present a 
phylogeny. 
Perhaps they are 
known to be sister 
species. 

role in the diversification of 
these species. Secondary 
reinforcement needs ruling out 
though. 

Field crickets 
(Acheta 
pennsylvanicus 
and A. veletis, 
now in the genus 
Gryllus) 

Alexander and Bigelow are 
often cited as first 
describing allochronic 
speciation. They named 
these field crickets as two 
distinct species due to the 
fact that one matures in 
spring and the other in late 
summer. 

Reproductively 
isolated species, 
however were to 
not be sister 
species. 

No, later genetic work showed 
these not to be sister species. 

Unknown. Alexander & 
Bigelow 
(1960); 

Harrison et al. 
(1995) 

 

Scolioneura 
betuleti and S. 
vicina 

They share the same host 
plants (though S. betuleti 
has an extra host plant).  S. 
vicina is a spring flyer 
whereas  S. betuleti is an 
autumn flyer. They are 
certainly sister taxa, but are 
very similar 
morphologically and 
genetically so their status as 
different species has been 

Reproductively 
isolated species?  
Phylogenetics 
shows them to be 
sister taxa (in fact 
they are mixed on 
the tree as one 
group). 

Unknown as they are not very 
divergent and so possibly still 
the same species, this could be 
due to gene flow (though they 
may just be at an early stage of 
divergence).  As S. betuleti has 
an extra host plant allopatric 
divergence would have to be 
ruled out. 

Unknown, there could 
be gene flow as they 

really don’t differ 
genetically (and so this 

could be plastic). 
However they could 
also just be recently 
diverged so further 

study is needed. 
Genomic architecture 

unknown. 

MacQuarrie et 
al. (2007); 

Leppänen et al. 
(2012) 
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questioned. 
Tiger 
swallowtail 
butterflies 
(Papilio 
canadensis and 
P. glaucus) 

An allochronic population 
has formed through 
hybridization of these two 
species. Flight time in the 
hybrid population is later 
than in both the univoltine 
P. canadensis and the first 
generation of the bivoltine 
P. glaucus with the result 
that they are temporally 
separated. 

Incipient species This population is clearly 
created through hybridization of 
two other species. However, 
allochrony could facilitate the 
persistence of this population as 
its own entity. 

Likely not plastic. 
Some genomic 

architecture is known 
here, for example the 

possible involvement of 
the period gene and 
genes involved with 

diapause development 
on the Z (sex) 
chromosome. 

Ording et al. 
(2010); Scriber 

(2011) 
 

Sunflower 
maggot (Strauzia 
longipennis) 

Three genetically 
differentiated varieties exist 
on the same host plant. 
These have at least partial 
allochronic separation with 
one emerging in early 
summer, one in mid-
summer and one in late 
summer. 

Incipient species Authors directly assess the 
strength of allochrony as a 
barrier as compared to pre-
copulatory sexual isolation using 
both lab and field experiments. 
The three varieties do overlap in 
eclosion times, just with 
different proportions occurring 
at different times. These flies are 
likely early in divergence, so 
perhaps allochrony will increase. 
However allochrony is certainly 
not the only barrier and the 
authors could not rule out 
allopatric divergence and 
secondary contact.  

Unknown. Forbes et al. 
(2013); Hippee 

et al. (2016) 

Galling aphid Budburst time of the host Incipient species As the aphids may not switch Timing was shown to Komatsu & 
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(Kaltenbachiella 
japonica) 

plant varies between 
individual Japanese elm 
(Ulmus davidiana var. 
japonica), which seems to 
be consistent within 
individuals (at least in the 
two years studied) and the 
aphid hatching time was 
correlated with host plant 
(when kept in the same 
temperature conditions). 

trees, this may be essentially 
allopatric divergence with the 
allochrony being a kind of ‘local 
adaptation’. This would need to 
be investigated. However 
allochrony may indeed be what 
prevents gene flow. 

be heritable. Genomic 
architecture unknown. 

Akimoto 
(1995) 

Cicadas 
(Tibicina spp.) 

A study of cicada species in 
France found that some 
species with overlapping 
distributions and similar 
habitat preferences appeared 
to be allochronic (T. 
garricola and T. 
quadrisignata; T. c. 
fairmairei and T. 
tomentosa).  

Reproductively 
isolated species. 
Not clear if they 
are sister taxa, 
species studied 
were in the same 
genus but may not 
be sister species. 

Not really assessed in terms of a 
mechanism of divergence. 
Likely is what allows them to 
persist in the same environment 
but the species are not sympatric 
over their whole range and T. c. 
fairmairei and T. tomentosa 
were not studied in allopatry.  
Could just be reinforcement. 

Unknown.  Sueur & 
Puissant 
(2002) 

Chironomus 
nuditarsis 

There seems to be 
allochrony in life cycle at 
different elevations. 

Incipient species Not really assessed or clear. 
These populations are parapatric, 
with allochrony possibly being 
caused by different temperatures 
at different elevations. 
Allochrony could potentially 
prevent gene flow. 

Unknown. Polukonova & 
Karmokov 

(2013) 

Acropora Author found two Probably Yes, allochrony would appear Spawning time is Rosser (2015) 
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samoensis populations in Western 
Australia, one that spawns 
in spring and one in 
autumn. They are 
sympatric and 
morphologically very 
similar, however a high 
level of genetic 
differentiation was found 
between the two 
suggesting the populations 
are actually cryptic 
species. 

reproductively 
isolated species 

to be the driving force in 
divergence given their 
sympatry. There is no 
temporal overlap at all in 
spawning time. 

heritable. Genomic 
architecture largely 
unknown, although 

the PaxC gene may be 
involved. 

Also see 
Rosser (2016) 

Daphnia 
(Daphnia pulex 
and D. pulicaria) 

These two species are not 
completely isolated and so 
have some hybridization in 
nature and don’t seem to be 
very genetically 
differentiated. Authors 
suggest that differences in 
timing of sexual 
reproduction due to 
different response to 
photoperiod serves as a 
premating isolating 
mechanism. 

Reproductively 
isolated species? 

The author seems to suggest 
allochrony as a possibility. 
However, they have clear 
microhabitat differences. The 
authors only tested populations 
in different water bodies so this 
needs to be tested in co-
occurring populations. The 
evidence so far unconvincing. 

Unknown, they are 
suggested to have 

different photoperiodic 
responses, could be 

controlled genetically 
but evidence of 

hybrization so could be 
plastic. 

Deng (1997) 

Green algae 
(Bryopsidales 
spp.) 

Study investigating sexual 
reproduction in many 
species found that more 

Reproductively 
isolated species.  
Paper just says 

Possibly, allochrony could have 
contributed to speciation in this 
group (as the authors suggest), 

Probably an 
environmental trigger 

causing them to switch 

Clifton & 
Clifton (1999) 
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closely related species 
released gametes at different 
times.  

that ‘more closely 
related species 
release gametes at 
different times’ so 
phylogenetic 
relationships 
amongst the 
species is not 
entirely clear. 

however it could be 
reinforcement. 

to sexual reproduction. 
This seems to differ 

between species though 
so response to 

environment could be 
genetically controlled. 

Limpets (Cellana 
spp.) 

Three species of limpet (C. 
exarata, C. sandwicensis 
and C. talcosa) appear to 
have sympatrically 
speciated on rocky shores. 
They inhabit different 
depths so are technically 
parapatric, but are found 
within centimetres of each 
other.  

Reproductively 
isolated species.  
Phylogenetics 
shows they are 
certainly sister 
taxa. 

Yes likely contributed. The 
species seem to have different 
cues as to when to spawn (such 
as water level) which leads to 
allochrony. This, alongside 
parapatry, likely caused 
speciation.  Allopatric 
speciation has not been fully 
ruled out in this case (though 
does seem less likely). 

Unknown. Bird et al. 
(2011) 

57 new world 
bird species 

Tested the Asynchrony of 
Seasons Hypothesis and 
found increased spatial 
asynchrony in precipitation 
to be related to increased 
genetic distance between 
populations (after 
accounting for geographic 
and ecological distances). 

Incipient species Yes, the populations are in 
allopatry, but migration (and 
therefore gene flow) is 
theoretically being prevented by 
asynchronous breeding (and 
therefore allochrony). 

Unknown. Quintero et al. 
(2014) 

Also see 
Martin et al. 
(2009) for 

description of 
Asynchrony of 

Seasons 
Hypothesis 

Band-rumped These storm petrels have Reproductively Yes. Allochrony appears to be Unknown. Monteiro & 
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storm-petrel 
species complex 
(Hydrobates 
spp.) and 
Leach’s storm-
petrels (H. 
leucorhoa) 

sympatric breeding 
populations in both the 
‘hot’ and ‘cool’ seasons, 
which have arisen 
independently perhaps as 
many as 5 times 
throughout their range. In 
the Azores, the seasonal 
populations are 
reproductively isolated 
species, on other 
archipelagoes they are at 
an earlier stage of 
divergence. 

isolated species 
and incipient 
species.  
Phylogenetic 
study has 
demonstrated 
multiple 
examples of sister 
populations with 
different 
breeding times. 

the primary, but possibly not 
sole, driver of divergence. 

Furness 
(1998); 

Friesen et al. 
(2007); Bolton 

et al. (2008) 
Also see Spear 

& Ainley 
(2007) which 
mentions the 
possibility of 
aseasonal or 
biseasonal 
breeding in 
other storm-
petrel species 

Slate-colored 
dark-eyed juncos 
(Junco hyemalis 
hyemalis and J. 
h. carolinensis) 

These subspecies are 
seasonally sympatric, 
feeding together for 6 
months of the year. J. h. 
hyemalis then migrates to a 
different area to breed. This 
study used a common 
garden experiment to 
demonstrate that the 
subspecies have differential 
responses to photoperiodic 
cues, which causes 
allochrony in the 
development of 

Incipient species 
(subspecies) 

Not directly assessed. The two 
are already different subspecies, 
and only have this sympatry in 
feeding grounds in part of the 
wintering range of J. h. 
hyemalis. Allochrony likely does 
prevent interbreeding between 
the subspecies though. 

Unknown, they respond 
differently to 

photoperiodic cues, 
which could be genetic. 

Fudickar et al. 
(2016) 
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reproductive traits (e.g. the 
non-migrating J. h. 
carolinensis having earlier 
gonadal development). This 
is suggested to prevent 
interbreeding between the 
two. 

Blackcap (Sylvia 
atricapilla) 

Some blackcaps breeding in 
Germany have started over-
wintering in Britain and 
Ireland, whereas the rest of 
the population overwinters 
in Iberia. The birds appear 
to mate assortatively by 
overwintering ground (even 
though they breed in 
sympatry), which is said to 
be because the birds 
overwintering in Britain and 
Ireland arrive at breeding 
grounds earlier. They are 
weakly genetically 
differentiated. 

Incipient species Different authors appear to 
disagree about the importance of 
allochrony in preventing 
interbreeding. Probably an 
important driving force in 
divergence, alongside other 
factors (e.g. different selective 
pressures in overwintering 
grounds, microhabitat 
differences). 

Seems to be heritable as 
hybrids were shown to 
inherit an intermediate 
route (at least in one 

study). Genomic 
architecture unknown. 

Bearhop et al. 
(2005); 

Rolshausen et 
al. (2009); 

Rolshausen et 
al. (2010); 

Hermes et al. 
(2015) 

American 
Kestrel (Falco 
sparverius) 

A population of American 
kestrels in Idaho has some 
individuals remaining 
resident all year round, and 
some that migrate for the 
winter. Residents nest 

Incipient species Authors think the differences in 
phenology cause assortative 
mating. However assortative 
mating isn’t perfect and there 
may be gene flow. It needs to be 
determined if birds switch 

Unknown, may be 
plastic as they may 
switch strategies. 

Genomic architecture 
unknown. 

Anderson et al. 
(2016) 
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earlier, which appeared to 
create assortative mating 
between residents and 
migrants. There was no 
genetic differentiation, 
however, suggesting some 
gene flow, or that this 
assortative mating is very 
recent. 

strategy creating gene flow, 
which would prevent allochrony 
from leading to speciation. 

Both Agrostis 
tenuis and 
Anthoxanthum 
odoratum 

Both of these species were 
studied in neighbouring 
mine and pasture 
populations. In both species, 
mine populations flowered 
about a week earlier, which 
appears to be genetically 
determined. 

Incipient species Yes it is likely. The difference in 
flowering time is probably a 
combination of ecological 
factors and reinforcement to 
reduce gene flow; probably 
because hybrids are less fit and 
so there is selection against 
them. Allochrony probably 
causes divergence (although the 
populations are parapatric, there 
is no geographical barrier to 
gene flow).  However there is 
still a large overlap in flowering 
time. 

Flowering time seems 
to be genetically 

determined. Genomic 
architecture unknown.  

McNeilly & 
Antonovics 

(1968) 

Soft rush 
(Juncus effusus) 

Two highly genetically 
differentiated populations 
are found in sympatry, 
being described as 
morphologically cryptic but 
with different flowering 

Probably  
reproductively 
isolated species 

Possibly. The authors do suggest 
that divergence actually 
occurred in allopatry and this is 
a case of reinforcement in 
secondary contact though. More 
study needed. 

Unknown. Michalski & 
Durka (2015) 
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times preventing 
hybridization. 

Milicia excelsa An isolation by time 
structure was found in a 
population of this tree 
species in Cameroon. 
Flowering time was 
consistent between years for 
individual trees suggesting 
flowering time is genetically 
controlled.  

Incipient species Heritable differences in 
flowering time is clearly leading 
to isolation by time genetic 
structure. However whether this 
would ever lead to genetic 
divergence is unclear. The 
population will likely persist as 
it is, akin to populations 
demonstrating isolation by 
distance. 

Seems to be at least 
partly heritable, and 

individuals had 
consistent flowering 
times between years. 
Genomic architecture 

unknown. 

Daïnou et al. 
(2012) 

Cordia spp. Some Cordia species have 
very discordant flowering 
times. 

Reproductively 
isolated species, 
however not clear 
if they are sister 
species 

Possibly, however it is not clear 
if this was involved in the initial 
speciation or is reinforcement.  

Unknown. Opler et al. 
(1975) 

Willows (Salix 
spp.) 

Study demonstrated that 
seven sympatric willow 
species in Canada comprise 
two flowering groups, with 
four species flowering early 
and the other three 
flowering later. This was 
consistent over the three 
year study period. 

Reproductively 
isolated species.  
The relationships 
among the seven 
species are not 
clear, however. 

Authors suggest it is an 
important premating barrier, and 
two species with different 
flowering times hybridize in the 
lab but have no hybrids in the 
wild. However could clearly be 
reinforcement after secondary 
contact. 

States that ‘each species 
reacts in a definite and 

constant way to a 
certain thermal regime’ 

so likely genetically 
controlled (also some 

hybrids had 
intermediate flowering 

times). Genomic 
architecture unknown. 

Mosseler & 
Papadopol 

(1989) 

Meconopsis 
autumnalis and 

These species are sympatric 
in a least part of their range, 

Reproductively 
isolated species. 

Possibly (the author suggests 
so).  Because they have already 

Unknown. Egan (2011) 
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M. paniculata and the later flowering time 
of M. autumnalis was 
suggested to have caused 
speciation between the two. 
They are said to be 
genetically very close 
(although the results for this 
were not shown).  

Potentially sister 
species but genetic 
data not shown. 

speciated whether this temporal 
separation is actually 
reinforcement is unknown. 

Palm species 
(Howea 
belmoreana and 
H. forsteriana) 

These species are sympatric 
on Lord Howe Island. They 
occur on different types of 
soil (differing in pH) and 
have significantly different 
flowering times. 

Reproductively 
isolated species. A 
dated phylogenetic 
tree was used to 
show that they are 
sister species. 

Probably contributed. The 
authors discuss the possibility 
that either flowering time 
diverged after speciation (and so 
would not be true allochrony), 
or that genes adapting the palms 
to different soil type were linked 
to flowering phenology (and so 
would be allochrony at initial 
divergence). They do not discuss 
the possibility that differences in 
flowering time arose to prevent 
hybridization as hybrids may not 
be as well adapted to soil type, 
which would also be allochrony 
contributing to speciation. 
Further study needed. 

Flowering time 
heritable, genomic 

architecture unknown.  

Savolainen et 
al. (2006) 

Cultivated 
soybean 
(Glycine max) 
and wild 

Temporal isolation has been 
suggested as a way of 
reducing gene flow between 
crops and their wild 

Preventing 
hybridization 

Yes allochrony apparently could 
be used to prevent hybridization. 

Unknown (though 
flowering time likely 

heritable). 

Ohigashi et al. 
(2014) 



! 196!

soybean (G. 
soja) 

relatives. The authors 
proposed the use of a 
flowering similarity index, 
which was found to strongly 
predict levels of 
hybridization. In 
experiments using wild 
soybean and cultivated 
soybean, flowering 
asynchrony reduced 
hybridization, 
demonstrating how 
allochrony can reduce gene 
flow, and could be actively 
used to prevent the 
introduction of genes to 
wild plant species, 
particularly with respect to 
genetically modified crops 

Marsupial 
species 
(Antechinus 
spp.) 

A study investigating timing 
of reproduction as a 
response to photoperiodic 
cues found that some 
sympatric species pairs 
breed at different times (as 
they have different 
responses to photoperiod). 

Reproductively 
isolated species. 
Seemed to 
investigate all 
species in the 
genus and groups 
of ‘complexes’ 
within this genus. 

The authors suggest that this 
difference in responses to 
photoperiod  ‘facilitates 
allochronic isolation’ between 
the species pairs. However most 
of the species are not sympatric 
over all of their ranges and 
allochrony could be 
reinforcement after speciation. 

Authors suggest that 
response to photoperiod 

may have some 
plasticity. 

McAllan et al. 
(2006) 

Erysiphe necator A study investigating E. Incipient species Potentially. Evidence of some Unknown. Montarry et al. 
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necator infecting a single 
host, Vitis vinifera, reported 
that the presence of two 
distinct genetic groups (A 
and B) could not be 
explained by spatial 
distribution, but was likely 
due to temporal differences 
in host infection.  

recombination was found 
between groups, and the 
possibility of some post-zygotic 
isolation, but the pre-zygotic 
isolation due to allochronic 
separation seems key in at least 
maintaining the two genetic 
groups. However, the origin of 
these groups is not clear. 

(2009) 

Section 2b: Seasonal allochrony with a host shift 
Apple maggot 
fly (Rhagoletis 
pomonella) 

Phytophageous insect 
example involving a host 
switch from hawthorn to 
apple. Emergence time 
shifted to match host plant 
phenology minimizing 
overlap in flight time 
between the two races. 

Incipient species Authors don’t explicitly assess 
the effect size of allochrony in 
divergence. Likely a key 
contributor alongside host plant 
fidelity (e.g. preference for host 
fruit volatiles; see Box 1 for full 
discussion). 

It is heritable and some 
understanding of the 
genomic architecture 
has begun (see main 

text). 

Feder et al. 
(1994); Feder 
et al. (1997); 
Egan et al. 

(2015) 
Also see 

Powell et al. 
(2014) for 

examples of 
Rhagoletis host 
races on other 
host plants in 

the genus 
Crataegus 

Diachasma 
alloeum, Utetes 
canaliculatus 
and 
Diachasmimorp

A specialist parasitoid wasp, 
Diachasma alloeum has 
formed incipient species on 
different host races in the R. 
pomonella complex. This 

Incipient species Yes along with other factors 
(e.g. fruit volatile preference). 

Unknown. Forbes et al. 
(2009); Hood 
et al. (2015) 
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ha mellea, cospeciation is thought to be 
caused by the same factors, 
preference for fruit volatiles 
and differences in eclosion 
time. A relationship 
between microsatellite loci 
and eclosion time was 
found. Further study also 
found sequential divergence 
of two other parasitoids, 
Utetes canaliculatus and 
Diachasmimorpha mellea, 
on members of the 
Rhagoletis species complex 
in a similar way (although 
D. mellea did not have a 
relationship between 
microsatellite loci and 
eclosion time). 

Blueberry 
maggot 
(Rhagoletis 
mendax) 

A population with a late 
flight period, August-
September, was found in 
commercial fields (wild 
populations have a flight 
period June-early August). 
Allozyme results suggest 
that the late flight period is 
due to founder event 
followed by genetic drift. 

Incipient species The authors do discuss the 
importance of phenology vs the 
distance between the wild and 
commercial fields. They believe 
that it is the timing difference 
reducing gene flow (and 
therefore causing divergence) 
and this seems likely. Results 
suggest blueberry maggot has a 
high level of plasticity in flight 

Seems to be plastic 
here. Genomic 

architecture unknown 
but could be similar to 
that in R. pomonella. 

Teixeira & 
Polavarapu 

(2003) 
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period, however. 
Gallmaking fly 
(Eurosta 
solidaginis) 

Host races have formed on 
two species of goldenrod 
(Solidago altissima and S. 
gigantea). The host race on 
S. gigantea emerges 10 to 
14 days earlier creating 
temporal separation. 
Interestingly, this time 
difference does not seem to 
be due to host phenology (as 
it was found that the optimal 
emergence time for both 
host races is during the 
earlier time period).  

Incipient species Yes probably a contributor, 
alongside host shift (and 
preference for mating on host 
they emerge from). Authors 
stipulate that allochrony could 
be to prevent hybridization as 
hybrids are less fit or from 
differential gene flow. They 
don’t discuss its relative 
importance in divergence 
though. 

Unknown, host 
preference has been 

shown to be heritable 
and some genomic 

architecture has started 
to be understood. 

However this is not 
known for the 
difference in 
phenology. 

Craig et al. 
(1993); Horner 
et al. (1999); 
Craig et al. 

(2001) 

Yucca moth 
(Prodoxus 
quinquepunctell
us) 

There are host races on both 
the native Yucca 
filamentosa and the 
introduced Y. aloifolia. 
These have mild genetic 
differentiation.  

Incipient species Seems to contribute alongside 
host shift and ovipositor 
morphology. Authors discuss 
allochrony and morphology as 
factors promoting isolation, but 
don’t compare the relative 
importance of the two. 

Controlled conditions in 
a lab experiment 

showed emergence time 
to differ between the 

two hosts races, 
suggesting this could be 
genetically controlled, 
however further study 
is needed. Genomic 

architecture unknown.  

Groman & 
Pellmyr (2000) 

Gall midge 
(Asteralobia 
sasakii) 

They have completely non-
overlapping emergence 
times on two hosts (Ilex 
crenata and L. integra). The 

Possibly  
reproductively 
isolated species 

Possibly. Populations do not 
overlap in emergence time at all. 
There are a number of other 
differences between the host 

Unknown. Tabuchi & 
Amano 
(2003a); 

Tabuchi & 
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authors suggest they are 
different species, but there 
doesn’t seem to be any 
genetic study done. 

races as well though and the 
authors suggest that even if they 
were synchronous they wouldn’t 
interbreed so the importance of 
allochrony in comparison to 
other drivers is unclear.  

Amano 
(2003b) 

Artichoke fruit 
fly (Terellia 
fuscicornis) 

Have host races on 
artichokes (Cynara spp.) 
and milk thistle (Silybum 
marianum), which have 
allochronic isolation. 
However, no genetic 
differentiation was found so 
either this was a recent 
divergence or possibly there 
is some gene flow (though 
there are many other 
differences between the 
races so this is less likely). 

Incipient species Possibly, though there are 
several other differences. Even 
though there is no genetic 
differentiation, they have 
differences in morphology and 
courtship behaviours so more 
work is needed to determine 
what factor or factors are most 
important in driving divergence 
(authors don’t discuss the 
relative importance of each).  
The authors mention that there is 
no overlap in blooming time of 
the host plants though so this 
would seem to be a strong 
barrier. 

Unknown. Sayar et al. 
(2009) 

Treehoppers 
(Enchenopa 
binotata) 

A study investigated this 
species (complex) on six 
different host plants, finding 
that insect phenology seems 
to be determined by plant 
phenology. 

Incipient species Yes it seems likely that adapting 
to different host plant phenology 
causes assortative mating. 
Further study is needed to at 
least see if there is any genetic 
divergence between the host 
races. 

Seems to be plastic as 
moving individuals to a 
different host changed 

egg hatch time. 
Genomic architecture 

unknown. 

Wood et al. 
(1990) 
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Weevils 
(Exapion ulicis 
and E. 
lemovicinum) 

These weevils infect gorse 
species. E. ulicis lays eggs 
in spring and is restricted to 
the gorse species U. 
europaeus whereas E. 
lemovicinum lays eggs in 
autumn and is restricted to 
the two autumn-flowering 
gorse species U. gallii and 
U. minor in sympatry. 

Reproductively 
isolated species. 
Whether they are 
sister species is 
unclear. 

The authors do not discuss this 
explicitly. They mention that it 
could be allochronic speciation 
but that studying this system in a 
‘phylogenetic context’ is needed. 
They do show strong allochronic 
separation, this could be 
reinforcement after the 
speciation event however.  

Unknown. Barat et al. 
(2007) 

Rice stem borer 
(Chilo 
suppressalis) 

Peak emergence of 
individuals feeding on rice 
field was about 10 days 
earlier than wateroat feeding 
individuals. However, there 
was broad overlap between 
the two.  

Incipient species It potentially contributes, 
alongside daily allochrony 
(above) and the host switch. 
However, there is large overlap 
so allochrony alone is unlikely 
to create reproductive isolation. 

Unknown. Ueno et al. 
(2006) 

Common cuckoo 
(Cuculus 
canorus) 

Different ‘host races’ of the 
cuckoo, that are adapting to 
their specific host, also 
differ in their egg laying 
dates, which is suggested to 
facilitate divergence. 

Incipient species Probably contributes, the initial 
divergence is clearly caused by 
adaptation to a particular host 
(and the importance of egg 
mimicry). Allochrony seems to 
be important in reducing gene 
flow between the host races, as 
they found evidence of 
reinforcement in sympatry 
compared to allopatry. So could 
be at least one of the important 
driving forces in divergence 

Unknown. Møller et al. 
(2011) 
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here. 
Ampelomyces 
spp. 

This species is a 
mycoparasite (a parasitic 
fungus infecting powdery 
mildew, which occurs on 
different plant hosts). 
Strains infecting apple 
powdery mildew complete 
their life cycle before strains 
infecting other mildew 
hosts. The apple powdery 
mildew strain is highly 
genetically differentiated 
from Ampelomyces strains 
on different (sympatric) 
powdery mildews, with no 
gene flow, and so possibly 
being a cryptic species.  

Possibly 
reproductively 
isolated species 

Yes probably. When artificially 
inoculated onto other powdery 
mildews, apple powdery mildew 
does produce infection, 
indicating minimal physiological 
adaptations to this host, and 
highlighting the importance of 
temporal separation in the 
reduction of gene flow. 
Ampelomyces spp. are generalist 
parasites, able to infect many 
powdery mildews on a variety of 
host plants, indicating that the 
only reason for this strain 
becoming a specialist is the 
difference in phenology 

Unknown. Kiss et al. 
(2011); Pintye 
et al. (2015) 

Section 3: Yearly allochrony 
Pink salmon 
(Oncorhynchus 
gorbuscha) 

Pink salmon have a two-
year life cycle, and so have 
‘even’ and ‘odd’ year 
breeding populations, in 
addition to seasonal 
allochrony (above). These 
cohorts are genetically 
differentiated, and genetic 
structure between cohorts 
is stronger than caused by 

Incipient species Yes, the importance of 
allochrony in driving 
divergence is well established. 

Life cycle length likely 
genetic. Genomic 
study has begun 
investigating the 
‘even’ and ‘odd’ 

populations. However 
there may not be 

differences in genes 
associated with timing 

in this case as they 

Zhivotovsky 
et al. (1994); 
Churikov & 

Gharrett 
(2002); 

Limborg et al. 
(2014) 
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geographical distance 
within years. Evidence for 
local adaptation in the two 
lineages includes that they 
differ in a variety of 
biological traits (e.g. 
geographic distribution 
limit).  

have the same life 
cycle.   

European eel 
(Anguilla 
anguilla) 

Evidence has been found for 
isolation by time in 
European eels. Genetic 
differentiation was found 
when sampling in the same 
area but across years, 
especially between 
individuals breeding 2-3 
years apart.  

Incipient species The authors do discuss the 
causes of the observed IBT 
genetic structure in some detail. 
It seems that full speciation 
would be unlikely in this case, 
more likely a stable IBT pattern. 
European eels have variable 
maturation times (anywhere 
between 6 and 50 years), which 
is affected by environmental 
factors, so the amount of 
heritability in reproductive time 
needs to be elucidated. 

Unknown, could be 
plastic. More study here 

needed. 

Maes et al. 
(2006) 

Atlantic salmon 
(Salmo salar) 

Atlantic salmon have 
variation in the age at 
maturity. Genetic 
differentiation was found 
between fish in sympatry 
returning after one or three 
sea winters.  

Incipient species Authors do discuss the different 
scenarios that may have led to 
genetic structuring between 1 
and 3 year fish. More work is 
needed to determine whether sea 
age at reproduction is heritable, 
and not caused by environmental 
factors, and what patterns of 

Sea age seems to be 
plastic. Authors did 

start to determine some 
genomic regions 
associated with 

variation at sea age. 

Johnston et al. 
(2014) 
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genetic differentiation are like 
when including fish from other 
sea ages as they can return 
anywhere from 1-5 sea years. 

Periodical 
cicadas 
(Magicicada 
spp.) 

Currently there are seven 
species, which include 
three ‘groups’: ‘cassini’, 
‘decula’ and ‘dessim’. 
Within each group is a 
pair of species, one with a 
13 and one with a 17-year 
life cycle, with the 
exception of decim, which 
has an additional, newly 
described 13-year species. 
As each species is most 
closely related to another 
of an alternative life cycle, 
multiple allochronic 
speciation events seem to 
have occurred within this 
group. 

Reproductively 
isolated species. 
Phylogenetic 
study has been 
undertaken to 
understand the 
evolutionary 
history of these 
cicadas and 
shows them to be 
sister taxa within 
each ‘group’. 

There have been many studies 
describing this system, and the 
species are named due to their 
different life cycles. The 13 
year and 17 year cicadas are, 
however, largely allopatric. 
However initial divergence 
was likely the switch in life 
cycle and so caused by 
allochrony. 

There is clearly some 
plasticity, which is 

presumably how the 
different ‘broods’ and 

species originally 
diverged. More work 

is needed to determine 
the mechanism 

driving the different 
life cycle lengths over 

time. 

Marshall & 
Cooley (2000); 

Simon et al. 
(2000); Sota et 

al. (2013) 
 

Childers 
canegrub 
(Antitrogus 
parvulus) 

Childers canegrub has a 2-
year life cycle, similar to 
that in pink salmon.  

Incipient species Unknown. Whether this has led 
to genetic differentiation 
between the two cohorts, and 
whether they ever switch years 
(due to faster or slower 
development) needs further 
study. 

Unknown. Logan et al. 
(2003) 
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White 
Mountain arctic 
butterfly 
(Oeneis melissa 
semidea) 

White Mountain arctic 
butterflies have a 2-year 
life cycle, and so have 
‘even’ and ‘odd’ year 
breeding cohorts. They are 
endemic to just 4 sedge 
meadows: 3 on Mt. 
Washington and 1 on Mt. 
Jefferson in the USA. 
While no genetic 
differentiation was found 
between meadows, there 
appears to be moderate 
differentiation between the 
allochronic cohorts. It is 
unknown if this is because 
of restricted gene flow or 
genetic drift due to small 
population sizes, though 
the former seems more 
likely as AFLP’s showed 
high diversity. 

Incipient species Yes, allochrony is discussed as 
the reason for the 
differentiation between 
cohorts and seems likely to be 
the case. 

Unknown, though life 
cycle probably fixed.  

Gradish et al. 
(2015) 

Bamboo species 
(subfamily 
Bambusoideae) 

Bamboo species are 
semelparous, and live for 
decades before having a 
mass flowering event. This 
synchrony is thought to be 
under genetic control, 
however flowering occurs in 

Incipient species Yes, however study is needed to 
determine if offset populations 
are genetically differentiated. 
 

It is suggested to be 
genetically controlled, 
but again more study is 

needed here. 
 

Gadgil & 
Prasad (1984); 

Franklin 
(2004); de 

Carvalho et al. 
(2013) 
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Box A2.1. Allochronic speciation in periodical cicadas 

 

North American periodical cicadas (Magicicada spp.) currently include seven species 

with three ‘groups’: ‘cassini’, ‘decula’ and ‘dessim’. A pair of species exist within 

each group: one each with a 13 and 17-year life cycle, with the exception of decim, 

which has an additional 13-year species (Marshall & Cooley 2000; Simon et al. 2000; 

Fig. S1). Cicadas of different life cycle lengths are largely parapatric, not sympatric. 

However, a switch to a 17-year life cycle may allow the cicadas to persist in more 

northerly regions (Koyama et al. 2016), and so arguably the allochronic switch 

enabled the parapatry, which then helps to reduce interbreeding. Further research is 

needed to determine why a 17-year life cycle is advantageous further north in 

comparison to the 13-year species, as the reasons are not entirely clear (Koyama et al. 

2016). Where they do overlap they co-occur temporally once every 221 years and so 

there is potential for hybridisation (Simon et al. 2000, Sota et al. 2013). However, 

each species is most closely related to another of an alternative life cycle length, 

indicating multiple life cycle switches contributing to speciation (Marshall & Cooley 

2000; Sota et al. 2013), and so allochrony is also an important driving force in the 

evolution of this group. 

Periodical cicada emergences occur somewhere in their range almost every year 

due to the different ‘broods’. There are 17 possible years in which 17-year cicadas 

could emerge, with 12 actually having cicada emergences. Only three known 13-year 

broods are found (Simon et al. 2000). Periodical cicadas rely on predator satiation, 

meaning any shifts in timing of emergence need to entail large numbers for the new 

population to persist (Cooley et al. 2001). Evidence suggests temporary accelerations 

of either one or four years can occur (Cooley et al. 2001), and climatic processes 
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likely cause shifts in large numbers of cicadas at once. This plasticity in life cycle 

does not involve genetic changes and likely led to the initial formation of brood year 

emergences (Marshall et al. 2011). However, if extreme climate conditions persist for 

a number of years, ‘canalization’ of the new life cycle may occur as selection favours 

genes associated with this life cycle, leading to speciation (Marshall & Cooley 2000; 

Marshall et al. 2011). This is one possible explanation for how the species pairs 

originated (Marshall & Cooley 2000; Marshall et al. 2011). Persistence of the new 

species or brood may be enabled by ‘nurse-brood facilitation’. If the appearance of a 

new population coincides with another, geographically overlapping brood with the 

same life cycle, predator satiation is increased (Marshall & Cooley 2000). The need 

for predator satiation probably explains the presence of all species within most brood 

years (Berlocher 2013) and the fact that the newly described 13 year M. neotredecim 

emerges with the two sympatric 13-year broods, but not with the brood occurring far 

outside its range (Sota et al. 2013). 

A phylogeny of all species and broods showed the splits to form the 17 and 13-

year species to be asynchronous and, surprisingly, to have occurred multiple times 

within each lineage (Sota et al. 2013; Fig S1). Mitochondrial haplotypes for each of 

the three species groups showed divisions between eastern, middle, and western 

individuals, suggesting shared refugia during the last glacial maximum. For the decim 

species group, the eastern and middle haplotypes contain 17-year species while the 

western haplotype has both 17 and 13-year species. Decim also has a separate 

mitochondrial lineage, to which the 13-year M. tredecim solely belongs, indicating 

two separate allochronic speciation events within this lineage. Within cassini, the 

eastern and middle haplotype groups contain only 17-year cicadas while the western 

contains both 17 and 13-year cicadas, indicating one allochronic split. Within decula, 
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each group contains both 17 and 13-year cicadas, indicating three allochronic splits 

(Sota et al. 2013; Fig. S1). Thus, the phylogeny revealed more shifting between life 

cycles than was previously thought (Berlocher 2013; Sota et al. 2013). 

Surprisingly for such a well-studied system, the physiological and genetic 

mechanisms underlying allochronic shifts are almost completely unknown. The 

difference between the 13 and 17-year cicada life cycle lengths are potentially due to 

a slower development rate in early instars in 17-year species, though this awaits 

further investigation (Koyama et al. 2015), and whether the life cycle length is plastic, 

genetic or epigenetic (or as is likely a combination of these) is not certain. Genomic 

studies are clearly needed, and likely being undertaken, to find the mechanisms 

responsible, which would help further our knowledge of cicada evolution and 

allochronic speciation. 
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Figure A2.1. (A) Simplified phylogeny of the 17 and 13-year periodical cicadas, 

modified from Berlocher (2013). Branch lengths are not to scale. The phylogeny 

shows the relationships of the Decula (Dec), Cassini (Cas), and Decim (Dcm) species 

groups, with their life cycle lengths and the geographic clade to which they belong. 

(B) Map showing the distribution of the western (W), middle (M), and eastern (E) 

geographic clades, also modified from Berlocher (2013). The B+ indicates where the 

Decim B clade, as well as other clades of Decula and Cassini, occur. 
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Appendix 3. Supplementary information for chapter 3 

 

TABLE A3.1. Observed/expected heterozygosity estimates for Leach’s storm-petrel microsatellite loci at each sampling location.  

Species Sampling Site  OC63 OC51 OC87 OC49 OC79 OC84 

Hydrobates 
leucorhoa leucorhoa 

KI 0.85/0.67 0.00/0.00 0.60/0.77* 0.12/0.29 0.00/0.00 0.56/0.56 

 IC 0.82/0.65 0.00/0.00 0.82/0.76 0.18/0.31 0.00/0.00 0.9/0.52* 

 GI 0.50/0.60 0.00/0.00 0.82/0.80 0.12/0.18 0.00/0.00 0.43/0.50 

 BI 0.74/0.71 0.00/0.00 0.77/0.81* 0.29/0.50 0.00/0.00 0.31/0.61* 

 HN 0.66/0.69 0.03/0.03 0.75/0.79 0.13/0.24 0.03/0.03 0.57/0.53 

 DI 0.69/0.74 0.04/0.12* 0.90/0.80 0.13/0.13 0.00/0.00 0.48/0.56 

 WA 0.50/0.69 0.17/0.31 0.60/0.82 0.08/0.08 0.00/0.00 0.67/0.53 

 CA 0.40/0.73 0.00/0.00 0.60/0.84 0.20/0.38 0.00/0.00 0.00/0.00 

 EA 0.91/0.78 0.00/0.00 0.73/0.85 0.00/0.00 0.00/0.00 0.64/0.54 

 SI 0.43/0.82* 0.14/0.14 0.57/0.88 0.38/0.35 0.00/0.00 0.00/0.00 
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 SL 0.78/0.76 0.00/0.00 0.67/0.86* 0.09/0.25 0.00/0.00 0.54/0.71* 

 CI 0.79/0.83 0.36/0.30 0.69/0.80 0.06/0.06 0.06/0.06 0.56/0.53 

 SI 0.69/0.68 0.14/0.14 0.71/0.85 0.00/0.00 0.00/0.00 0.64/0.64 

 TI 0.36/0.74* 0.20/0.19 0.82/0.87 0.08/0.08 0.00/0.00 0.75/0.57 

Hydrobates 
socorroensis 

GS 0.52/0.72** 0.12/0.31** 0.68/0.80 0.12/0.40** 0.00/0.00 0.64/0.76* 

Hydrobates 
cheimomnestes 

GW 0.46/0.50 0.04/0.04 0.81/0.85 0.04/0.04 0.00/0.00 0.78/0.78 

Hydrobates 
leucorhoa chapmani 

SB 0.65/0.73 0.12/0.11 0.71/0.78 0.18/0.18 0.00/0.00 0.59/0.64 

 

* significant departure from Hardy-Weinberg proportions, P < 0.05  

** significant departure from Hardy-Weinberg proportions, P < 0.01  
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TABLE A3.2. Estimates of FST from microsatellites (below diagonal) and ΦST from control region sequences (above diagonal) for pairwise 

comparisons of Leach's storm-petrel colonies.  

  KI IC GI BI HN DI WA CA EA SI SL CI SI TI GS GW SB 
 
 

n 26 10 25 13 17 32 12 5 12 8 9 21 16 11 18 24 24 

KI 27  -0.03 0.05 0.11 0.04 0.37** 0.24** 0.32** 0.27** 0.33** 0.31** 0.32** 0.39** 0.25** 0.60** 0.72** 0.64** 

IC 11 -0.02  -0.04 0.02 -0.01 0.29** 0.13 0.20 0.15* 0.23* 0.20* 0.22** 0.29** 0.14 0.51** 0.69** 0.59** 

GI 25 0.00 -0.02  -0.03 0.03 0.18** 0.07 0.12 0.09 0.16* 0.14* 0.13** 0.16* 0.08 0.52** 0.66** 0.53** 

BI 14 0.01 0.00 0.05*  0.04 0.09* 0.00 0.06 0.03 0.09 0.06 0.07 0.09 0.04 0.48** 0.68** 0.57** 

HN 30 0.00 -0.01 -0.02 0.02  0.23** 0.10* 0.08 0.11* 0.14* 0.14** 0.17** 0.22** 0.09* 0.48** 0.62** 0.51** 

DI 32 0.01 0.02 0.01 0.03* -0.01  0.00 -0.05 0.00 0.00 0.05 0.00 0.00 0.03 0.50** 0.66** 0.55** 

WA 12 -0.08 -0.04 -0.07 -0.04 -0.12 -0.08  -0.09 -0.04 0.00 0.01 -0.03 -0.02 -0.03 0.43** 0.62** 0.48** 

CA 6 -0.14 -0.11 -0.11 -0.14 -0.14 -0.07 0.05  -0.08 -0.06 0.00 -0.10 -0.01 -0.09 0.40** 0.64** 0.58** 

EA 12 0.02 0.02 0.01 0.05* 0.00 0.00 -0.10 -0.14  0.00 0.04 -0.05 0.03 -0.07 0.45** 0.66** 0.55** 

SI 8 -0.11 -0.06 -0.1 -0.1 -0.15 -0.09 -0.04 0.02 -0.14  -0.01 0.02 0.05 0.06 0.35** 0.57** 0.58** 

SL 11 0.05* 0.04 0.03 0.08** 0.03* 0.02 -0.13 -0.20 0.03 -0.23  0.07* 0.05 0.08 0.38** 0.60** 0.52** 

CI 18 0.04** 0.05** 0.05** 0.08** 0.02* 0.01 -0.08 -0.09 0.02 -0.12 0.05*  0.00 -0.04 0.49** 0.66** 0.55** 

SI 14 0.02 0.01 0.01 0.04* 0.00 -0.01 -0.14 -0.17 -0.03 -0.19 0.03 0.01  0.07 0.47** 0.66** 0.55** 

TI 12 0.03* 0.02 -0.01 0.05* -0.01 -0.01 -0.14 -0.16 -0.01 -0.17 0.02 0.00 -0.02  0.47** 0.67** 0.55** 

GS 25 0.25** 0.23** 0.25** 0.20** 0.25** 0.25** 0.18** 0.04 0.25** 0.09* 0.20** 0.24** 0.24** 0.23**  0.27** 0.61** 
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GW 28 0.35** 0.34** 0.38** 0.31** 0.36** 0.38** 0.35** 0.19** 0.38** 0.25** 0.35** 0.39** 0.36** 0.37** 0.06**  0.72** 

SB 17 0.10** 0.08** 0.08** 0.08** 0.07** 0.07** -0.03 -0.10 0.04* -0.11 0.06** 0.07** 0.04* 0.04* 0.24** 0.35**  

 

*Significantly different from 0 at α = 0.05 before B-Y correction 

**Significantly different from 0 at α = 0.05 after B-Y correction (new α = 0.008911) 
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Appendix 4. Supplementary information for chapter 4 
 

TABLE A4.1. Bird ID’s for ddRADseq and the % missing for each individual for 

SNP dataset 1 and SNP dataset 2 (to the nearest %) 

 
Bird ID Population % missing 

SNP dataset 1 
% missing 
SNP dataset 2 

B_D17091 Berlengas September 2 3 
B_D17093 Berlengas September 9 7 
B_D17095 Berlengas September 2 3 
B_D17096 Berlengas September 1 3 
B_D17097 Berlengas September 2 3 
B_D17098 Berlengas September 2 3 
B_D17104 Berlengas September 4 4 
B_D22417 Berlengas September 4 4 
PS_D19631 Praia September 2 4 
PS_D19632 Praia September 2 4 
PS_D19634 Praia September 1 4 
PS_D19642 Praia September 5 4 
PS_D19644 Praia September 1 4 
PS_D19645 Praia September 1 4 
PJ_D19555 Praia June 2 6 
PJ_D19553 Praia June 1 6 
PJ_D19556 Praia June 2 6 
PJ_D19566 Praia June 5 6 
PJ_D19875 Praia June 3 6 
PJ_D18207 Praia June 2 6 
DN_D21910 Desertas November 2 1 
DN_D21934 Desertas November 1 1 
DN_D22662 Desertas November 1 1 
DN_D30010 Desertas November 1 1 
DN_D30028 Desertas November 1 1 
DN_D30035 Desertas November 1 1 
DN_D30042 Desertas November 1 0 
DN_D30045 Desertas November 1 1 
DA_D23440 Desertas August 1 1 
DA_D30002 Desertas August 1 0 
DA_D30003 Desertas August 1 1 
DA_D30004 Desertas August 1 1 
DA_D30007 Desertas August 2 1 
DA_D30014 Desertas August 1 0 
DA_D30017 Desertas August 1 0 
DA_D30021 Desertas August 1 1 
SO_20139 Selvagem October 1 1 
SO_20126 Selvagem October 1 0 
SO_20134 Selvagem October 1 0 
SO_20135 Selvagem October 0 0 
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SO_20136 Selvagem October 1 0 
SO_20142 Selvagem October 1 0 
SO_20145 Selvagem October 1 1 
SO_20152 Selvagem October 1 0 
SJ_D22379 Selvagem June 1 1 
SJ_D22381 Selvagem June 1 0 
SJ_D22382 Selvagem June 1 0 
SJ_D22384 Selvagem June 1 0 
SJ_D22398 Selvagem June 1 0 
SJ_D22399 Selvagem June 2 1 
SJ_D22400 Selvagem June 1 0 
RJ_2800034 Raso Cape Verde June 10 12 
RJ_2800036 Raso Cape Verde June 2 8 
RJ_2800042 Raso Cape Verde June 2 8 
RJ_2800043 Raso Cape Verde June 3 9 
RJ_2800044 Raso Cape Verde June 2 8 
RJ_2800049 Raso Cape Verde June 3 9 
RJ_2800052 Raso Cape Verde June 5 9 
AJ_ET62710 Ascension Island June 1 1 
AJ_ET62711 Ascension Island June 2 1 
AJ_ET62712 Ascension Island June 1 1 
AJ_ET62714 Ascension Island June 1 1 
AJ_ET62720 Ascension Island June 2 1 
AJ_ET62721 Ascension Island June 1 1 
AJ_ET62723 Ascension Island June 0 1 
AJ_ET62724 Ascension Island June 2 1 
AJ_ET62725 Ascension Island June 1 1 
AJ_ET62726 Ascension Island June 1 1 
AJ_ET62729 Ascension Island June 1 1 
AJ_ET62730 Ascension Island June 1 1 
AJ_ET62731 Ascension Island June 1 1 
AN_BT62728 Ascension Island November 2 5 
AN_BT62740 Ascension Island November 9 7 
AN_BT62748 Ascension Island November 1 4 
AN_BT62761 Ascension Island November 4 5 
AN_BT62773 Ascension Island November 2 5 
AN_BT62777 Ascension Island November 7 6 
AN_BT62780 Ascension Island November 2 4 
AN_BT62783 Ascension Island November 2 4 
AN_BT62787 Ascension Island November 2 4 
AN_BT62789 Ascension Island November 2 4 
SJ_BT54067 St Helena June 2 1 
SJ_BT61903 St Helena June 1 1 
SJ_BT61980 St Helena June 1 1 
SJ_BT62339 St Helena June 1 0 
SJ_BT62340 St Helena June 0 0 
SJ_BT62341 St Helena June 1 1 
SJ_BT62342 St Helena June 2 1 
SJ_BT62343 St Helena June 1 1 
SJ_BT62344 St Helena June 1 1 
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SJ_BT62347 St Helena June 2 1 
SJ_BT62346 St Helena June 1 1 
SN_BT67187 St Helena November 2 2 
SN_BT67195 St Helena November 2 1 
SN_BT6724N St Helena November 1 1 
SN_BT67316 St Helena November 2 1 
SN_BT67325 St Helena November 2 1 
SN_BT67332 St Helena November 2 2 
SN_BT67338 St Helena November 2 1 
SN_BT67340 St Helena November 1 1 
SN_BT67346 St Helena November 2 1 
SN_BT67350 St Helena November 2 1 
SN_BT67353 St Helena November 3 3 
SN_BT67354 St Helena November 1 1 
GM_2106904 Galapagos May 1 1 
GM_2106909 Galapagos May 1 1 
GM_2106912 Galapagos May 2 2 
GM_2106915 Galapagos May 1 1 
GM_2106918 Galapagos May 1 2 
GM_2106920 Galapagos May 2 2 
GM_2106922 Galapagos May 1 2 
GD_2106968 Galapagos December 1 2 
GD_2106969 Galapagos December 2 3 
GD_2106971 Galapagos December 2 2 
GD_2106972 Galapagos December 2 3 
GD_2106973 Galapagos December 2 3 
GD_2106975 Galapagos December 3 3 
GD_2106980 Galapagos December 2 2 
GD_2106981 Galapagos December 2 2 
H_19402 Hawaii 7 7 
H_19403 Hawaii 2 7 
H_19404 Hawaii 2 7 
H_19406 Hawaii 1 7 
H_19407 Hawaii 1 7 
H_42001 Hawaii 5 7 
J_Oc14 Japan August 2 3 
J_Oc15 Japan August 3 3 
J_Oc18 Japan August 13 10 
J_Oc21 Japan August 2 3 
J_Oc22 Japan August 2 3 
J_Oc23 Japan August 2 3 
J_Oc24 Japan August 2 3 
J_Oc25 Japan August 2 3 
 
 

 
 



! 225!

 

  

! 224!

TABLE A4.2. Pairwise ΦST between all sampling locations from the mitochondrial control region data. See Table 4.1 for population codes 

 
 
* Significant before B-Y correction( P < 0.05) 

** Significant after B-Y correction (P value = 0.013) 

 

 

  BLS PRS PRJ BXS BXJ VLS DSN DSA SVO SVJ CID BRJ RJA RA RJU RN AIJ AIN SHJ SHN PNM PND KS 
 n 19 40 45 13 47 49 26 32 39 32 5 26 12 25 50 84 23 28 18 35 34 30 11 
BLS 19                        
PRS 40 0.11**                       
PRJ 45 0.64** 0.69**                      
BXS 13 0.08* 0.06* 0.66**                     
BXJ 47 0.57** 0.63** 0.00 0.59**                    
VLS 49 0.11** 0.05** 0.67** 0.12** 0.62**                   
DSN 26 0.05 0.05* 0.69** 0.03 0.63** 0.09**                  
DSA 32 0.08* 0.05** 0.60** 0.00 0.55** 0.10** 0.06**                 
SVO 39 0.06** 0.03* 0.67** 0.00 0.61** 0.08** 0.01 0.02                
SVJ 32 0.21** 0.13** 0.71** 0.23** 0.66** 0.12** 0.18** 0.11** 0.09**               
CID 5 0.12 0.20* 0.60** 0.33** 0.53** 0.06 0.29** 0.03 0.16* 0.32**              
BRJ 26 0.79** 0.84** 0.77** 0.80** 0.76** 0.82** 0.83** 0.77** 0.83** 0.84** 0.75**             
RJA 12 0.57** 0.68** 0.59** 0.56** 0.58** 0.66** 0.64** 0.55** 0.65** 0.68** 0.40** 0.18**            
RA 25 0.90** 0.92** 0.85** 0.93** 0.84** 0.89** 0.92** 0.86** 0.91** 0.93** 0.90** 0.06** 0.36**           
RJU 50 0.90** 0.92** 0.86** 0.92** 0.85** 0.89** 0.92** 0.87** 0.90** 0.92** 0.90** 0.06** 0.43** 0.00          
RN 84 0.90** 0.91** 0.87** 0.91** 0.86** 0.90** 0.91** 0.88** 0.91** 0.92** 0.90** 0.08** 0.48** 0.00 0.00         
AIJ 23 0.80** 0.85** 0.74** 0.82** 0.73** 0.82** 0.84** 0.75** 0.82** 0.86** 0.77** 0.76** 0.60** 0.86** 0.87** 0.88**        
AIN 28 0.81** 0.85** 0.75** 0.83** 0.74** 0.83** 0.84** 0.76** 0.83** 0.86** 0.79** 0.75** 0.61** 0.85** 0.86** 0.87** 0.00       
SHJ 18 0.83** 0.88** 0.76** 0.87** 0.74** 0.84** 0.88** 0.77** 0.85** 0.89** 0.83** 0.77** 0.61** 0.89** 0.88** 0.89** 0.00 0.00      
SHN 35 0.85** 0.88** 0.77** 0.88** 0.76** 0.85** 0.88** 0.80** 0.86** 0.89** 0.85** 0.80** 0.68** 0.89** 0.89** 0.89** 0.01 0.00 0.00     
PNM 34 0.85** 0.88** 0.83** 0.87** 0.82** 0.86** 0.88** 0.82** 0.87** 0.89** 0.84** 0.83** 0.71** 0.90** 0.90** 0.90** 0.82** 0.82** 0.84** 0.85**    
PND 30 0.80** 0.85** 0.80** 0.82** 0.79** 0.82** 0.84** 0.78** 0.83** 0.85** 0.77** 0.79** 0.65** 0.86** 0.87** 0.89** 0.77** 0.77** 0.78** 0.80** 0.02*   
KS 11 0.83** 0.89** 0.78** 0.87** 0.76** 0.84** 0.88** 0.77** 0.86** 0.89** 0.81** 0.76** 0.54** 0.88** 0.88** 0.89** 0.75** 0.74** 0.77** 0.80** 0.77** 0.69**  
HA 31 0.66** 0.73** 0.67** 0.68** 0.65** 0.70** 0.71** 0.62** 0.70** 0.74** 0.61** 0.73** 0.55** 0.83** 0.84** 0.86** 0.63** 0.64** 0.65** 0.68** 0.75** 0.70** 0.66** 
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TABLE A4.3. Pairwise FST between all sampling populations from the SNP data. 

 

 
 
 
 

  BLS PRJ PRS DSN DSA SVO SVJ RJU AIJ AIN SHJ SHN PNM PND KS HA 
 n 8 6 6 8 8 8 7 7 13 10 11 12 7 8 6 8 
BLS 8                 
PRJ 6 0.27                
PRS 6 0.03 0.26               
DSN 8 0.03 0.26 0.01              
DSA 8 0.02 0.26 0.02 0.00             
SVO 8 0.03 0.26 0.02 0.01 0.01            
SVJ 7 0.08 0.28 0.07 0.06 0.05 0.02           
RJU 7 0.55 0.41 0.54 0.55 0.54 0.54 0.55          
AIJ 13 0.35 0.20 0.34 0.35 0.34 0.35 0.36 0.45         
AIN 10 0.37 0.21 0.36 0.37 0.36 0.36 0.38 0.46 0.01        
SHJ 11 0.37 0.21 0.36 0.36 0.35 0.36 0.37 0.47 0.02 0.03       
SHN 12 0.36 0.21 0.35 0.36 0.35 0.35 0.36 0.46 0.01 0.02 0.01      
PNM 7 0.44 0.26 0.44 0.43 0.42 0.42 0.44 0.51 0.28 0.30 0.30 0.29     
PND 8 0.44 0.26 0.43 0.43 0.42 0.42 0.44 0.51 0.29 0.30 0.30 0.29 0.00    
KS 6 0.36 0.16 0.35 0.35 0.34 0.35 0.36 0.45 0.20 0.21 0.21 0.20 0.23 0.23   
HA 8 0.38 0.20 0.37 0.37 0.36 0.37 0.38 0.48 0.24 0.25 0.25 0.24 0.26 0.26 0.14  
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Figure A4.1. Results of a principal component analysis based on 4,537 SNPs from the 

band-rumped storm-petrel species complex with all populations coloured separately 
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Figure A4.2. Molecular assignments of band-rumped storm-petrels based on analysis 

of 4,537 SNPs using STRUCTURE showing results for K = 4 without the North 

Atlantic genetic cluster (which excludes Praia June and Cape Verde). 
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Figure A4.3. Maximum likelihood phylogenetic reconstruction of the band-rumped 

storm-petrel species complex generated using SNP dataset 2. Bootstrap support is 

given above the major nodes. 
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Figure A4.4. Phylogenomic reconstruction of the seven genetic groups of band-

rumped storm-petrels generated using 2,000 SNPs in the SNAPP package in BEAST 

using SNP dataset 2. The left-hand side shows the densitree and the right-hand side 

shows the consensus tree with posterior probabilities labelled on the nodes. 
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Appendix 5. Supplementary information for chapter 5 
 

TABLE A5.1. Estimates of migration rates from BAYESASS for the South Atlantic 

populations. The numbers indicate the proportion of migrants from the population in 

the column to the population in the row. The standard deviation for the marginal 

posterior distribution is given in brackets. 

Population Ascension 
Island June 

Ascension Island 
November 

St Helena June St Helena 
November 

Ascension Island 
June 

0.9408 (0.0301) 0.0197 (0.0187) 
 

0.0198 (0.0189) 
 

0.0197 (0.0182) 
 

Ascension Island 
November 

0.0239 (0.0224) 
 

0.9285 (0.0353) 
 

0.0238 (0.0223) 
 

0.0238 (0.0220) 
 

St Helena  
June 

0.0224 (0.0210) 0.0222 (0.0208) 0.9330 (0.0335) 0.0224 (0.0211) 

St Helena 
November 

0.0207 (0.019) 
 

0.0210 (0.0198) 0.0207 (0.0194) 
 

0.9375 (0.0313) 
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TABLE A5.2. Estimates of migration rates from BAYESASS for the Galápagos 

populations. The numbers indicate the proportion of migrants from the population in 

the column to the population in the row. The standard deviation for the marginal 

posterior distribution is given in brackets. 

Population Galápagos May Galápagos December 

Galápagos May 0.9630 (0.0330) 0.0370 (0.0330) 

Galápagos December 0.0333 (0.0301) 0.9667 (0.0301) 
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TABLE A5.3. Estimates of migration rates from BAYESASS for the Selvagem and 

Desertas populations. The numbers indicate the proportion of migrants from the 

population in the column to the population in the row. The standard deviation for the 

marginal posterior distribution is given in brackets. 

Population Selvagem 
October 

Selvagem  
June 

Desertas 
November 

Desertas 
August 

Selvagem 
October 

0.8657 (0.0592) 0.0788 (0.0547) 0.0276 (0.0253) 0.0279 (0.0255) 

Selvagem 
June 

0.0304 (0.0277) 0.9091 (0.0429) 0.0303 (0.0277) 0.0302 (0.0275) 

Desertas 
November 

0.0277 (0.0254) 0.0279 (0.0257) 0.9164 (0.0400) 0.0280 (0.0256) 

Desertas 
August 

0.0277 (0.0254) 0.0278 (0.0254) 0.0277 (0.0255) 0.9168 (0.0400) 
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TABLE A5.4. Estimates of migration rates from BAYESASS for the Praia June, 

Hawaii and Japan populations. The numbers indicate the proportion of migrants from 

the population in the column to the population in the row. The standard deviation for 

the marginal posterior distribution is given in brackets. 

Population Praia June Hawaii Japan 

Praia June 0.9259 (0.0441) 0.0369 (0.0330) 0.0373 (0.0335) 

Hawaii 0.0369 (0.0330) 0.9262 (0.0436) 0.0369 (0.0328) 

Japan 0.0300 (0.0276) 0.0303 (0.0277) 0.9397 (0.0370) 
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TABLE A5.5. Estimates of migration rates from BAYESASS for the Praia 

populations. The numbers indicate the proportion of migrants from the population in 

the column to the population in the row. The standard deviation for the marginal 

posterior distribution is given in brackets. 

Population Praia June Praia September 

Praia June 0.9582 (0.0374) 0.0418 (0.0374) 
 

Praia September 0.0424 (0.0373) 
 

0.9576 (0.0373) 
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TABLE A5.6. ABC results for the Galápagos Seasonal populations including the marginal likelihood and p values for each of the three scenarios 

under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary statistics. 

The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing gene 
flow Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 0.373461 0.006 14.6791 0.036 1.15296 0.016 Y 
H1, H2, Hsd1, Hsd2 0.000832145 0.001 0.775052 0.005 0.0131538 0.004 N 
Fst 1.19912 0.995 5.66837 0.968 0.826034 0.993 Y 
Global Fst 1.19062 0.989 2.08498 0.897 0.795213 0.993 N 
K1, K2 12.6836 1 3.83035 0.285 8.29918 1 Y 
K1, K2, Ksd1, Ksd2 7314.66 0.143 78552 0.399 59067  0.575 Y 
H1, H2, Fst 0.302789 0.002 231.556 0.059 5.44777 0.008 Y 
H1, H2, Global Fst 0.1593 0.003 72.1256 0.058 2.46803 0.009 Y 
H1, H2, K1, K2 1.60231e-16 0 0.0313829  0.004 3.72929e-09 0 N 
H1, H2, Fst, Global Fst 2.68028e-70 0 2.1402e-08 0 7.55281e-57 0 N 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 5.1337e-76 0 5.06982e-06 0 5.69358e-62 0 N 
Fst, Global Fst 3.45444e-47 0 8.89786e-06 0 1.02127e-50 0 N 
Fst, Global Fst, K1, K2 5.14517e-55 0 3.04233e-06 0 1.01487e-55 0 N 
Fst, Global Fst, K1, K2, Ksd1, Ksd2 1.14354e-58 0 0.0413806 0.005 6.26028e-52 0 N 
H1, H2, Fst, Global Fst, K1, K2 8.4169e-142 0 3.94708e-10 0 2.356e-90  0 N 
H1, H2, Hsd1, Hsd2, Fst, Global Fst, 
K1, K2, Ksd1, Ksd2 

5.57237e-148 0 6.98416e-06 
 

0 4.43242e-95 
 

0 N 
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TABLE A5.7. ABC results for the South Atlantic Seasonal populations including the marginal likelihood and p values for each of the three 

scenarios under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary 

statistics. The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing gene 
flow Marginal 
Density 

Ongoing 
gene flow p 
value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 49.539 0.987 3.58266 0.727 61.2487 0.999 Y 
H1, H2, Hsd1, Hsd2 5.3748e-15 0.006 1714.2 0.584 2.11767e-53 0.002 Y 
Fst 3.20923 0.825 59.0753 0.982 1.03953 0.899 Y 
Global Fst 3.21236 0.828 61.4232 0.977 1.0334 0.901 Y 
K1, K2 11.5203 0.985 24.3082 0.847 7.75516 0.967 Y 
K1, K2, Ksd1, Ksd2 13274.7 0.383 828266 0.879 57579.8 0.627 Y 
H1, H2, Fst 1.20157e-06 0.007 8.06799 0.104 8.64492e-13 0.002 Y 
H1, H2, Global Fst 1.19997e-06 0.007 7.99325 0.098 4.70344e-13 0.001 Y 
H1, H2, K1, K2 2.44082e-22 0 2.44323e-47 0 1.1885e-42 0 N 
H1, H2, Fst, Global Fst 0.000254762 0.009 1805.08  0.15 2.20765e-10 0.003 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 1.67999 0.014 6.28657e+06 0.285 3.80493e-07 0.006 Y 
Fst, Global Fst 2199.02 0.952 55098 0.996 719.365 0.976 Y 
Fst, Global Fst, K1, K2 12023.1 0.112 811408 0.945 1334.45 0.033 Y 
Fst, Global Fst, K1, K2, Ksd1, Ksd2 1.28231e+08 0.209 2.69849e+10 0.966 3.20082e+07 0.066 Y 
H1, H2, Fst, Global Fst, K1, K2 3.06191e-37 0 6.38966e-42 0 7.51741e-60 0 N 
H1, H2, Hsd1, Hsd2, Fst, Global Fst, 
K1, K2, Ksd1, Ksd2 

4.7502e-69 
 

0 3.12162e-91 
 

0 2.26872e-88 
 

0 N 
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TABLE A5.8 ABC results for the Desertas and Selvagem Seasonal populations including the marginal likelihood and p values for each of the 

three scenarios under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of 

summary statistics. The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing gene 
flow Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 277.369 0.999 610.714 0.986 186.492 0.977 Y 
H1, H2, Hsd1, Hsd2 251953  0.546 1.49317e+06 0.463 202374 0.365 Y 
Fst 3.04749  0.795 59.7166 0.976 1.02729  0.881 Y 
Global Fst 4.03122 0.916 84.8451 0.978 1.08577 0.954 Y 
K1, K2 10.3189 0.431 211.121 0.985 2.94352 0.195 Y 
K1, K2, Ksd1, Ksd2 89647.2 0.527 6.06913e+06 0.943 33480.3  0.276 Y 
H1, H2, Fst 684.883 0.315 42813 0.976 152.11 0.115 Y 
H1, H2, Global Fst 737.468 0.303 53417 0.99 130.59 0.099 Y 
H1, H2, K1, K2 56.0226  0.016 65.1765 0.007 85.4747 0.017 Y 
H1, H2, Fst, Global Fst 65671.1 0.153 3.5698e+06 0.421 5541.6  0.047 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 2.06599e+08 0.132 9.08183e+09 0.215 4.8728e+06 0.037 Y 
Fst, Global Fst 38.3662 0.019 4060.85  0.23 11.8471 0.021 Y 
Fst, Global Fst, K1, K2 3902.77 0.032 1.14415e+06 0.289 1081.52 0.027 Y 
Fst, Global Fst, K1, K2, Ksd1, Ksd2 5.37835e+07 0.073 2.56137e+10 0.409 1.08325e+07 0.05 Y 
H1, H2, Fst, Global Fst, K1, K2 3162.67 0.008 189362 0.002 193.314  0.002 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst, 
K1, K2, Ksd1, Ksd2 

1.41044e-13 
 

0 4.52394e-10 
 

0 6.0772e-17 
 

0 N 
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TABLE A5.9. ABC results for the Ascension Island Seasonal populations including the marginal likelihood and p values for each of the three 

scenarios under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary 

statistics. The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing 
gene flow 
Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 218.831 0.999 157.094 0.827 123.251 0.996 Y 
H1, H2, Hsd1, Hsd2 1698.7 0.059 625026 0.433 50.01 0.011 Y 
Fst 1.59572 0.871 17.0672  0.977 0.880337 0.961 Y 
Global Fst 2.61925 0.821 42.7548 0.994 0.984488 0.868 Y 
K1, K2 4.19745 0.98 5.74737 0.955 2.6488 0.935 Y 
K1, K2, Ksd1, Ksd2 2434.32 0.204 209498 0.936 29704.2 0.829 Y 
H1, H2, Fst 117.655 0.16 6030.41 0.821 8.62619 0.032 Y 
H1, H2, Global Fst 122.557 0.167 9033.81 0.826 6.34018 0.027 Y 
H1, H2, K1, K2 2.67207e-05 0.006 4197.63 0.553 2.80285e-06 0.001 Y 
H1, H2, Fst, Global Fst 21.7145 0.022 11576 0.022 0.00299794 0.005 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 60390 0.039 5.62665e+07 0.049 1.55869 0.009 Y 
Fst, Global Fst 0.000183979 0.002 50.652 0.035 1.74211e-06 0 Y 
Fst, Global Fst, K1, K2 2.38324e-05 0.005 5482.89 0.273 5.06393e-09 0.001 Y 
K1, K2, Ksd1, Ksd2, Fst, Global Fst 0.0280631 0.004 2.50293e+08 0.359 4.39551e-05 0.001 Y 
H1, H2, Fst, Global Fst, K1, K2 0.000419685 0.005 4.69725e+06 0.249 4.5609e-08 0.001 Y 
K1, K2, Ksd1, Ksd2, H1, H2, 
Hsd1, Hsd2, Fst, Global Fst 

3.2426 
 

0.006 
 

2.78719e+15 0.397 0.13634 0.001 
 

Y 
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TABLE A5.10. ABC results for the St Helena Island Seasonal populations including the marginal likelihood and p values for each of the three 

scenarios under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary 

statistics. The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing 
gene flow 
Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 224.455 0.999 105.452 0.936 120.44 0.998 Y 
H1, H2, Hsd1, Hsd2 10664.1 0.087 861775 0.878 3231.19 0.039 Y 
Fst 1.22922 0.951 6.68882 0.935 0.827668 0.962 Y 
Global Fst 1.31828 0.919 9.43254 0.895 0.84094 0.972 Y 
K1, K2 8.8906 0.988 6.02656 0.7 5.84753 0.97 Y 
K1, K2, Ksd1, Ksd2 13965.4 0.325 185006 0.732 68934.8 0.729 Y 
H1, H2, Fst 45.0705 0.102 2498.58 0.917 6.88995 0.037 Y 
H1, H2, Global Fst 43.5971 0.098 2967.21 0.886 5.81695 0.035 Y 
H1, H2, K1, K2 9.74891 0.021 25074.2 0.891 4.3739 0.006 Y 
H1, H2, Fst, Global Fst 3935.38 0.09 325500 0.639 188.486 0.023 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 6.59572e+07 0.138 2.88376e+09 0.68 4.58364e+06 0.044 Y 
Fst, Global Fst 14.1657 0.024 858.079 0.294 3.79797 0.016 Y 
Fst, Global Fst, K1, K2 49.0277 0.021 25498.4 0.412 10.0456 0.007 Y 
K1, K2, Ksd1, Ksd2, Fst, Global Fst 431677 0.024 1.02491e+09 0.554 184745  0.009 Y 
H1, H2, Fst, Global Fst, K1, K2 363487 0.051 1.08941e+08 0.583 14160 14160 Y 
K1, K2, Ksd1, Ksd2, H1, H2, 
Hsd1, Hsd2, Fst, Global Fst 

3.4648e+14 
 

0.08 
 

1.65822e+17 
 

0.813 
 

1.11017e+13 
 

0.022 
 

Y 

 



! 241!

TABLE A5.11. ABC results for the Desertas Seasonal populations including the marginal likelihood and p values for each of the three scenarios 

under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary statistics. 

The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 

Summary Statistics No gene flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing 
gene flow 
Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 18.8309 0.309 936.633 0.989 3.00737 0.12 Y 
H1, H2, Hsd1, Hsd2 194.354 0.011 1632.23 0.009 32.8418 0.006 Y 
Fst 4.34017 0.931 100.759 0.984 1.10462 0.989 Y 
Global Fst 5.42364 0.949 139.19 1 0.80297 0.508 Y 
K1, K2 29.9444 0.985 332.156 0.993 13.6407 0.966 Y 
K1, K2, Ksd1, Ksd2 131653 0.76 8.97703e+06 0.883 89797.6 0.586 Y 
H1, H2, Fst 2540.14 0.531 113042 0.987 157.249 0.133 Y 
H1, H2, Global Fst 2283.06 0.449 135221 0.993 120.021 0.109 Y 
H1, H2, K1, K2 2.40812e-23 0 3.68609e-11 0 1.66695e-08 0 N 
H1, H2, Fst, Global Fst 8.69742e-06 0 0.00523009 0 3.95757e-07 0 N 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 0.000153779 0 0.0119419 0 2.44026e-07 0 N 
Fst, Global Fst 1.22254e-08 0 1.5945 0.011 2.23082e-06 0.001 Y 
Fst, Global Fst, K1, K2 0.000212262 0 2.52676 0 1.82917e-05 0 Y 
K1, K2, Ksd1, Ksd2, Fst, Global Fst 1.3218 0 116540 0 0.122924 0 Y 
H1, H2, Fst, Global Fst, K1, K2 5.80352e-44 0 5.73842e-15 0 2.27568e-31 0 N 
K1, K2, Ksd1, Ksd2, H1, H2, Hsd1, 
Hsd2, Fst, Global Fst 

1.74658e-52 
 

0 3.77415e-13 
 

0 7.85688e-33 
 

0 N 
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TABLE A5.12. ABC results for the Selvagem Seasonal populations including the marginal likelihood and p values for each of the three 

scenarios under 16 different combinations of summary statistics. The favoured model is highlighted in bold for each combination of summary 

statistics. The last column indicates whether the favoured model has a log Bayes factor > 2 compared to both of the other scenarios. 
 

Summary Statistics No gene 
flow 
Marginal 
Density 

No gene 
flow p 
value 

Ongoing 
gene flow 
Marginal 
Density 

Ongoing 
gene flow 
p value 

Past gene 
flow 
Marginal 
Density 

Past gene 
flow p 
value 

Log Bayes 
factor >2 
for 
favoured 
model? 

H1, H2 0.711947 0.044 4.2253 0.053 10.0898 0.349 Y 
H1, H2, Hsd1, Hsd2 0.581495 0 10.3993 0.017 1086.57 0.021 Y 
Fst 1.18626 0.992 1.42315 0.908 0.805716 0.994 N 
Global Fst 1.16635 0.985 1.70124 0.91 0.799074 0.99 N 
K1, K2 4.27553 0.986 4.34175 0.913 2.6334 0.951 N 
K1, K2, Ksd1, Ksd2 1959.12 0.148 127160 0.899 29489.8 0.817 Y 
H1, H2, Fst 7.63921 0.024 50.7429 0.072 49.6325 0.088 Y 
H1, H2, Global Fst 4.64248 0.02 63.3252 0.078 36.1192 0.068 Y 
H1, H2, K1, K2 9.28791e-19 0 0.0454068 0.001 3.38711 0.007 Y 
H1, H2, Fst, Global Fst 0.00049587 0.002 1885.33 0.057 0.0486064 0 Y 
H1, H2, Hsd1, Hsd2, Fst, Global Fst 1.30592e-15 0.001 181665 0.035 1.52397e-06 0 Y 
Fst, Global Fst 0.0288706 0.013 128.46 0.399 0.0101224 0 Y 
Fst, Global Fst, K1, K2 0.0470938 0.023 6924.17 0.5 0.00129197 0.003 Y 
K1, K2, Ksd1, Ksd2, Fst, Global Fst 235.642 0.025 2.77458e+08 0.59 22.455 0.008 Y 
H1, H2, Fst, Global Fst, K1, K2 4.28067e-33 0 0.0233961 0 1.24671e-21 0 Y 
K1, K2, Ksd1, Ksd2, H1, H2, Hsd1, 
Hsd2, Fst, Global Fst 

6.18271e-25 
 

0 7435.28 
 

0 1.209e-16 
 

0 Y 


