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Reconstructing the evolutionary history of the seabird order Procellariiformes 

 

Max Levy 

 

Abstract 

 
The seabird order Procellariiformes, comprising the albatrosses, storm-petrels, petrels, and 

shearwaters, are the truly oceanic birds of the world, spending most of their lives at sea and 

returning to land only to breed. Despite the constraints of life in the inhospitable marine 

ecosystem, Procellariiformes are remarkably diverse in morphology, ecology, and life history. 

The order is amongst the most threatened of all bird groups, facing a range of threats at sea and 

at breeding colonies. Despite the intriguing diversity presented and imminent conservation 

concern, a modern phylogenetic hypothesis for the evolution of Procellariiformes has not yet 

emerged. This thesis aimed to address this by applying a dataset of thousands of genome-wide 

markers to a taxonomically comprehensive sample set to investigate the evolutionary history 

and systematics of Procellariiformes. The evolutionary relationships among species, 

subspecies, and populations were resolved to a fine scale with few areas of conflict, allowing 

new taxonomic insights. As part of the phylogenetic process, marker selection and filtering 

techniques have become critical, yet highly debated, steps. With growing evidence of the 

important roles of sex chromosomes in divergence and speciation in a wide variety of taxa, the 

novel genome-wide dataset was used to investigate the utility of sex-linked loci in phylogenetic 

reconstruction of Procellariiformes, with valuable insights for further work employing similar 

methods. In addition to the nuclear genome, the evolution of the mitochondrial genome in 

Procellariiformes was investigated, with particular relevance to the rearrangements and 

duplications that have been identified in birds and other animals. Mitogenomic duplications 

were common across Procellariiformes, with an ancient origin inferred that offers insights into 

this trait across bird evolution. The phylogeny presented in this thesis provides a useful 

resource for defining relationships in conservation management of Procellariiformes, and an 

evolutionary context for further comparative exploration of this remarkable order of birds.  
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Chapter 1: Introduction 

 

This introductory chapter outlines the approaches and methods used throughout this thesis in 

sections 1.1-1.3, and introduces the seabird order Procellariiformes that formed the study 

system that these approaches and methods were applied to in section 1.4. A summary and 

motivations of this thesis are given in section 1.5, along with summaries of each chapter in the 

form of abstracts. The background sections here are applied and expanded in the results-based 

Chapters 2-4. Finally, Chapter 5 provides a review of the preceding chapters, with an emphasis 

on future directions. 

 

 
1.1 Next-generation sequencing methods 
 
1.1.1 Whole-genome sequencing 
 
In recent years it has become possible to generate large sequencing datasets of genomic DNA, 

with a wide variety of applications (Goodwin et al. 2016). Notably, the costs of producing high 

quality whole-genome sequences have decreased at a rapid pace (Wetterstrand 2022), allowing 

the generation of large numbers of de novo genomes of non-model organisms (Hotaling et al. 

2021). Large-scale sequencing projects have been formed to investigate genomic patterns, or 

with a taxonomic group in focus. For example, the 1000 Genomes Project was completed in 

2015, providing information on genetic variation from 2,504 human genomes (Sudmant et al. 

2015, The 1000 Genomes Project Consortium 2015). The Vertebrate Genomes Project has the 

ambitious aim of sequencing the genomes of all vertebrate species (Rhie et al. 2021). More 

ambitious still, the Earth Biogenome Project aims to sequence the genomes of all eukaryotic 

species (Lewin et al. 2018). The Genomic Encyclopedia of Bacteria and Archaea project 

focuses on sequencing genomes of bacteria and archaea (Wu et al. 2009). Although completing 

reference genomes of all living organisms will take decades, if ever, to achieve, whole-genome 

sequencing has already provided insights into human health and pathology, variation at the 

scale of individual sites to large-scale genomic structure, signals of natural selection, gene flow, 

and further evolutionary processes (Cirulli & Goldstein 2010, Ellegren 2014, Feng et al. 2020, 

Malinsky et al. 2018, Mukherjee et al. 2017, Sudmant et al. 2015). 
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1.1.2 Reduced representation sequencing methods 
 
In addition to the streamlined production of whole-genome sequences, reduced representation 

sequencing using short-read sequencing methods to target predetermined genomic markers 

have become commonplace (Jones & Good 2016). These approaches have enabled the cost-

effective generation of thousands of homologous loci spanning individuals within populations 

and taxa to investigate evolutionary hypotheses (Davey et a. 2011, Ekblom & Galindo 2010, 

McCormack et al. 2013b). In a phylogenetic context, this has reduced the reliance on single or 

few mitochondrial and nuclear markers that have been widely used (Ballard & Whitlock 2004, 

Burleigh et al. 2015, Deagle et al. 2014, Tobe et al. 2010), and provided significant increases 

in resolution to resolve the evolutionary history of the tree of life in a phylogenomic era (Delsuc 

et al. 2005).  

A number of different approaches to sequence large numbers of homologous genomic 

sequences have been introduced. In Restriction site-Associated DNA sequencing (RADseq), 

DNA is digested using restriction enzymes, size-selected, and sequenced (Baird et al. 2008). 

These regions are random rather than targeted, generating large numbers of polymorphisms at 

sites adjacent to digestion sites that can then be used for comparison between individuals. 

These methods are mostly applicable at shallow taxonomic scales as restriction sites may not 

be conserved across species (Leaché et al. 2015, Rubin et al. 2012).  

Target capture methods leverage conserved homologous genomic regions to design probe sets 

to capture these regions (Faircloth et al. 2012, Hodges et al. 2007, Lemmon et al. 2012, 

Mamanova et al. 2010). Fragmented DNA is hybridised with RNA or DNA probes, and 

targeted DNA is captured, often using PCR amplification, and sequenced (Andermann et al. 

2020, Glenn & Faircloth 2016). In contrast to RADseq and other restriction digestion methods 

(Davey et al. 2011), these sequence capture methods enrich specifically targeted loci, for which 

the probes are designed. Polymorphisms in obtained sequences adjacent to the conserved 

probes can provide phylogenetic utility. The most commonly used capture sequencing methods 

employ Ultraconserved Elements (UCEs; Faircloth et al. 2012) and Anchored Hybrid 

Enrichment (AHE; Lemmon et al. 2012) and both of these methods target the variable sites 

around conserved ‘anchor’ sequences (Karin et al. 2020). Further capture approaches targeting 

Conserved nonexonic elements (CNEEs; Edwards et al. 2017) and Rapidly Evolving Long 

Exon Capture (RELEC; Karin et al. 2020) have been introduced with similar methodologies. 
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1.1.3 Ultraconserved Elements 
 
UCEs are short nuclear genomic sequences that are highly conserved between distantly related 

taxa (Faircloth et al. 2012). They are distributed throughout the genome, and are mostly non-

coding and single copy in vertebrates (Bejerano et al. 2004, Van Dam et al. 2021). UCEs have 

been associated with a broad-range of regulatory functions (Bejerano et al. 2004, Dickel et al 

2018, Reneker et al 2012, Sandelin et al. 2004, Warnefors et al 2016, Woolfe et al. 2004), and 

lack a single known unifying function (Harmston et al. 2013). Strong purifying selection 

relative to coding regions underlies the highly conserved nature of these regions (Katzman et 

al 2007). When enriched and sequenced for phylogenetics, UCEs are extremely conserved at 

the core and show increasing informative variation in flanking sequences (Faircloth et al. 

2012). 

The highly conserved nature of UCEs can provide probe sets that will successfully enrich 

genomic loci in taxonomically disparate groups and are notably useful for deep divergences 

spanning large evolutionary timescales (Bossert & Danforth 2018, Faircloth et al. 2012, Leaché 

et al. 2015, McCormack et al. 2012, McCormack et al. 2013a). In addition to their utility in 

evolutionary older clades, UCEs have been successfully applied at shallow scales between 

closely related species and within species (Andermann et al. 2019, Burress et al. 2018, Ferrer 

Obiol et al. 2021, Harvey et al. 2016, Smith et al. 2014, Winker et al. 2018). The broad-scale 

‘Tetrapods’ bait set (Faircloth et al. 2012) is frequently used, and further bait sets are now 

available for a wide variety of taxonomic groups, including Cnidaria (Quatrini et al. 2018), fish 

(Alfaro et al. 2018, Faircloth et al. 2013), and many arthropod classes and orders (Brantstetter 

et al. 2017, Faircloth et al. 2015, Faircloth 2017). The ability to produce sequencing data at 

high coverage across divergent taxa with predesigned probe sets has contributed to the high 

popularity of UCEs and other sequence capture methods for phylogenetic research 

(Andermann et al. 2020). In common with other capture sequencing methods, a major benefit 

of the use of predesigned bait sets that consistently capture the same sets of loci is that meta-

analyses of combined datasets from multiple studies to assemble the tree of life will eventually 

become possible (Lemmon et al. 2012). 

 

1.1.4 Concerns and best practices in next-generation sequencing datasets 
 
Next-generation sequencing has allowed the rapid and cost-effective generation of large 

phylogenomic datasets spanning hundreds or thousands of loci with high power to answer 

evolutionary questions. However, resolving the tree of life unambiguously has remained 
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challenging despite the use of large sequencing datasets (Jeffroy et al. 2006, Philippe et al. 

2011, Shen et al. 2017, Walker et al. 2018). Indeed, incongruence at difficult nodes remains, 

for example at prominent points in the evolution of mammals (Esselstyn et al. 2017), birds 

(Braun & Kimball 2021), and the ancient animal lineages of sponges and ctenophores (King & 

Rokas 2017). 

The causes of these issues may be evolutionary processes, such as incomplete lineage sorting, 

introgression, and natural selection (Castoe et al. 2009, Edwards 2009, Maddison 1997), or due 

to data type effects (Blom et al. 2017, Reddy et al. 2017). With the availability of different 

classes of markers through restriction-digest and sequence capture approaches, marker choice 

has become a strong component of phylogenetic methodology. Differing results from different 

marker types has been a common finding from genome-wide studies (Alda et al. 2021, Braun 

& Kimball 2021, Reddy et al. 2017). Different markers may be more suitable for specific 

applications (Betancur-R et al. 2014, Chen et al. 2015, Karin et al. 2020, Salichos & Rokas 

2013, Yang 1998) and analysing combined datasets incorporating multiple marker types may 

increase phylogenetic power to resolve difficult nodes (e.g. Chan et al. 2020, Cloutier et al. 

2019, Ferrer Obiol et al. 2021, Harvey et al. 2020, Hutter & Duellman 2023, Singhal et al. 

2017). The use of different marker types in combined analyses also raises questions as to the 

bioinformatic treatment of such datasets. Filtering of various parameters of sequencing datasets 

that can impact phylogenetic results under different conditions has received a great deal of 

attention in recent years (e.g. Bossert et al. 2017, Gilbert et al. 2018, Hosner et al. 2016, Mclean 

et al. 2019, Molloy & Warnow 2018, Portik & Wiens 2021, Simmons et al. 2016, Streicher et 

al. 2016, Van Dam et al. 2021, White & Braun 2019, Wiens & Morrill 2011) and provided 

guidance on the best practice treatment of datasets, although without concordance in all areas. 

 

 
1.2 Phylogenetic methods 
 
The increasing feasibility of generating large sequencing datasets to apply to phylogenetic 

questions has created challenges for developing effective and computationally tractable 

analyses methods (Bravo et al. 2019). The use of maximum parsimony, that has been 

commonly used to infer trees from morphological datasets, is less applicable in an era of large-

scale molecular sequencing datasets (Felsenstein 1978, Yang & Rannala 2012). The more 

computationally intensive model-based approaches of maximum likelihood (ML) and 

Bayesian inference (BI) have become widely used for phylogenetic inference of molecular 

sequence datasets (Young & Gillung 2019).  
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These methods use substitution models of evolution to describe the rates of change of mutations 

among aligned sequence datasets (Arenas 2015). A multitude of substitution models to account 

for evolutionary processes have been described (Liò & Goldman 1998). The most complex 

model is the general time reversible model (GTR; Tavaré 1986) that includes different rates 

for each possible nucleotide substitution change. The GTR model is often combined with 

further parameters incorporating the proportion of invariant sites (+I; Shoemaker & Fitch 1989) 

and the rate of variation across sites (+G; Yang, 1993), and GTR+I+G or GTR+G models are 

frequently used (Arenas 2015). Although model selection is often considered an important step 

in phylogenetic inference, the most parameter rich GTR+I+G model very often outperforms 

less complex models (Abadi et al. 2019; but see Sumner et al. 2012). A GTR+G model may be 

opted for instead given the inherent difficulties of independently estimating I and G (Yang 

2006). 

ML phylogenetic inference determines the topology that maximises the probability of 

observing the data given the parameters (Yang & Rannala 2012). In phylogenetics, BI 

estimates prior distributions of parameters and the observed data to produce posterior 

distributions of topologies (Yang & Rannala 2012). Although ML and BI work in alternate 

ways, they are often used in combination and produce concordant phylogenetic results.  

These methods typically use datasets of multiple concatenated loci or genomic regions, that 

can be partitioned by shared characteristics (Lanfear et al. 2012). In this way, different models 

can be applied to different partitions, but a single topology and branch lengths encompassing 

the entire dataset is produced. However, gene trees are not necessarily equivalent to species 

trees (Degnan & Rosenberg 2006, Nichols 2001), and concatenation of genes with 

heterogeneous evolutionary histories can lead to well-supported but incorrect topologies 

(Edwards et al. 2007, Jarvis et al. 2014, Rokas et al. 2003, Song et al. 2012). This has led to 

the formation of species tree methods under the multispecies coalescent model that can account 

for incomplete lineage sorting (Edwards 2009, Edwards et al. 2016). These methods do not 

assume the same topology for all genes (Liu et al. 2015) and can produce summary species 

trees (e.g. ASTRAL-III; Zhang et al. 2018) or site-based species trees (e.g. SVDQuartets; 

Chifman & Kubatko 2014). However, conflicting phylogenetic results between concatenated 

approaches and MSC species tree methods are common in genome-wide datasets (e.g. Chan et 

al. 2020, Gatesy & Springer 2014, Song et al. 2012), and debates as to which methods to use 

are ongoing (Gadagkar et al. 2005, Gatesy & Springer 2014, Hutter & Duellman 2023, 

Knowles 2009, Kubatko & Degnan 2007, Simmons & Gatesy 2015, Springer & Gatesy 2016). 

The necessary construction of prior gene trees for summary-based MSC inference in particular 
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causes problems, most notably in the form of gene tree estimation error (Hahn & Nakhleh 

2016, Xi et al. 2015). MSC methods that conduct simultaneous estimation of gene trees and 

the species tree, such as StarBeast (Heled & Drummond 2010), can provide more robust 

inference but are computationally expensive and not suitable for the large-scale sequencing 

datasets that are now commonplace (Liu et al. 2015). 

Beyond the artefactual impediments of model misspecification and other data driven issues 

(Reddy et al. 2017), naturally occurring evolutionary processes that create heterogeneous 

signals in genome-wide datasets, such as incomplete lineage sorting, introgression, horizontal 

gene transfer, and natural selection (Castoe et al. 2009, Edwards 2009, Hobolth et al. 2011, 

Knowles et al. 2018, Maddison 1997), distance phylogenetic inference from a fully resolved 

branching phylogeny (Bravo et al. 2019). Rapid radiations of species, creating short branches 

between speciation events and little opportunity for informative variation to arise are a 

particular problem for accurate phylogenetic reconstruction (Alda et al. 2019, Degnan & 

Rosenberg 2006). Beyond concatenation and species tree methods, phylogenetic networks may 

be a useful complement regarding these issues in constructing trees (Bapteste et al. 2013, 

Huson & Bryant 2006). Networks can incorporate reticulate evolutionary patterns that arise 

through incomplete lineage sorting and introgression, and may represent evolutionary histories 

more aptly than strictly bifurcating trees at some nodes (Hallström & Janke 2010, Mallett et al. 

2016, Suh 2016). Reflecting the conflicting signals inherent to genome-wide datasets, 

considering different approaches may be useful in testing evolutionary hypotheses.  

 

 
1.3 Evolutionary history beyond phylogeny  
 
Obtaining a phylogeny opens further possibilities for investigating the evolution, ecology, 

biodiversity and other diverse characteristics of a group of interest. Phylogenetic comparative 

methods allow inference into the history of such traits (Cornwell & Nakagawa 2017). 

Estimating the divergence times of internal nodes in a phylogeny can be conducted to 

investigate timelines of evolution (dos Reis et al. 2016). The rates of molecular evolution in 

sequencing datasets can be used with strict clock models (Zuckerkandl & Pauling 1965), or 

relaxed clock models that allow variation over time and between lineages to estimate 

divergence times (Drummond et al. 2006). Fossils with known taxonomic placement and age 

can be used to calibrate the ages of nodes in the phylogeny (Parham et al. 2012). Estimations 

of divergence times can be partnered with biogeographical analyses to investigate current 

distribution patterns and how these have evolved from ancestral ranges over time (Ronquist & 
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Sanmartín 2011). Combined estimates of diversification ages and where these events occurred 

can be useful in inferring the potential involvement of past climatic or geological processes 

(e.g. Davies & Buckley 2011, Dufour et al. 2020, Ferrer Obiol et al. 2022). 

Combining phylogenetic relationships with observed traits in organisms can provide insights 

into the evolutionary history of such characteristics. Using this approach, ancestral state 

reconstruction is a useful tool for extrapolating back in time the character states of common 

ancestors of taxa (Joy et al. 2016). This can provide insights into when and how frequently 

morphological, ecological, or life history traits have evolved over time, and the nature of the 

ancestor of a group of interest (e.g. Ksepka et al. 2017, Legendre et al. 2016, Mayr 2011, Odom 

et al. 2014, Schluter et al. 1997). As well as phenotypic and geographic traits, ancestral state 

reconstruction can be informative in testing genomic changes during evolution, such as 

ancestral sequences, gene copy number and order (e.g. Blanchette et al. 2004, Damas et al. 

2018, O’Connor et al. 2018, Ouzonis 2005). 

 

 
1.4 Introduction to the seabird order Procellariiformes: albatrosses, storm-petrels, 

petrels, and shearwaters 

 
Procellariiformes is an order of seabirds containing four families: Diomedeidae (albatrosses), 

Oceanitidae (Southern storm-petrels), Hydrobatidae (Northern storm-petrels), and 

Procellariidae (petrels and shearwaters). These four families are represented by 26 genera, 

containing 138-145 extant species and 185-191 taxa including subspecies (Clements et al. 

2022, Gill et al. 2023, HBW & BirdLife International 2022). Procellariiformes are the truly 

oceanic birds of the world, spending most of their lives at sea and returning to land only to 

breed (Warham 1990). Procellariiformes species cover vast distances (Weimerskirch et al. 

2014) and perform some of the longest known migrations (Shaffer et al. 2006). Despite the 

apparent constraints of life in the inhospitable marine ecosystem, Procellariiformes are 

remarkably long-lived, reaching over 30 years in many species (Warham 1996, Wasser & 

Sherman 2010) and, at over 70 years, a Phoebastria immutabilis individual is currently the 

oldest known wild bird (U.S. Fish & Wildlife Service 2022). As indicated by their high 

longevity, annual survivorship is high in Procellariiformes adults (Warham 1996). However, 

Procellariiformes are becoming increasingly threatened by human activity, and face uncertain 

futures (Clark et al. 2023, Croxall et al. 2012, Dias et al. 2019, Phillips et al. 2023, Rodríguez 

et al. 2019). 
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1.4.1 Procellariiformes morphology, flight and feeding 
 
The Procellariiformes are known as ‘tubenoses’ in English, referring to the diagnostic tubular 

nostrils unique to the order. In Diomedeidae species the nostrils are separated by the upper 

ridge of the bill, and in other families the nostrils are merged as a single tube separated by a 

vertical septum (Brooke 2004). This trait is associated with the highly developed olfactory bulb 

of the brain in Procellariiformes, which is amongst the largest of all birds (Bang 1966). This 

confers a very strong sense of smell, and hints at the mechanisms that allow Procellariiformes 

to find prey in the visually monotonous oceanic landscape (Nevitt 2000). In addition to 

foraging, smell is important in navigation and nest and social recognition in Procellariiformes 

(Nevitt 2008). 

Procellariiformes also show unique morphology of the digestive tract among birds, with an 

enlarged proventriculus and no crop (Warham 1996). The proventriculus frequently contains 

extremely calorically dense stomach oil derived from consumed food, which allows 

Procellariiformes to transport large amounts of energy over long distance foraging trips 

(Warham et al. 1976). This oil is also regurgitated and ejected in some species when disturbed, 

forming a defensive mechanism (Warham et al. 1976).  

Plumage of Procellariiformes species is often black, white, and with shades of grey and brown. 

Many species show a familiar pattern of dark coloured upperparts and pale underparts (Brooke 

2004), although there are many deviations including all dark plumages (e.g. Phoebetria fusca), 

all white plumages (e.g. Pagodroma nivea), mostly grey plumages (e.g. Oceanodroma 

furcatus), and more intricate patterns (e.g. Daption capense). Plumage patterns in 

Procellariiformes have been associated with feeding ecology and species behaviour at sea 

(Bretagnolle 1993). Although rare in birds (Galeotti et al. 2003), plumage polymorphism 

occurs in some Procellariiformes species, often in the form of light and dark morphs and 

intermediates between these extremes, for example in Fulmarus glacialis (Fisher 1952) and 

Macronectes giganteus (Carlos & Voisin 2008). 

Despite similar plumage patterns throughout Procellariiformes, morphometric size and 

structure are highly diverse among species and offer insights into the flight and feeding 

specialisations found across the order. Storm-petrel species (Hydrobatidae and Oceanitidae) 

are very small, weighing as little as 20g with wingspans as small as 32cm in Oceanodroma 

microsoma (Onley & Scofield 2007). These species have broad wings of low aspect ratio with 

high manoeuverability (Warham 1977), and are specifically adapted to surface pattering with 

frequent flapping in search of food (Brooke 2004). 
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In contrast, the great wandering albatrosses of the genus Diomedea can weigh over 11kg and 

have wingspans up to 3.5m (Tickell 1968), the largest of all birds (del Hoyo et al. 2020). 

Diomedeidae and many Procellariidae species have long wings with high aspect ratios that are 

well adapted for long distance gliding at high speeds (Warham 1977). Diomedeidae species 

make use of wind speed gradients to glide efficiently in dynamic soaring (Pennycuick 1982). 

During calm conditions Diomedeidae species often alight on the sea, illustrating the critical 

importance of efficient gliding in their flight patterns (Warham 1977). Only Diomedeidae and 

Macronectes giant petrels, the largest members of Procellariiformes, possess a shoulder lock 

in the form of a tendon sheet stretching from the sternum to the humerus, which reduces the 

muscle power needed to hold the wing fully outstretched, enabling protracted gliding 

(Pennycuick 1982).  

The prion genus Pachyptila show a unique adaptation in the form of lamellae along the edge 

of the bill (Brooke 2004). By forcing water past the lamellae, Pachyptila species filter-feed on 

plankton either when swimming or in low flight over the surface using the feet and wings to 

maintain balance (Murphy 1936).  

The diving-petrel genus Pelecanoides is atypical among Procellariiformes species, with short 

wings of lower aspect ratio that are not well adapted for long distance flight (Warham 1977). 

Unlike many Procellariiformes species that glide frequently, Pelecanoides fly with rapidly 

beating wings and feed mostly close to breeding colonies (Brooke 2004, Navarro et al. 2015). 

The wing bones are flattened, in a paddle-like shape that is instead perfectly adapted for wing-

propelled diving underwater (Kuroda 1967). Similar to the diving-petrels, the shearwater 

genera Ardenna and Puffinus are adapted for diving and exhibit a comparably flattened 

humerus (Kuroda 1954) that aids in plunge or surface diving and underwater pursuit of prey 

(Ashmole 1971). Procellaria and some Diomedeidae species are also strong divers (Brooke 

2004). Pterodroma species are very strong fliers, swooping high during gliding, but do not dive 

and feed mostly at the surface (Brooke 2004, Warham 1977).  

A range of food items is consumed at sea by Procellariiformes species, including fish, 

nudibranchs, cephalopods, amphipods, copepods, and euphausiids (Prince & Morgan 1987, 

Warham 1996, Brooke 2004, Navarro et al. 2013, Imber 1973, Reid et al. 1997, Ridoux 1994). 

The Macronectes giant petrels are the only Procellariiformes species to obtain a significant part 

of their diet on land, by scavenging from seal, penguin, and petrel carcasses (Brooke 2004, 

Ridoux 1994). Phoebetria albatross species will also consume penguin and other petrel 

carcasses (Ridoux 1994). Beyond these rare examples, Procellariiformes obtain their entire 

diets at sea. 
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 1.4.2 Procellariiformes distributions and breeding 

 
Procellariiformes are colonial breeders, occupying remote islands worldwide and on 

continental landmasses in some places (Brooke 2004, Warham 1990). The greatest diversity is 

present in the southern hemisphere, where dense assemblages of species and populations are 

supported at South Georgia, Gough Island, and Tristan da Cunha in the South Atlantic Ocean, 

at the Crozet Islands and Kerguelen Islands in the southern Indian Ocean, and in the New 

Zealand region in the South Pacific Ocean (Chown et al. 1998, Clarke et al. 2012, Cuthbert 

2004, Warham 1990, Brooke 2004, Jouventin et al. 1985, Robertson et al. 2021, Richardson 

1984, Ryan et al. 1990, Weimerskirch et al. 1989). Within the northern hemisphere, Hawaii 

has the highest species richness of Procellariiformes, and Baja California, Madeira, the Canary 

Islands, and the Pacific coast of South America are hotspots of endemism (Bedolla-Guzmán et 

al. 2019, Chown et al. 1998, Harrison 1990). Contrary to a typical species richness gradient of 

decreasing towards high latitudes, Procellariiformes density is highest at 37° to 59°S in all 

three main ocean basins (Chown et al. 1998).   

The breeding patterns of Procellariiformes are relatively similar throughout the order (Brooke 

2004). Most species return to their colonies only at night, where they nest in burrows or natural 

crevices (Brooke 2004, Schramm 1986, Warham 1990). Some species nest in a scrape in the 

ground, which is associated with diurnal colony visits; the opposite is true for hidden, burrow 

or crevice nesting species that tend to visit nocturnally (Brooke 2004).  

Visual mating displays can be spectacular in some albatross species, which visit nests diurnally, 

while calls are more important in attracting mates for nocturnally visiting species (Brooke 

2004). Mating with the same partner year after year is common, and some species form long 

bonds (Bried et al. 2003, Warham 1990). Fecundity in Procellariiformes is low, with a single 

egg laid per breeding attempt in all species (Warham 1990). In the large and long-lived 

albatross species, age at first breeding is high at around 8-12 years (Pickering 1989, 

Weimerskirch et al. 1987). Breeding frequency varies, including breeding more than once per 

year in some tropical species, typical annual breeding, and breeding every two years in some 

species (Warham 1990). For some species and populations of Hydrobatidae storm-petrels, 

separate populations breeding in the warm and cool seasons at the same island, and often using 

the same burrows as nests, have been found (Bolton et al. 2008, Friesen et al. 2007, Taylor et 

al. 2017, Taylor et al. 2019). Natal philopatry is generally strong in seabirds, including 

Procellariiformes (Coulson 2002). In Pterodroma baraui on Reunion Island in the Indian 
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Ocean, strong philopatry was found between breeding colonies separated by only 5km, 

resulting in isolated genetic populations at a very fine scale (Danckwerts et al. 2021).  

 

1.4.3 Procellariiformes as a study system 
 
In many cases Procellariiformes represent the extremes of a diverse range of traits, occupying 

the high latitudes of the Southern Ocean in greatest density, living very long lives in some 

species, showing variations in size over orders of magnitude, and covering vast distances as 

part of a pelagic life. Procellariiformes inhabit all the world’s oceans, making them appropriate 

sentinels of marine health (Clark et al. 2023, Dias et al. 2019). New taxa of Procellariiformes 

have been described in recent years (Bretagnolle et al. 2022, Harrison et al. 2013, Rodríguez, 

et al. 2020), and recent work has uncovered insights into the breeding biology (Rackete et al. 

2021, Danckwerts et al. 2021), movement and spatial ecology (Neves et al. 2023, Receveur et 

al. 2022), and biogeography and systematics (Ferrer Obiol et al. 2022, Ferrer Obiol et al. 2023) 

of the group, with wider evolutionary and ecological implications. Procellariiformes present 

tremendous opportunities as a study system, at a pressing time when their future conservation 

is increasingly threatened (Dias et al. 2019).  

 

 
1.5 Summary of this thesis 
 
This thesis implements the described next-generation sequencing methods, specifically the 

reduced representation markers UCEs, to the intriguing study system of the seabird order 

Procellariiformes. A well-resolved phylogeny sampling the diversity of a taxonomic group is 

a necessity for further evolutionary and ecological study of a group of interest. Despite the 

large amount of attention that birds have received in general biological study, and specifically 

in systematic study, this was notably lacking for the charismatic and diverse Procellariiformes 

and formed a significant part of the motivation of this thesis. This was addressed in Chapter 2 

of this thesis, for which genome-wide UCEs were used to provide a comprehensive phylogeny 

of Procellariiformes. This phylogeny represents a significant advancement on what has come 

before, providing genome-wide data for many taxa for the first time, and including taxa that 

have not been investigated in a phylogenetic context previously.  

The analytical approaches and methods used are important facets to phylogenetic studies. 

During the process of building the phylogeny, a strong effect of sex-linked UCE loci at fine 

scales was encountered, leading to further exploration of this. Strong evidence has indicated 
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the importance of sex chromosomes in evolutionary divergence and speciation, but a relative 

paucity of information of this importance in a phylogenetic context has emerged, forming a 

further motivation of this thesis. The phylogeny of Procellariiformes presented in Chapter 2, 

and the large sequencing dataset underlying it, were used to investigate the importance of 

subsampling genomic loci of the autosomes and of sex chromosomes in Chapter 3 of this thesis, 

providing valuable insights for further work using similar methods. 

Structural variants have become an increasingly common finding in genome sequencing 

studies. Within birds and other animals, multiple different gene rearrangements, including 

extensive duplications, of the mitochondrial genome have been found. With a strongly resolved 

phylogeny of Procellariiformes, a comparative approach was used to investigate the formation 

and evolution of mitogenomic duplications in this study group in Chapter 4 of this thesis. 

Investigating the evolution of the mitogenome, to complement the preceding chapters focusing 

on the nuclear genome, was a motivation for this chapter. Evidence of an ancient duplication 

event in the mitogenome with subsequent non-uniform degradation over time was found, with 

relevance to the evolution of this trait in the wider waterbird clade and among all birds.  

Chapter 5 provides a review of the points derived from each of these chapters, the outstanding 

questions they pose, and the future directions for further research. 

The chapters of this thesis demonstrate stages of evolutionary study, from the generation of a 

novel and comprehensive phylogeny for a taxonomic group of interest, testing the best-

practices among the data analyses methods employed, and testing evolutionary scenarios 

beyond phylogeny that are unattainable in the absence of a resolved tree. More detailed 

summaries of each chapter, other than Chapter 5, follow below. 

 

1.5.1 Summary of Chapter 2: A novel phylogeny of Procellariiformes using genome-wide 

markers 

 
Gaps in biodiversity knowledge, including in the evolutionary relationships among lineages 

and their tree of life, are an impediment to conservation in a worsening environmental crisis. 

Overcoming local shortfalls in taxonomic clarity across the tree of life should be a high priority 

in the near future. Procellariiformes, the seabird order containing albatrosses, storm-petrels, 

petrels and shearwaters, are among the most threatened groups of all birds, and are subject to 

a range of threats that are set against the uncertain backdrop of climate change. In addition to 

this, Procellariiformes exhibit an extreme range of diversity despite occupying the challenging 

oceanic niche. Despite this, a modern phylogenetic hypothesis for the evolution of 
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Procellariiformes has not yet emerged. The most comprehensive attempt at resolving the 

phylogenetic relationships of Procellariiformes was previously restricted to a limited 

proportion of taxa using a single mitochondrial marker, resulting in low resolution. In this 

chapter, the evolutionary relationships of Procellariiformes were addressed using a novel 

dataset of thousands of genome-wide UCE loci applied to a taxonomically thorough sample 

set of Procellariiformes populations. Results were presented for 335 individual birds, 

representing 89% of species and 85% of all Procellariiformes taxa. Evolutionary relationships 

were comprehensively resolved to a fine scale, allowing many new taxonomic insights. Several 

complex nodes of Procellariiformes evolution were identified, including instances of likely 

introgression and incomplete lineage sorting, and rapid speciation events resulting in multiple 

taxa. The robust hypothesis of Procellariiformes evolution presented provides useful 

information of taxon boundaries and relationships for conservation management. Additionally, 

the results offer a thorough phylogenetic context for further exploratory study of the evolution 

and ecology of this diverse clade of birds. 

 

1.5.2 Summary of Chapter 3: Investigating the impacts of sex-linked genomic markers on 

phylogenetic reconstruction in Procellariiformes seabirds 

 
Genomic marker selection and filtering techniques employing phylogenomic subsampling of 

various parameters aimed at amplifying phylogenetic signal and reducing noise have become 

critical, yet highly debated, steps in the phylogenetic process. Compared to some frequently 

tested targets for marker subsampling, the impact of sex-linked markers (i.e. sites or loci on 

sex chromosomes) has been relatively underexplored. There is growing evidence of the critical 

roles played by sex chromosomes in divergence and speciation in a wide variety of taxa and 

sex determination systems, suggesting that sex-linked markers may be a relevant subsample to 

consider in phylogenetic study. Furthermore, given the differences in inheritance dynamics of 

sex chromosomes relative to autosomes between sexes, and divergent evolutionary processes 

including sexually antagonistic polymorphisms that are expected to arise throughout the 

evolution of sex chromosomes, it is reasonable to anticipate the potential existence of sex-

biased effects on phylogenetic reconstruction of both mitochondrial and nuclear markers. In 

this chapter, the phylogenetic utility and potential sex-biased effects of sex-linked markers 

relative to autosomal markers were tested in the case of the seabird order Procellariiformes. 

Sex-linked loci differed statistically from autosomal loci in being consistently shorter, having 

lower taxon occupancy, greater missing data, and higher numbers of parsimony informative 
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sites. Phylogenetic trees built from sex-linked loci showed sex-specific clades of females with 

spuriously long branches and males with comparable branch lengths relative to autosomal 

topologies, lower values at support metrics, and resolved considerably fewer monophyletic 

species than autosomal trees. Underlying these patterns were higher missing data in sex-linked 

loci in females relative to autosomal females and males of both sex-linked and autosomal loci, 

and a higher frequency of heterozygous sites in sex-linked loci in females than in autosomal 

loci. These results provide strong evidence for sex-biased effects that mislead phylogenetic 

inference, and indicate a role for sex-linked loci in determining phylogenetic results in 

Procellariiformes. Testing these patterns in other groups with potentially heterogeneous sex 

chromosomes should be a priority, and this class of loci should be considered in future 

phylogenomic subsampling methods. 

 

1.5.3 Summary of Chapter 4: Investigating the prevalence and evolution of duplications in the 

mitochondrial genome of the seabird order Procellariiformes 

 
The conserved size, gene content, and gene order of animal mitochondrial genomes 

(mitogenomes) has led to the suggestion that these characteristics are maintained by selection. 

However, duplications of genes and rearrangements of the mitochondrial gene order have 

become a frequent observation in animals, and especially in birds. A considerable number of 

different rearrangements and duplicated regions spanning from CYTB to the control region 

have been identified since the unduplicated chicken mitogenome was hypothesised to represent 

the ancestral avian structure. The subsequent documentation of mitogenome duplications 

among taxonomically diverse clades of birds has led to the suggestion that it could be 

considered the default state. However, knowledge of when and how frequently independent 

mitogenome duplication events have occurred in birds remains lacking, and this trait has 

seldom been tested at large taxonomic scales in concert with a well-resolved phylogeny. This 

question was addressed using Procellariiformes, for which there is some evidence for the 

presence of mitogenome duplications, as well as evidence in the wider waterbird clade 

encompassing this order. Mitogenomic duplications were detected through elevated 

sequencing depth coverage in a large-scale capture enrichment sequencing dataset of 

Procellariiformes, assessing the prevalence and evolutionary history of mitogenomic 

duplications across this group of birds. Duplications of varying extents were present across the 

entire tree of Procellariiformes, with repeated degeneration of duplicated regions and, rarely, 

complete loss of such regions in only two clades containing three taxa each. A variety of 
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different mitogenome rearrangements were found, including the region spanning ND6 to the 

control region in most species, a 3’ prime segment of CYTB was also duplicated in some 

species, and for some species only the control region was duplicated. Ancestral state 

reconstructions indicated that mitogenome duplications were present in the ancestor of 

Procellariiformes, preceding the radiation of this clade and persisting in this state over a large 

evolutionary timescale. The loss of various duplicated regions across the tree was consistent 

with the tandem duplication and random loss model of mitogenome rearrangement. The 

extremely high prevalence of mitogenomic duplications found in Procellariiformes was 

unusual among birds, and the persistence over a large timescale poses questions of the possible 

functions of duplicated regions. These genomic changes may be related to the remarkable flight 

capabilities and longevity of Procellariiformes, with which duplications have previously been 

associated. 
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Chapter 2: A novel phylogeny of Procellariiformes using genome-wide markers 

 

2.1 Introduction 
 
Gaps in biodiversity knowledge are an impediment to conservation in a worsening 

environmental crisis (Barnosky et al. 2011, Dubois 2003, Wheeler et al. 2004). These gaps can 

be characterised into a variety of forms (Hortal et al. 2015), including the lack of description 

of species relative to the true number that exist (the Linnean shortfall; Lomolino 2004), lack of 

knowledge of species distributions (the Wallacean shortfall; Lomolino 2004), and the 

persisting lack of knowledge of the evolutionary relationships among lineages and their tree of 

life, termed the Darwinian shortfall (Diniz-Filho et al. 2013). Despite advances in sequencing 

and phylogenetic methods (Buermans & den Dunnen 2014, Delsuc et al. 2005), and an 

increasing frequency of phylogenetic studies, information regarding fine-scale relationships 

often remains lacking (Diniz-Filho et al. 2013, Engel et al. 2021). Successful conservation 

requires management at appropriate scales of taxa at a biologically relevant taxonomic rank 

with known geographic ranges. Overcoming local Darwinian shortfalls by defining the 

relationships between lineages and clarifying taxonomic ranks, for example as species, 

subspecies, or other evolutionary units within populations for management is thus a critical 

component for effective and targeted conservation action (Agapow et al. 2004, Mace 2004, 

Moritz 1994, Phillimore & Owens 2006, Purvis et al. 2005, Rojas-Soto et al. 2010). With this 

and the pressing environmental crisis in mind, taxonomic clarity across the tree of life should 

be a high priority in the near future (Engel et al. 2021, Wheeler et al. 2004). Beyond having a 

critical impact on conservation efforts, our well-defined biodiversity knowledge gaps are 

fundamentally interconnected, and hinder our ability to progress potential studies in evolution 

and ecology at broad and fine scales (Hortal et al. 2015). 

Procellariiformes are among the most threatened groups of all birds, with one of the highest 

proportions of declining populations (Croxall et al. 2012, Phillips et al. 2023). The International 

Union for the Conservation of Nature (IUCN) Red List accords 66 of the 145 (45.5%) 

Procellariiformes species they recognise as vulnerable, endangered, or critically endangered 

(IUCN 2022), considerably higher than in other bird groups (Rodríguez et al. 2019). 

Procellariiformes are highly adapted to the remote marine environment, where increasing 

anthropogenic pressures at breeding colonies and at sea are contributing to precarious 

conservations positions of many species (Dias et al. 2019, Rodríguez et al. 2019). Of the threats 

faced by Procellariiformes, nest predation by invasive species is the greatest (Dias et al. 2019, 
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Spatz et al. 2023), and has directly contributed to the extinction of species (BirdLife 

International 2023). At sea, fishery bycatch (Anderson et al. 2011, Dias et al. 2019, 

Montevecchi 2023, Žydelis et al. 2013) and plastic waste consumption (Charlton-Howard et 

al. 2023, Clark et al. 2023, Phillips et al. 2023, Phillips & Waluda 2020, Roman et al. 2019) 

are significant problems. A backdrop of climate change accompanies these specific threats, and 

is expected to have large scale effects on seabird populations worldwide (Pistorius et al. 2023).  

In addition to imminent conservation concern, the Procellariiformes exhibit an extreme range 

of diversity despite occupying the remarkably challenging oceanic niche. The order 

encompasses a wide array of morphologies, from the tiny storm-petrels to massive albatrosses, 

a multitude of flight and feeding specialisations from surface pattering to deep diving, 

unusually high longevity and low fecundity, and other unique life history and behavioural traits 

(Brooke 2004, Onley & Scofield 2007, Warham 1990, Warham 1996), representing an ideal 

system for further evolutionary and ecological study.  

Despite this, a comprehensive modern phylogenetic hypothesis for the evolution of 

Procellariiformes has not yet emerged. The order has a complicated taxonomic history 

punctuated by frequent revisions, including monographs by Coues (1864a, 1864b, 1866a, 

1866b, 1866c), Godman (1907-1910), Loomis (1918), and Alexander (1928). Gregory 

Mathews conducted much of the early work on procellariiform classification based on external 

morphological and skeletal characters and, in 1934, he synthesised a wide body of literature 

into a checklist of the order comprising four families of 51 genera and 87 species (Mathews 

1934). This work did not, however, settle debates around Procellariiformes systematics of this 

era with further revisions to come (e.g. Kuroda 1954, Mathews & Hallstrom 1943, Murphy 

1936, Witherby et al. 1940). Mathews himself would come to reject many of his own 

recommendations, and in 1948 he lumped the Procellariiformes from 51 genera to a mere 12 

(Mathews 1948). Unsurprisingly, Mathews’ work was controversial (Serventy 1950) and, in 

1965, motivated by ongoing issues in Procellariiformes nomenclature and classification, a 

group of 15 eminent ornithologists published their preferred classification of Procellariiformes 

(Alexander et al. 1965). This list approached a standardised classification of the order, and 

provided a benchmark for more recent work into the systematic relationships of the order using 

genetic methods.  

Early molecular work used the mitochondrial gene cytochrome b to examine relationships in 

albatross species (Nunn et al. 1996), shearwaters (Austin 1996, Heidrich et al. 1998), the genera 

Bulweria and Psuedobulweria in relation to other Procellariidae genera (Bretagnolle et al. 

1998), and in finer-scale species relationships among taxa (Wink et al. 1993a, Wink et al. 
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1993b, Brooke & Rowe 1996). Encompassing the 14 albatross cytochrome b sequences 

provided by Nunn et al. (1996) and novel sequences for 71 additional species, Nunn & Stanley 

(1998) produced what remains to date the most comprehensive attempt at resolving the 

phylogenetic relationships of Procellariiformes. In this phylogeny, the paraphyletic 

Oceanitidae and Hydrobatidae (considered subfamilies Oceanitinae and Hydrobatinae within 

the family Hydrobatidae) were sister to Diomedeidae and Procellariidae, with the genus 

Pelecanoides as sister to all other Procellariidae, conforming to previous assumptions that the 

diving-petrels formed the distinct family Pelecanoididae (Nunn & Stanley 1998).  

Several large-scale bird phylogenies in subsequent years examining the deep relationships of 

Neoaves have inferred discordant family level relationships of Procellariiformes (Hackett et al. 

2008, Kuhl et al. 2021, Prum et al. 2014, Reddy et al. 2017) to those found by Nunn & Stanley 

(1998). More recently, Estandia et al. (under review) constructed a backbone phylogeny of 

Procellariiformes by sequencing genome-wide ultraconserved elements (UCEs) of 51 species, 

resolving Diomedeidae as sister to all other families, followed by a linear branching pattern of 

Oceanitidae, Hydrobatidae, and Procellariidae, with the genus Pelecanoides embedded within 

Procellariidae. This family level topology is concordant with those found by some large-scale 

studies of birds using genome-wide datasets (Kuhl et al. 2021, Prum et al. 2014, Reddy et al. 

2017), but not all (Hackett et al. 2008), and is discordant with those found by Nunn & Stanley 

(1998).  

Discordance in phylogenetic relationships inferred by mitochondrial and nuclear markers is a 

frequent occurrence in animals (Toews & Brelsford 2012), and is well known in 

Procellariiformes species (Gangloff et al. 2013, Silva et al. 2015, Torres et al. 2021). Although 

often highly variable, mitochondrial markers may not represent the true relationships between 

taxa (Ballard & Whitlock 2004, Edwards & Bensch 2009, Funk & Omland 2003). The reliance 

on cytochrome b alone to infer Procellariiformes relationships is unlikely to have provided 

robust results, and the discrepancies found at higher-level relationships (Estandia et al. under 

review, Nunn & Stanley 1998) are likely to be replicated at finer scales. Moreover, reliance on 

any single mitochondrial or nuclear marker to produce robust phylogenetic relationships is 

unwise given the presence of genomic processes such as incomplete lineage sorting, 

introgression, and natural selection that generate heterogeneous histories across genomes 

(Bravo et al. 2019, Degnan & Rosenberg 2009, Edwards et al. 2016, Rokas et al. 2003). 

Sequencing entire genomes, or using reduced representation methods to generate homologous 

sequences for thousands of genomic loci is now commonplace, for example using UCEs 

(Faircloth et al. 2012), restriction site-associated sequencing (RADseq; Baird et al. 2008), and 
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anchored hybrid enrichment (Lemmon et al. 2012). Revisiting previous phylogenetic results 

based on mitochondrial loci alone, or on limited numbers of loci, may provide valuable insights 

(Kimball et al. 2021). 

In addition to discordance with modern genomic studies, the largest phylogenetic study of 

Procellariiformes sampled 85 species (Nunn & Stanley 1998), lacking a significant proportion 

of named diversity. Current classifications of Procellariiformes recognise between 119 and 145 

species, and 184 to 191 taxa including subspecies, with a total of 199 taxa (Christidis et al. 

2018, Clements et al. 2022, Gill et al. 2023, HBW and BirdLife International 2022). Several 

studies have sampled further taxa by studying the evolutionary relationships of clades within 

Procellariiformes using limited numbers of mitochondrial loci or mitochondrial and nuclear 

loci (e.g. Chambers et al. 2009, Gangloff et al. 2012, Masello et al. 2019, Masello et al. 2022, 

Robertson et al. 2016, Wallace et al. 2017, Welch et al. 2014). More recently, some studies 

have begun to apply genome-wide markers to finer-scale questions in Procellariiformes 

evolution. Taylor et al. (2019) used RADseq to investigate the relationships of populations of 

two Hydrobatidae species. Ferrer Obiol et al. (2021) applied RADseq and UCEs to produce a 

well resolved phylogeny of shearwaters. Shepherd et al. (2022) used RADseq to examine the 

fine-scale relationships of two Pachyptila species. However, a large number of 

Procellariiformes taxa have not received further molecular study, and almost all have not yet 

been examined with modern, genome-wide markers, or using modern phylogenetic inference 

methods. As a result, known gaps in systematic information remain throughout 

Procellariiformes. Additionally, the existence of cryptic species and recent descriptions of 

novel taxa (Abeyrama et al. 2021, Bolton et al. 2008, Bretagnolle et al. 2022, Bretagnolle & 

Shirihai 2010, Harrison et al. 2013, Pyle et al. 2011, Robertson et al. 2016, Rodríguez, et al. 

2020, Ryan et al. 2014, Taylor et al. 2019) indicate that further unknown gaps in systematic 

knowledge also remain in Procellariiformes. Given the imminent conservation concern, and 

potential interest as a biological system for further study, addressing the local Darwinian 

shortfall in Procellariiformes to establish more robust hypotheses of evolution and relationships 

should be a priority.  

In this chapter, these questions are addressed using a novel dataset of thousands of genome-

wide UCE loci applied to a taxonomically thorough sample set of Procellariiformes 

populations. The UCE dataset of 51 Procellariiformes species employed by Estandia et al. 

(under review) was incorporated and expanded to provide UCE data for 335 samples, 

representing 89% of species and 85% of all taxa. Evolutionary relationships were 

comprehensively resolved to the subspecies level, allowing new taxonomic insights and 
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recommendations. Areas of the Procellariiformes tree with phylogenetic conflict within the 

dataset where further taxonomic study will prove useful were identified. The robust hypothesis 

of Procellariiformes evolution presented should provide further understanding of taxon 

boundaries and relationships useful for conservation management. Additionally, the topology 

presented offers a useful and comprehensive taxonomic context for further exploratory study 

of the evolution and ecology of a diverse clade of birds.  

 

 
2.2 Methods 
 
2.2.1 Taxonomic and sampling schemes for a novel phylogeny of Procellariiformes 
 
A novel phylogenetic study requires samples that are suitable for genetic work that span the 

diversity of the taxonomic group being studied to a predefined level (e.g. genus, species, 

subspecies, or population). The major taxonomic classification lists of birds, the IOC World 

Bird List v13.1 (Gill et al. 2023), The Clements Checklist of Birds of the World v2022 

(Clements et al. 2022), Handbook of the Birds of the World and BirdLife International 

Taxonomic Checklist Version 7 (HBW and BirdLife International 2022), and The Howard and 

Moore Complete Checklist of the Birds of the World version 4.1 (Christidis et al. 2018) were 

compared for the Procellariiformes (Appendix 2.1). This provided a baseline taxonomy to 

target sampling of the order. A further review of literature on the taxonomy, systematics, and 

population genetics of Procellariiformes supplemented this to determine additional populations 

of potential interest that lacked a recognised taxonomic rank in the major classifications. This 

review was also informative in assessing areas of disagreement among the major 

classifications. Using this review and the checklist comparison, a list of Procellariiformes was 

formed as a guide for targeting sampling (Appendix 2.2). Although the existence of multiple 

taxonomic lists with different criteria and species concepts can be a hindrance (Garnett & 

Christidis 2017, Collar 2018), with a primary aim of this study to encompass a comprehensive 

range of diversity within Procellariiformes, no single taxonomic list was followed. Despite this, 

the list used was very similar to the IOC World Bird List v13.1 (Gill et al. 2023), differing only 

in the recognition of Pachyptila desolata banksi, Pachyptila turtur eatoni, Pterodroma 

leucoptera caledonica and Ardenna pacifica chlororhyncha.  

Using the taxonomic list, the following sampling scheme was followed: 1. Aim to include at 

least two samples of each monotypic species; 2. Aim to include at least one sample of each 

subspecies of polytypic species; 3. Aim to include further samples of taxa of interest where 
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evidence exists of further unnamed diversity. Birds collected at known breeding locations were 

favoured. In taxa with wide breeding ranges, different breeding locations were favoured when 

sampling more than one individual.  

 

2.2.2 Sample acquisition 
 
Most samples were sourced from collections of museums and ornithological organisations, 

where the presence of voucher specimens was an important benefit. Sample loans were 

obtained from the following museums and organisations: 1. USA: American Museum of 

Natural History (AMNH), University of Kansas Biodiversity Institute and Natural History 

Museum (KU), Natural History Museum of Los Angeles County (LACM), Louisiana State 

University Museum of Natural Science (LSUMZ), National Zoological Park (Smithsonian 

Institution; NZP), San Diego Natural History Museum (SDNHM), University of Alaska 

Museum (UAM), University of Michigan Museum of Zoology (UMMZ), National Museum of 

Natural History (USNM), University of Washington Burke Museum (UWBM); 2. Europe: 

Museu de Ciències Naturals de Barcelona (MCNB), Natural History Museum (UK; NHMUK), 

Natural History Museum of Oslo (NHMO), Zoological Museum of the University of 

Copenhagen (ZMUC); 3. Australia: Australian Antarctic Division (AAD), Australian Museum 

(AM), National Museum of Victoria (NMV), South Australian Museum (SAM); 4. Japan: 

Yamashina Institute for Ornithology (YIO).  

This was supplemented by samples of individual researchers with sample collections relating 

to geographic locations or taxonomic groups of interest. I collected samples during fieldwork 

in the Azores, Portugal. The following researchers contributed samples to this study: Alice 

Cibois and Jean-Claude Thibault (Natural History Museum of Geneva and Muséum national 

d’Histoire naturelle, Paris), Gary Nunn (formerly American Museum of Natural History), 

Hallvard Strøm (Norwegian Polar Institute), Heraldo Norambuena (Universidad Santo Tomás, 

Chile), Jacob González-Solís and Joan Ferrer Obiol (Universitat de Barcelona), Jeremy Austin 

(formerly Natural History Museum, UK), Kate Huyvaert (Washington State University), 

Kazuto Kawakami (Forestry and Forest Products Research Institute, Japan), Paul Scofield 

(Canterbury Museum, New Zealand), Petra Quillfeldt (University of Giessen, Germany), 

Richard Phillips (British Antarctic Survey), Theresa Burg (University of Lethbridge, Canada), 

Vincent Bretagnolle (Centre National de la Recherche Scientifique, France), Yuliana Bedolla 

(Grupo de Ecología y Conservación de Islas, Mexico), Yves Cherel (Centre d’Études 

Biologiques de Chizé, France). 
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All samples were collected and transported with the relevant permits. Samples from European 

Union (EU) member states were imported to the UK under a general authorisation as research 

and diagnostic samples. Samples from non-EU states were imported with specific import 

authorisations granted to Dr. Andreanna Welch by Animal and Plant Health Agency, UK.   

 

2.2.3 Preparing samples for sequencing 
 
Samples were prepared for DNA extraction with a protocol depending on their condition and 

medium. Blood samples suspended in ethanol or other buffers were centrifuged at maximum 

speed (13,200rpm) for two minutes and approximately 10µL of blood was transferred to 

nuclease-free 1.5mL Eppendorf tubes. To remove buffers, samples were centrifuged at 

maximum speed for four minutes and the supernatant was removed. 1mL of nuclease-free 

distilled water was added and mixed by pipetting, before centrifuging at maximum speed for 

two minutes and removing the supernatant. This process was repeated once further with a 

second wash of 1mL nuclease-free distilled water. Samples were left for 30 minutes to one 

hour in an incubator at 45°C with the lid open to evaporate any trace supernatant remaining. 

Dried blood samples and freeze-dried blood samples that had not been stored in any buffer 

were not processed in this way and proceeded immediately to lysis. For blood on Whatman 

Flinders Technology Associates (FTA) cards, a small subsample of approximately 5mm by 

5mm was cut and transferred to a new tube for lysis. For tissue samples in ethanol and other 

buffers, subsamples of approximately 30mg were cut and transferred to new tubes. These 

samples were cut into smaller pieces using a scalpel and washed and heated to remove buffers 

following the same method described for blood samples. Dried muscle tissues and other tissue 

samples not stored in buffers were cut using a scalpel and proceeded directly to lysis. For 

feather samples, the calamus up to the superior umbilicus was removed and cut laterally to 

expose the inner surface for lysis.  

Lysis and DNA extraction was carried out using E.Z.N.A. Tissue DNA Kits (Omega Bio-Tek) 

according to the manufacturer’s protocol with minor modifications. Buffer names in this 

section follow names used in E.Z.N.A. Tissue DNA Kits. For lysis, 250µL of elution buffer 

(10mM Tris-HCl), 25µL Proteinase K, and 4µL RNase A (10mg/mL) were added to blood 

samples, vortexed, and left at room temperature for 2 minutes. Then 250µL BL buffer was 

added, before vortexing and incubation at 55°C overnight until they became clear. To tissue 

samples, 200µL TL buffer, 25µL proteinase K, and 4µL RNase A (10mg/mL) were added, 

vortexed, and left at room temperature for 2 minutes, and then incubated at 55°C overnight. 
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Feather samples were treated with the same conditions as tissue samples for lysis, except 

Proteinase K volume was increased to 45µL, 35µL 1M dithiothreitol (DTT) was added, and 

lysis was extended to 3 days following Bayard De Volo et al. (2008), in which these conditions 

produced higher DNA yields from feather samples.  

Following lysis, samples with insoluble undigested material (blood on FTA cards, tissues, and 

feather samples) were centrifuged at maximum speed for 5 minutes. The supernatant was then 

transferred to new tubes and pelleted material was discarded. 220µL BL buffer was then added 

to these samples, they were vortexed and incubated at 70°C for 10 minutes. All forms of blood 

samples other than on FTA cards that did not leave undigested material after lysis did not 

undergo this step. 250µL 100% ethanol was added to samples before transfer to mini columns 

inserted in 2mL collection tubes. Samples were centrifuged at maximum speed for 1 minute 

and the filtrate was discarded. 500μL HBC buffer diluted with 100% isopropanol was added 

before centrifuging at maximum speed for 1 minute, and the filtrate was discarded. Mini 

columns were transferred to a new collection tube and washed twice with 700μL DNA Wash 

Buffer diluted with 100% ethanol, centrifuged and the filtrate was discarded. Empty tubes were 

centrifuged at maximum speed for 4 minutes to dry the mini columns, and mini columns were 

then transferred to nuclease-free 1.5mL Eppendorf tubes. DNA was eluted into a volume of 

65µL elution buffer (10mM Tris-HCl), and a second elution step used the same volume of 

65µL pipetted back into the mini column to maintain a final volume of 65µL.  

Negative lysis and extraction controls that received no input sample material, containing only 

lysis and extraction reagents, were included with each individual batch of samples processed 

to check for contamination. Samples received as extracted DNA were incorporated with 

extracted samples before quality assessment. DNA quantity was assessed using a Qubit 3 

Fluorometer (Invitrogen, Inc., Carlsbad, CA, USA) with a Qubit dsDNA high sensitivity assay 

kit (HS; 0.2-100ng/µL) according to the manufacturer’s instructions. For samples that 

exceeded the range of the HS assay kit a broad range assay kit (2-1000ng/µL) was used to 

quantify DNA concentration. Sample quality was visualised on 1% agarose gels stained with 

2µL 1µg/mL ethidium bromide.  

 

2.2.4 DNA sequencing methods 
 
Samples were normalised such that 35µL DNA in elution buffer contained at least 1µg DNA 

with a concentration range of 30-100ng/µL. Samples below this concentration threshold were 

concentrated using a SpeedVac to evaporate elution buffer. Samples with under 1µg of total 
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DNA were concentrated to under 35µL and made up to 35µL with elution buffer so that all 

extracted DNA could be used. Normalised DNA samples were loaded to semi-skirted 96-well 

plates (Thermo Scientific) and sealed with strip caps (Thermo Scientific).  

Plates were sent to RAPiD Genomics (Gainesville, FL, USA) for library preparation, capture 

enrichment and sequencing of UCE loci following methods detailed in Faircloth et al. (2012). 

Indexed libraries were prepared and pooled prior to being hybridised with probe sets. High 

quality and moderately degraded samples were enriched with the Tetrapods-UCE-5Kv1 probe 

set (available at ultraconserved.org) of 5,472 probes targeting 5,060 UCE loci. Heavily 

degraded samples were enriched with the ‘Toepads’ UCE-5kv2 probe set, a recently designed 

UCE probe set for degraded DNA by Brant Faircloth, comprising 86,680 probes targeting 

4,434 UCE loci that overlap with the Tetrapods-UCE-5Kv1 probe set. This probe set was 

designed with extensive tiling of overlapping probes to increase capture efficiency in degraded 

DNA samples with low fragment lengths. Enriched libraries were sequenced on an Illumina 

HiSeq 3000 platform generating 100bp or 250bp paired-end reads. 

 

2.2.5 Bioinformatic processing of sequencing reads 
 
Demultiplexed reads in FASTQ format were supplied by RAPiD Genomics. Reads were 

trimmed for adapter content and low-quality bases using Trimmomatic version 0.39 (Bolger et 

al. 2014). After trimming, quality per sample was assessed using FastQC version 0.11.9 

(Andrews 2010). Trimmed reads were processed using the PHYLUCE pipeline version 1.7.1 

(Faircloth 2016). First, trimmed reads were assembled into contigs using SPAdes version 

3.15.4 (Bankevich et al. 2012) implemented by the PHYLUCE program 

phyluce_assembly_assemblo_spades. Contigs were matched to UCE probes in the Tetrapods-

UCE-5Kv1 probe set and extracted using the PHYLUCE programs 

phyluce_assembly_match_contigs_to_probes, phyluce_assembly_get_match_counts, and 

phyluce_assembly_get_fastas_from_match_counts, to generate a monolithic FASTA file 

containing UCE-matched contigs for all samples. Individual UCE loci were aligned using 

MAFFT version 7.475 (Katoh & Standley 2013) implemented by the PHYLUCE program 

phyluce_align_seqcap_align. Aligned loci were internally trimmed using Gblocks version 

0.91b (Castresana 2000) implemented by the PHYLUCE program 

phyluce_align_get_gblocks_trimmed_alignments_from_untrimmed. Locus names were 

removed from trimmed alignments using the PHYLUCE program 

phyluce_align_remove_locus_name_from_files. Only UCE loci with minimum 75% taxon 
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occupancy were retained using the PHYLUCE program 

phyluce_align_get_only_loci_with_min_taxa. UCE loci mapping to the Z or W chromosomes 

were removed (see Chapter 3) to retain only loci on autosomal chromosomes. Summary 

statistics of UCE loci were computed using the PHYLUCE program 

phyluce_align_get_align_summary_data. Retained loci were concatenated using the 

PHYLUCE program phyluce_align_concatenate_alignments to produce a final matrix 

(hereafter referred to as the 75% matrix).  

 

2.2.6 Phylogenetic inference methods 
 
The 75% matrix was partitioned by UCE locus and partitioning schemes were evaluated by 

corrected Akaike Information Criterion (AICc) scores using PartitionFinder version 2.1.1 

(Lanfear et al. 2017) with the general time reversible (GTR) substitution model with gamma 

distribution for rate heterogeneity (+G) and the rcluster search algorithm with rcluster-max set 

to 5000 (Lanfear et al. 2014).  

A maximum likelihood (ML) tree was constructed for the partitioned 75% matrix using the 

best scoring partitioning scheme found by PartitionFinder using RAxML-NG version 1.1.0 

(Kozlov et al. 2019) with the GTR+G substitution model for all partitions and 60 ML searches 

with 30 random starting trees and 30 parsimony starting trees. To assess support for bipartitions 

present in the best scoring tree, 1000 non-parametric bootstrap replicates were conducted and 

mapped onto the tree using the RAxML-NG commands --bootstrap and --support. Nodes with 

bootstrap support values under 70% were collapsed to polytomies using TreeCollapserCL4 

(Hodcroft 2021). 

Trees were constructed using Bayesian inference (BI) on the partitioned 75% matrix using the 

multi-threaded MPI hybrid variant of ExaBayes version 1.5.1 (Aberer et al. 2014). Four 

independent runs were conducted, with random starting trees each with 4 million generations 

sampling the Markov chain Monte Carlo chains every 500 generations. The consense tool of 

ExaBayes was used to construct a 50% majority rule consensus tree from the combined 4 

independent runs with the first 25% (1 million generations per run) discarded as burn-in. Nodes 

with posterior probabilities under 0.7 were collapsed to polytomies using TreeCollapserCL4 

(Hodcroft 2021). Run parameters were assessed using Tracer version 1.7.2 (Rambaut et al. 

2018). The relative Robinson-Foulds distance (Robinson & Foulds 1981) was calculated using 

the RAxML-NG command --rfdist (Kozlov et al. 2019) to assess similarity between topologies 

inferred by ML and BI.  
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To account for heterogeneous evolutionary histories of loci, trees were also built under the 

multispecies coalescent (MSC) model using SVDQuartets (Chifman & Kubatko 2014) with 

the concatenated 75% matrix. SVDQuartets uses single-site patterns to infer quartet trees for 

subsets of four tips and combines quartet trees into an overall tree. To facilitate the evaluation 

of all possible quartets, the alignment was separated by family (Diomedeidae, Oceanitidae, 

Hydrobatidae, and Procellariidae) and SVDQuartets was implemented in PAUP* version 4 

(Swofford 2002). 100 bootstraps were conducted and mapped onto the tree. Nodes with support 

values under 70% were collapsed to polytomies using TreeCollapserCL4 (Hodcroft 2021). 

 

2.2.7 Investigating areas of discordance in the Procellariiformes tree 
 
Nodes above the species level with low support in partitioned concatenated ML or BI analyses 

were investigated in greater detail. For these conflicting nodes, ML bootstrap support, BI 

posterior probabilities, and MSC bootstrap support were compared for each topology identified 

in tree searches and each possible alternative species-level quartet. Site concordance factors 

(sCF) were calculated in IQ-TREE version 2.2.2.3 (Minh et al. 2020a, Minh et al. 2020b) using 

the concatenated 75% matrix for each possible quartet topology at conflicting nodes. The 

updated version of sCF based on ML was used with the --scfl option in IQ-TREE to compute 

100 replicates (Mo et al. 2023). An alternative measure of nodal support to traditional 

bootstrapping, sCF is defined as the percentage of decisive sites in an alignment supporting a 

branch in a tree. As sCF compares the three possible topologies of quartets, values greater than 

one third indicate support for a particular quartet topology.  

To further visualise conflicting signal in the dataset and potentially reticulate evolutionary 

patterns, phylogenetic networks were constructed for these nodes of interest, and for all taxa. 

The 75% concatenated matrix was separated by genus and trimmed to retain only parsimony 

informative sites (PIS) using ClipKIT version 1.4.0 (Steenwyk et al. 2020). Genera with fewer 

than two sampled taxa or with fewer than four total individuals sampled (Phoebetria, Garrodia, 

Nesofregetta, Hydrobates, Pagodroma, Daption, Thalassoica, Bulweria, Halobaena, 

Aphrodroma) were grouped with their closest related genus or genera, as inferred from ML 

and BI trees. Phylogenetic networks were constructed from these trimmed PIS alignments 

using the NeighborNet algorithm (Bryant & Moulton 2004) implemented in SplitsTree version 

5.3.0 (Huson & Bryant 2006). 
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Finally, information from the ML and BI trees, the MSC tree, phylogenetic networks, and 

support metrics was used to summarise a consensus topology of Procellariiformes to the 

subspecies level.  

 

  
2.3 Results 
 
2.3.1 Sequence data and UCE loci summary statistics 
 
Sequence data was obtained for 335 samples representing 129 species, 166 taxa including 

subspecies, and 3 outgroup samples (Appendix 2.3). This accounted for 89% of species and 

85% of all taxa including subspecies on the Procellariiformes taxonomic list. A mean of 

1,410,621 (95% CI: ±158,983) reads were sequenced for each sample. After trimming and 

assembling reads into contigs and extracting UCE loci, a mean of 4,755.44 (95% CI: ±13.34) 

UCE loci were recovered for each sample. After aligning these loci and filtering out sex-linked 

loci (see Chapter 3) and loci with under 75% taxon occupancy, 4,335 UCE loci were retained. 

This final set of loci contained a minimum of 252 samples in any locus and a mean of 328.63 

(95% CI: ±0.39) samples per locus. The mean length per locus was 604.54bp (95% CI: ±4.33). 

The mean missing data per locus was 2.26% (95% CI: ±0.03). The mean number of PIS per 

locus was 85.36 (95% CI: ±1.62). The concatenated 75% matrix of 4,335 loci comprised 

2,620,685 sites and 370,035 PIS. The total nucleotide content of the 75% matrix was 96.34%, 

with 3.52% missing data, and 0.14% gaps. 

 

2.3.2 Higher-level relationships of the Procellariiformes tree using ML and BI methods  
 
The best scoring partitioning scheme found by PartitionFinder had 2,273 subsets and was used 

to construct partitioned phylogenetic trees from the concatenated 75% matrix of 4,335 UCE 

loci using ML and BI. Topologies inferred by ML and BI using RAxML-NG and ExaBayes 

respectively were very similar (relative Robinson-Foulds distance 0.027), mainly differing at 

the shallowest nodes of populations within taxa. Topologies were well resolved at all levels 

with only minor areas of ambiguity in almost all clades and very few areas of phylogenetic 

conflict within the dataset identified. Both methods recovered the same branching structure of 

families and genera (Fig. 2.1). Diomedeidae was sister to all other families. The two storm-

petrel families Oceanitidae and Hydrobatidae were paraphyletic, and sister to the 

Procellariidae. Within Diomedeidae, two sister clades of Diomedea and Phoebastria, and 

Thalassarche and Phoebetria were inferred. Oceanites was sister to all other genera of  



Figure 2.1 Relationships of families and genera of Procellariiformes inferred by all

methods. Numbers indicate ML bootstrap values. All nodes without support values

indicated were fully supported by ML bootstraps and BI posterior probabilities. Branch

lengths are approximated on the full taxon ML tree produced using RAxML-NG.

Families are indicated by coloured bars and illustrations show species representative of

each family.
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Oceanitidae, with a linear branching pattern of Fregetta and Nesofregetta, and a sister 

relationship between Pelagodroma and Garrodia. The two genera of the family Hydrobatidae, 

Hydrobates and Oceanodroma, were not monophyletic. Procellariidae included the fulmarine 

genera of Pagodroma, Thalassoica, Daption, Macronectes and Fulmarus in a linear branching 

order as sister to all other genera of the family. A further clade comprised the sister genera 

Bulweria and Pseudobulweria, and Procellaria as the sister to the shearwaters, within which 

Ardenna and Calonectris were sister genera alongside Puffinus. The final clade within 

Procellariidae contained the gadfly petrel genus Pterodroma as sister to Aphrodroma, and a 

further monophyletic clade comprising the diving-petrel genus Pelecanoides sister to the pair 

of genera Pachyptila and Halobaena. 

 

2.3.3 Finer-scale relationships of the Procellariiformes tree using ML and BI methods 
 
ML and BI produced very similar topologies at shallower nodes. Almost all nodes were fully 

supported by BI posterior probabilities. Bootstrap support values were mostly fully supported, 

and lower than BI posterior probabilities in some cases. The following sections provide results 

within families, where support values are mentioned only for nodes that were not fully 

supported.  

 

2.3.3.1 Diomedeidae 
 
Despite the short branches throughout the family Diomedeidae relative to other families, 

relationships were almost entirely well resolved and strongly supported (Fig. 2.2). In the genus 

Phoebastria, P. irrorata was sister to P. albatrus and the sister species P. nigripes and P. 

immutabilis.  

Within Diomedea, D. epomophora and D. sanfordi were sister to the wandering albatross clade 

of D. amsterdamensis, D. dabbenena, D. exulans and D. antipodensis. In this clade, D. 

amsterdamensis formed the outgroup in ML and BI analyses, with D. dabbenena, D. exulans 

and D. antipodensis forming a monophyletic clade with 92% bootstrap support and full 

posterior probability support. Monophyly of two samples of Diomedea exulans each from 

South Georgia (South Atlantic Ocean) and the Kerguelen Islands (Indian Ocean) was found by 

both ML and BI methods but with low support. ML and BI inferred the same relationships 

within the species D. antipodensis of three sister pairs of individuals, including one 

paraphyletic pair of the subspecies D. antipodensis antipodensis and D. antipodensis gibsoni. 

Nodes within this species were not fully supported in either BI or ML.  
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Figure 2.2 ML tree of Diomedeidae based on the partitioned concatenated matrix of 4,335 

UCE loci. ML bootstrap support values are given as integers and BI posterior probabilities are 

given as decimals. Only nodes with bootstrap values <100 or posterior probabilities <1 are 

indicated. Nodes with support values <70/0.7 are collapsed. Differing relationships inferred by 

BI are overlaid in red, where an asterisk indicates that ML inferred the same branching pattern 

but is collapsed due to <70 bootstrap support. The full ML topology of Procellariiformes 

showing branch lengths between clades is shown (left), with Diomedeidae highlighted in black. 

Names of genera are abbreviated as follows: P. Phoebastria, D. Diomedea, Ph. Phoebetria, T. 

Thalassarche. 

 

 
Phoebetria palpebarata and P. fusca were sister species, and placed sister to the genus 

Thalassarche. The deepest divergence within Thalassarche separated the species pair T. carteri 

and T. chlororhynchos from the rest of the genus. T. bulleri, T. salvini, and T. cauta formed a 

monophyletic clade separated from T. chrysostoma and the sister species T. impavida and T. 

melanophris. The subspecies T. cauta cauta and T. cauta steadi were not monophyletic and no 

strongly supported relationships between individuals were inferred by either ML or BI. 

Similarly, individuals of T. melanophris did not show strongly supported structuring, where BI 

identified one sister pair of individuals receiving a 0.75 posterior probability value.  

 

2.3.3.2 Oceanitidae 
 
The relationships within Oceanitidae were concordant at all levels between ML and BI 

topologies and well supported throughout (Fig. 2.3). In the genus Oceanites, O. oceanicus was 

paraphyletic with respect to O. gracilis. The subspecies O. oceanicus chilensis was fully 

supported in all analyses as the sister to O. gracilis rather than to the other subspecies of O. 

oceanicus. The subspecies O. oceanicus oceanicus and O. oceanicus exasperatus showed 

strongly supported structure, but not by subspecies identity. An O. oceanicus oceanicus 

individual from the Kerguelen Islands (Indian Ocean) was the deepest divergence from an O. 

oceanicus oceanicus individual from the Falkland Islands and O. oceanicus exasperatus 

individuals from the Antarctic Peninsula and South Shetland Islands.  

The genus Fregetta diverged between the two species F. grallaria and F. tropica, with the 

exception of the paraphyletic subspecies F. grallaria leucogaster. Of two individuals of this 

subspecies collected from St. Paul Island (French Southern and Antarctic Lands, Indian 

Ocean), one was sister to another individual of F. grallaria leucogaster from Gough Island and 
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the other clustered with all individuals of F. tropica. The subspecies F. grallaria segethi was 

sister to all other F. grallaria subspecies, including F. grallaria leucogaster and the sister pair 

F. grallaria grallaria and F. grallaria titan. The species F. tropica formed pairs with 90% 

bootstrap support and 0.75 posterior probabilities, although one of these pairs united two 

degraded samples with long branches that may have been artefactual.  

Nesofregetta was sister to the sister genera Garrodia and Pelagodroma. Relationships between 

the subspecies of Pelagodroma were fully supported with P. marina marina and P. marina 

maoriana sister to the subspecies P. marina dulciae, P. marina hypoleuca and P. marina 

eadesorum. 

 

2.3.3.3 Hydrobatidae 
 
Relationships within the family Hydrobatidae were almost entirely concordant between ML 

and BI topologies (Fig. 2.3). With the exception of one node above the species-level with under 

100% bootstrap support, the family was well resolved and supported. Hydrobatidae was split 

into two major clades, largely conforming to a divergence between Atlantic Ocean and Pacific 

Ocean breeding species. In the majority Atlantic Ocean breeding clade, Hydrobates pelagicus 

was sister to O. furcatus, the only species breeding only in the Pacific Ocean of this clade. 

Within this clade, this species pair was deeply diverged from the species O. jabejabe, O. 

monteiroi and O. castro, the latter species breeding in both the Atlantic and Pacific Oceans.  

Of the larger Hydrobatidae clade, all species were restricted to breeding in the Pacific Ocean 

with the exception of O. leucorhous which breeds in both the Pacific Ocean and Atlantic Ocean. 

Within this clade, three subclades were inferred. O. melania, O. microsoma and O. tethys 

formed the deepest diverging subclade. The monophyly of subspecies O. tethys tethys and O. 

tethys kelsalli was fully supported in the BI tree, but not in the ML tree (67% bootstrap support). 

O. matsudairae and O. monorhis were sister species alongside O. tristrami in a further 

subclade. This subclade was sister to a subclade comprising O. homochroa, O. hornbyi, O. 

markhami, O. leucorhous, O. cheimomnestes and O. socorroensis. The branching pattern of 

this subclade with O. homochroa as sister to all other species was inferred with 89% bootstrap 

support in the ML tree and full support in the BI tree. The subspecies O. leucorhous leucorhous 

and O. leucorhous chapmani were monophyletic. The monophyly of O. cheimomnestes with 

respect to O. socorroensis was fully supported in BI analyses and 90% supported in ML 

analyses.  
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Figure 2.3 ML tree of Oceanitidae and Hydrobatidae based on the partitioned concatenated 

matrix of 4,335 UCE loci. ML bootstrap support values are given as integers and BI posterior 

probabilities are given as decimals. Only nodes with bootstrap values <100 or posterior 

probabilities <1 are indicated. Nodes with support values <70/0.7 are collapsed. Differing 

relationships inferred by BI are overlaid in red, where an asterisk indicates that ML inferred 

the same branching pattern but is collapsed due to <70 bootstrap support. The full ML topology 

of Procellariiformes showing branch lengths between clades is shown (left), with Oceanitidae 

and Hydrobatidae highlighted in black. Names of genera are abbreviated as follows: O. 

Oceanites, F. Fregetta, N. Nesofregetta, G. Garrodia, Pe. Pelagodroma, H. Hydrobates, Oc. 

Oceanodroma. 

 

 
2.3.3.4 Procellariidae 
 
ML and BI produced almost identical topologies of the family Procellariidae with a single 

difference at one node within the genus Pachyptila (Fig. 2.4). ML produced lower support 

values at some shallow nodes leading to more collapsed polytomies than in the BI tree.  

The genus Pagodroma was sister to all other fulmarine species. An Antarctic individual of P. 

nivea of unknown subspecies from a mixed colony of small birds (P. nivea nivea) and large 

birds (P. nivea major) where hybridisation occurs and there is a size continuum (Jouventin & 

Viot 1985) was the deepest divergence from three samples of P. nivea nivea from the South 

Atlantic.  

In the giant-petrel genus Macronectes, two individuals of M. giganteus from Gough Island 

were sister to two individuals of M. halli from South Georgia and New Zealand. An additional 

individual of M. giganteus from South Georgia was sister to these pairs. 

In the genus Fulmarus, F. glacialoides and F. glacialis were monophyletic sister species. F. 

glacialis showed the deepest segregation between Pacific Ocean (F. glacialis rodgersii) and 

Atlantic Ocean subspecies (F. glacialis glacialis and F. glacialis auduboni). 

Pseudobulweria presented a linear branching pattern of P. macgillivrayi, P. aterrima, P. becki 

and P. rostrata.  

Procellaria species diverged in a linear order of P. westlandica, P. cinerea, P. conspicillata 

and P. aequinoctialis. Although only one individual of the subspecies P. aequinoctialis steadi 

was sampled (from New Zealand), it was monophyletic with respect to two individuals of P. 

aequinoctialis aequinoctialis (from the South Atlantic Ocean).  
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Figure 2.4 ML tree of the Procellariidae based on the partitioned concatenated matrix of 4,335 

UCE loci. Part A shows the genera Pagodroma, Thalassoica, Daption, Macronectes, 

Fulmarus, Bulweria, Pseudobulweria, Procellaria, Calonectris, Ardenna, and Puffinus; part B 

shows the genera Pelecanoides, Halobaena, Pachyptila, Aphrodroma, and Pterodroma. ML 

bootstrap support values are given as integers and BI posterior probabilities are given as 

decimals. Only nodes with bootstrap values <100 or posterior probabilities <1 are indicated. 

Nodes with support values <70/0.7 are collapsed. Differing relationships inferred by BI are 

overlaid in red, where an asterisk indicates that ML inferred the same branching pattern but is 

collapsed due to <70 bootstrap support. The full ML topology of Procellariiformes showing 

branch lengths between clades is shown (left), with the relevant Procellariidae clade shown 

highlighted in black. Arrows indicate the connection between the two trees in parts A and B. 

Names of genera are abbreviated as follows: Pa. Pagodroma, Th. Thalassoica, Da. Daption, 

M. Macronectes, Fu. Fulmarus, B. Bulweria, Ps. Pseudobulweria, Pr. Procellaria, C. 

Calonectris, A. Ardenna, Pu. Puffinus, Pc. Pelecanoides, Ha. Halobaena, Py. Pachyptila, Ap. 

Aphrodroma, Pt. Pterodroma. 

 

 
The genus Calonectris showed a deepest divergence of the Pacific Ocean breeding C. 

leucomelas from the North Atlantic Ocean breeding species C. edwardsii and the sister pair C. 

diomedea and C. borealis.  

Within the genus Ardenna, A. bulleri and A. pacifica were sister species and formed the base 

of the genus. A linear branching pattern followed of A. tenuirostris, A. grisea, A. gravis and 

the sister pair A. creatopus and A. carneipes. The latter two species were separated by a very 

short branch. Species monophyly of A. carneipes was fully supported in BI and received a 96% 

bootstrap value in ML analyses. Within this species, sister pairs of two individuals from the 

Pacific Ocean and two individuals from the Indian Ocean were most closely related.  

Puffinus nativitatis formed the base of the speciose genus Puffinus, followed by P. subalaris. 

P. gavia and P. huttoni were monophyletic and sister to the four further clades of the genus.  

The first clade comprised the Caribbean, North Atlantic and Mediterranean species P. 

yelkouan, P. mauretanicus, P. puffinus, P. lherminieri, P. boydi and P. baroli. The species P. 

yelkouan and P. mauretanicus were monophyletic with 94% and 91% bootstrap support 

respectively. The position of P. puffinus as sister to P. lherminieri, P. boydi and P. baroli was 

supported by 71% bootstrap value in ML and fully supported in BI analyses.  
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The second clade within Puffinus contained the species P. assimilis of Australia and New 

Zealand and P. elegans of the subantarctic Atlantic, Indian, and Pacific Oceans as sister to 

further clades. P. elegans was embedded within P. assimilis and sister to P. assimilis 

haurakiensis, and a further subspecies pair of P. assimilis kermadecensis and P. assimilis 

tunneyi.  

Following this, P. bailloni of tropical latitudes of the Indian and Pacific Oceans formed a clade. 

Within this species, P. bailloni bailloni was sister to a subclade containing P. bailloni nicolae, 

P. bailloni colstoni and P. bailloni dichrous. The monophyly of P. bailloni nicolae with respect 

to P. bailloni colstoni was fully supported in the BI trees and 42% supported in the ML tree, 

and monophyly of this trio of individuals of these two subspecies was also not fully supported 

in ML analysis (93%).  

P. bailloni was sister to a further clade comprising a linear branching order of P. opisthomelas, 

P. bannermani, P. myrtae, and the sister pair P. auricularis and P. newelli. The monophyly of 

P. auricularus was fully supported in the BI tree and 99% supported in the ML tree. 

The genus Pelecanoides was sister to the genera Halobaena, Pachyptila, Aphrodroma, and 

Pterodroma and separated by a long branch relative to other genera. Within Pelecanoides, P. 

georgicus was sister to P. magellani and P. urinatrix. The subspecies P. urinatrix exsul was 

monophyletic with no strongly supported structuring between individuals. In both the ML and 

BI trees the subspecies P. urinatrix urinatrix and P. urinatrix berard, and P. urinatrix dacunhae 

and P. urinatrix chathamensis formed sister pairs, although with low support in ML analyses 

(50% and 53% respectively), and the entire clade of four subspecies received 93% bootstrap 

support. 

In contrast to all other groups within the order Procellariiformes, the genus Pachyptila was 

highly atypical in presenting poorly resolved relationships. No species were found to be 

monophyletic with full support in either ML or BI topologies, and populations of single taxa 

with more than one sampled individual did not form sister relationships in several cases. 

Despite this, two deep-level clades were fully supported: P. turtur and P crassirostris, and P. 

desolata, P. belcheri, P. vittata, P. macgillivayi and P. salvini. Within the P. turtur and P. 

crassirostris clade, the ML tree inferred the same topology as the fully supported BI tree, albeit 

with poor support at most nodes. An individual of P. crassirostris flemingi from Heard Island 

in the Indian Ocean was the deepest divergence, followed by P. turtur subantarctica from New 

Zealand. Two samples of P. turtur eatoni from St. Paul Island (French Southern and Antarctic 

Lands, Indian Ocean) were not monophyletic, but were monophyletic with one individual of 

P. turtur turtur from mainland New Zealand. These individuals were sister to a pair of 



 47 

individuals of P. turtur turtur and P. crassirostris pyramidalis both from the Chatham Islands, 

New Zealand. 

The larger clade of Pachyptila showed further structure, dividing into subclades containing P. 

desolata and P. belcheri, and P. vittata, P. macgillivrayi and P. salvini in both ML and BI trees. 

The species pair of P. desolata and P. belcheri received 0.75 support in the BI tree and the 

larger clade was fully supported. Two individuals of P. desolata banksi did not conform to this 

arrangement, and formed the outgroup of the overall clade. Further individuals of P. desolata 

banksi, P. desolata desolata, and a P. desolata individual from Bouvet Island (Atlantic Ocean) 

of unknown subspecies inside the main subclade were monophyletic but did not group by 

subspecies identity and received poor support values at all nodes. The two sampled individuals 

of P. belcheri were monophyletic with 0.75 posterior probability in the BI tree and 53% 

bootstrap support in the ML tree. In the second subclade, the two sampled individuals of P. 

salvini were monophyletic in BI analyses with a posterior probability of 0.5, but were not 

monophyletic in ML analyses. One individual of P. macgillivrayi was well supported as sister 

to P. vittata, but further individuals of P. macgillivrayi and P. salvini formed differing 

paraphyletic relationships with low support in both the ML and BI trees.  

The speciose genus Pterodroma was well resolved with entirely concordant relationships 

inferred by the ML and BI trees. Two major clades were inferred. Within the smaller clade, a 

Caribbean and North Atlantic Ocean subclade of P. hasitata, P. madeira, P. cahow, P. feae 

and P. deserta was inferred. P. cahow was inferred as closest to the sister pair P. feae and P. 

deserta with a short branch and 53% bootstrap support in the ML tree and fully supported in 

the BI tree. A further subclade comprised a linear branching pattern of P. mollis, P. gouldi, P. 

incerta, P. lessonii and P. macroptera. P. hypoleuca was at the base of the larger major clade. 

Within this clade, a linear subclade of P. longirostris, P. cookii, P. brevipes and P. leucoptera 

was inferred. A short branch separating P. solandri from P. nigripennis and the majority of 

larger clade was inferred and fully supported in the BI tree and 71% supported in the ML tree. 

P. inexpectata was at the base of two further subclades. P. ultima, P. atrata, P. neglecta, P. 

heraldica and P. alba formed a closely related clade with short branch lengths. The monophyly 

of P. neglecta, P. heraldica and P. alba received a 99% bootstrap support in the ML tree. The 

monophyly of the two sampled individuals of P. alba received a 96% bootstrap support relative 

to the sampled individual of P. heraldica. Both of these nodes were fully supported in the BI 

tree. Finally, P. externa, P. sandwichensis, P. baraui, P. cervicalis and P. occulta formed a 

linear clade with full support at all nodes.  
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2.3.4 The Procellariiformes tree using MSC methods 
 
The tree built under the MSC model using SVDQuartets produced identical higher-level 

relationships to concatenated ML and BI methods (Fig. 2.5). Three generic nodes received 

lower bootstrap support using this method: Fregetta/Nesofregetta (85%), 

Pagodroma/Thalassoica (96%), Ardenna/Calonectris/Puffinus (87%). Lower-level 

relationships were very similar to the ML and BI topologies, with differences mainly at the 

shallowest nodes. Support values were generally lower at shallow nodes in the MSC tree 

relative to concatenated methods.  

Other than minor differences, relationships within Diomedeidae, Oceanitidae, and 

Hydrobatidae were very similar to concatenated methods. In these families differences were 

restricted to shallow nodes in almost all cases. As found using concatenated methods, 

Diomedea dabbenena was sister to D. exulans and D. antipodensis with 90% support.  

The sister species Thalassarche chlororhynchos and T. carteri were each monophyletic, but 

with low support (84% and 62% respectively). 

Within Oceanitidae, Oceanites oceanicus exasperatus was monophyletic but with low support 

(36%). Within Hydrobatidae, one of four sampled individuals of Oceanodroma monteiroi was 

outside of the species clade, and was sister to the clade of O. castro and other O. monteiroi 

individuals. This individual presented a long branch in both ML and BI analyses and its non-

monophyly is likely artefactual. The subspecies O. tethys tethys and O. tethys kelsalli were not 

monophyletic, although the sister pair of individuals inferred had low support of 37%. 

Relationships of the clade containing O. homochroa, O. markhami, O. hornbyi and O. 

leucorhous differed from concatenated methods, with a low supported bifurcation (31%) of O. 

homochroa as sister to O. leucorhous.  

As with the preceding families, the MSC tree of Procellariidae showed similar results to 

concatenated methods with some differences at previously identified conflicting nodes and at 

the shallowest nodes within taxa, and some lower support values. Macronectes halli was 

monophyletic but had low support (59%) and was collapsed. Within the genus Pseudobulweria, 

the clade containing P. aterrima, P. becki and P. rostrata was not fully supported (90%). 

Puffinus puffinus was poorly supported as sister to a clade containing P. yelkouan, P. 

mauretanicus, P. lherminieri, P. boydi and P. baroli (45%), differing from relationships 

inferred by concatenated methods. The subspecies P. lherminieri lherminieri and P. lherminieri 

loyemilleri were not monophyletic, although the sister pair inferred had low support (55%).  
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Diomedea epomophora 1

Puffinus bailloni bailloni 1

Puffinus elegans 2

Macronectes halli 2

Oceanodroma cheimomnestes 2

Pseudobulweria aterrima 1

Pelagodroma marina maoriana 1

Puffinus bannermani 3

Pterodroma cervicalis 1

Pterodroma lessonii 1

Pterodroma longirostris 3

Fulmarus glacialis rodgersii 2

Pterodroma solandri 1

Procellaria aequinoctialis steadi 1

Macronectes giganteus 3

Puffinus auricularis 2

Pagodroma nivea ssp. 1

Spheniscus demersus 1

Pterodroma atrata 3

Pterodroma gouldi 2

Thalassoica antarctica 2

Phoebetria fusca 2

Diomedea exulans 1

Pachyptila belcheri 1

Thalassarche cauta cauta 2

Diomedea antipodensis gibsoni 2

Oceanodroma castro 2

Pterodroma baraui 1

Pachyptila desolata banksi 3

Oceanites oceanicus oceanicus 2

Diomedea antipodensis antipodensis 3

Oceanodroma leucorhous leucorhous 2

Pterodroma occulta 2

Thalassarche impavida 3

Oceanodroma monteiroi 4

Pelecanoides urinatrix exsul 3

Pterodroma occulta 1

Pachyptila turtur subantarctica 1

Halobaena caerulea 2

Procellaria cinerea 1

Hydrobates pelagicus pelagicus 1

Puffinus bannermani 1

Oceanodroma leucorhous leucorhous 1

Puffinus bailloni colstoni 1

Puffinus yelkouan 1

Fregetta grallaria grallaria 1

Thalassarche cauta steadi 3

Nesofregetta fuliginosa 1

Pterodroma nigripennis 2

Oceanodroma furcatus furcatus 1

Pterodroma alba 1

Pterodroma sandwichensis 1

Diomedea exulans 2

Pachyptila desolata desolata 1

Oceanodroma melania 2

Calonectris borealis 2

Diomedea antipodensis antipodensis 2

Oceanodroma homochroa 2

Phoebastria irrorata 3

Pterodroma brevipes brevipes 1

Pterodroma externa 1

Ardenna carneipes 1

Oceanodroma jabejabe 2

Pterodroma lessonii 2

Pachyptila turtur turtur 2

Pelecanoides urinatrix urinatrix 1

Oceanodroma castro 1

Oceanites oceanicus exasperatus 2

Pelagodroma marina marina 1

Pterodroma hasitata 3

Puffinus myrtae 1

Fregetta tropica tropica 3

Pelagodroma marina dulciae 1

Pterodroma cookii 2

Oceanodroma tethys kelsalli 1

Oceanites oceanicus exasperatus 1

Phoebastria immutabilis 2

Puffinus gavia 2

Puffinus assimilis haurakiensis 2

Diomedea antipodensis gibsoni 3

Oceanodroma tethys tethys 1

Oceanodroma castro 4

Oceanodroma matsudairae 1

Puffinus nativitatis 1

Thalassarche cauta steadi 2

Pelecanoides magellani 1

Puffinus baroli 3

Puffinus puffinus 2

Pelecanoides urinatrix exsul 1

Pterodroma inexpectata 1

Pachyptila turtur turtur 1

Fregetta tropica tropica 2

Oceanodroma cheimomnestes 1

Pterodroma cahow 1

Pachyptila macgillivrayi 2

Nesofregetta fuliginosa 3

Thalassarche bulleri platei 1

Pterodroma leucoptera leucoptera 1

Phoebastria irrorata 1

Puffinus newelli 2

Pterodroma deserta 1

Pterodroma hasitata 2

Ardenna gravis 1

Macronectes halli 1

Thalassarche melanophris 6

Puffinus mauretanicus 2

Pterodroma madeira 1

Procellaria conspicillata 3

Oceanodroma homochroa 1

Pelagodroma marina eadesorum 1

Daption capense capense 1

Oceanodroma matsudairae 2

Thalassarche chlororhynchos 2

Oceanodroma tristrami 2

Puffinus puffinus 1

Puffinus auricularis 1

Puffinus bailloni dichrous 1

Puffinus elegans 1

Puffinus lherminieri lherminieri 1

Procellaria aequinoctialis aequinoctialis 2

Oceanites gracilis gracilis 1

Procellaria conspicillata 1

Pterodroma hasitata 1

Puffinus bannermani 2

Fregetta grallaria leucogaster 2

Puffinus bannermani 4

Oceanodroma hornbyi 1

Puffinus boydi 2

Oceanites gracilis gracilis 2

Pelecanoides georgicus 3

Fulmarus glacialis auduboni 1

Procellaria westlandica 2

Pterodroma ultima 1

Nesofregetta fuliginosa 2

Pachyptila desolata banksi 1

Pterodroma incerta 1

Oceanodroma tristrami 1

Pelecanoides georgicus 2

Oceanodroma tethys kelsalli 2
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Pterodroma cervicalis 2
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Pterodroma sandwichensis 2
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Pterodroma feae 1
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Pterodroma longirostris 1
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Fregetta grallaria titan 2

Puffinus bailloni nicolae 1

Pterodroma longirostris 2
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Halobaena caerulea 3

Pseudobulweria rostrata rostrata 1
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Phoebastria irrorata 2

Oceanodroma microsoma 2
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Ardenna grisea 1
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Pachyptila desolata ssp. 1

Pelecanoides urinatrix exsul 4

Pagodroma nivea nivea 2

Fulmarus glacialoides 2

Oceanodroma jabejabe 3

Pterodroma heraldica 1

Oceanites oceanicus chilensis 2

Pterodroma macroptera 2

Puffinus assimilis haurakiensis 1

Ardenna pacifica chlororhyncha 1

Pterodroma gouldi 1

Pachyptila crassirostris flemingi 1

Phoebastria albatrus 1

Pelecanoides magellani 2

Pseudobulweria becki 1

Thalassarche bulleri bulleri 1

Pachyptila turtur eatoni 1

Puffinus opisthomelas 2

Phoebastria albatrus 2

Puffinus bailloni bailloni 2

Daption capense capense 2

Garrodia nereis 1

Diomedea dabbenena 2
Diomedea dabbenena 1

Pterodroma atrata 1

Pelecanoides urinatrix exsul 2

Puffinus opisthomelas 1

Thalassarche carteri 2

Pelecanoides georgicus 1

Phoebetria fusca 1

Thalassarche salvini 2

Garrodia nereis 2

Ardenna tenuirostris 2

Puffinus bailloni dichrous 3

Puffinus bailloni dichrous 4

Procellaria aequinoctialis aequinoctialis 1

Pelecanoides urinatrix dacunhae 1

Macronectes giganteus 2

Thalassoica antarctica 1

Puffinus baroli 1

Puffinus gavia 1

Puffinus baroli 2

Pagodroma nivea nivea 1

Pterodroma leucoptera caledonica 1

Thalassarche melanophris 2

Pagodroma nivea nivea 3

Fregetta grallaria segethi 1

Fregetta grallaria leucogaster 3

Puffinus newelli 1

Ardenna gravis 2

Oceanodroma leucorhous chapmani 1

Pterodroma externa 2

Oceanites gracilis gracilis 3

Ardenna creatopus 2

Procellaria cinerea 2

Puffinus boydi 1

Fregetta grallaria grallaria 2

Pachyptila desolata banksi 2

Puffinus assimilis tunneyi 1

Diomedea amsterdamensis 3

Procellaria conspicillata 2

Thalassarche impavida 1

Puffinus assimilis kermadecensis 1

Oceanodroma microsoma 1

Thalassarche melanophris 5
Thalassarche melanophris 1

Thalassarche impavida 2

Ardenna pacifica chlororhyncha 2

Thalassarche salvini 1

Puffinus huttoni 1

Thalassarche melanophris 3

Garrodia nereis 3

Calonectris edwardsii 1

Ardenna grisea 2

Pterodroma mollis 1
Pterodroma mollis 2

Puffinus bailloni nicolae 2

Hydrobates pelagicus melitensis 1

Pterodroma neglecta neglecta 1

Oceanodroma jabejabe 1

Thalassarche cauta cauta 1

Pachyptila desolata desolata 2

Thalassarche chrysostoma 1

Puffinus bailloni dichrous 2

Pachyptila turtur eatoni 2

Puffinus myrtae 2

Oceanites oceanicus chilensis 3

Diomedea sanfordi 1

Phoebastria nigripes 2

Oceanodroma monorhis 2

Pelecanoides urinatrix chathamensis 1

Pterodroma hypoleuca 2

Ardenna carneipes 4

Oceanodroma monorhis 1

Phoebastria immutabilis 1

Oceanites oceanicus oceanicus 1

Pterodroma atrata 2

Thalassarche chlororhynchos 1

Diomedea exulans 4

Pachyptila crassirostris pyramidalis 1

Fulmarus glacialoides 1

Bulweria bulwerii 1
Bulweria bulwerii 2

Fulmarus glacialis glacialis 2

Pterodroma deserta 2

Pterodroma feae 2

Fulmarus glacialis glacialis 1

Pachyptila macgillivrayi 1

Phoebastria nigripes 1

3.0

Diomedea epomophora 1

Puffinus bailloni bailloni 1

Puffinus elegans 2

Macronectes halli 2

Oceanodroma cheimomnestes 2

Pseudobulweria aterrima 1

Pelagodroma marina maoriana 1

Puffinus bannermani 3

Pterodroma cervicalis 1

Pterodroma lessonii 1

Pterodroma longirostris 3

Fulmarus glacialis rodgersii 2

Pterodroma solandri 1

Procellaria aequinoctialis steadi 1

Macronectes giganteus 3

Puffinus auricularis 2

Pagodroma nivea ssp. 1

Spheniscus demersus 1

Pterodroma atrata 3

Pterodroma gouldi 2

Thalassoica antarctica 2

Phoebetria fusca 2

Diomedea exulans 1

Pachyptila belcheri 1

Thalassarche cauta cauta 2

Diomedea antipodensis gibsoni 2

Oceanodroma castro 2

Pterodroma baraui 1

Pachyptila desolata banksi 3

Oceanites oceanicus oceanicus 2

Diomedea antipodensis antipodensis 3

Oceanodroma leucorhous leucorhous 2

Pterodroma occulta 2

Thalassarche impavida 3

Oceanodroma monteiroi 4

Pelecanoides urinatrix exsul 3

Pterodroma occulta 1

Pachyptila turtur subantarctica 1

Halobaena caerulea 2

Procellaria cinerea 1

Hydrobates pelagicus pelagicus 1

Puffinus bannermani 1

Oceanodroma leucorhous leucorhous 1

Puffinus bailloni colstoni 1

Puffinus yelkouan 1

Fregetta grallaria grallaria 1

Thalassarche cauta steadi 3

Nesofregetta fuliginosa 1

Pterodroma nigripennis 2

Oceanodroma furcatus furcatus 1

Pterodroma alba 1

Pterodroma sandwichensis 1

Diomedea exulans 2

Pachyptila desolata desolata 1

Oceanodroma melania 2

Calonectris borealis 2

Diomedea antipodensis antipodensis 2

Oceanodroma homochroa 2

Phoebastria irrorata 3

Pterodroma brevipes brevipes 1

Pterodroma externa 1

Ardenna carneipes 1

Oceanodroma jabejabe 2

Pterodroma lessonii 2

Pachyptila turtur turtur 2

Pelecanoides urinatrix urinatrix 1

Oceanodroma castro 1

Oceanites oceanicus exasperatus 2

Pelagodroma marina marina 1

Pterodroma hasitata 3

Puffinus myrtae 1

Fregetta tropica tropica 3

Pelagodroma marina dulciae 1

Pterodroma cookii 2

Oceanodroma tethys kelsalli 1

Oceanites oceanicus exasperatus 1

Phoebastria immutabilis 2

Puffinus gavia 2

Puffinus assimilis haurakiensis 2

Diomedea antipodensis gibsoni 3

Oceanodroma tethys tethys 1

Oceanodroma castro 4

Oceanodroma matsudairae 1

Puffinus nativitatis 1

Thalassarche cauta steadi 2

Pelecanoides magellani 1

Puffinus baroli 3

Puffinus puffinus 2

Pelecanoides urinatrix exsul 1

Pterodroma inexpectata 1

Pachyptila turtur turtur 1

Fregetta tropica tropica 2

Oceanodroma cheimomnestes 1

Pterodroma cahow 1

Pachyptila macgillivrayi 2

Nesofregetta fuliginosa 3

Thalassarche bulleri platei 1

Pterodroma leucoptera leucoptera 1

Phoebastria irrorata 1

Puffinus newelli 2

Pterodroma deserta 1

Pterodroma hasitata 2

Ardenna gravis 1

Macronectes halli 1

Thalassarche melanophris 6

Puffinus mauretanicus 2

Pterodroma madeira 1

Procellaria conspicillata 3

Oceanodroma homochroa 1

Pelagodroma marina eadesorum 1

Daption capense capense 1

Oceanodroma matsudairae 2

Thalassarche chlororhynchos 2

Oceanodroma tristrami 2

Puffinus puffinus 1

Puffinus auricularis 1

Puffinus bailloni dichrous 1

Puffinus elegans 1

Puffinus lherminieri lherminieri 1

Procellaria aequinoctialis aequinoctialis 2

Oceanites gracilis gracilis 1

Procellaria conspicillata 1

Pterodroma hasitata 1

Puffinus bannermani 2

Fregetta grallaria leucogaster 2

Puffinus bannermani 4

Oceanodroma hornbyi 1

Puffinus boydi 2

Oceanites gracilis gracilis 2

Pelecanoides georgicus 3

Fulmarus glacialis auduboni 1

Procellaria westlandica 2

Pterodroma ultima 1

Nesofregetta fuliginosa 2

Pachyptila desolata banksi 1

Pterodroma incerta 1

Oceanodroma tristrami 1

Pelecanoides georgicus 2

Oceanodroma tethys kelsalli 2

Puffinus lherminieri lherminieri 2

Ardenna creatopus 1

Pterodroma cervicalis 2

Pachyptila belcheri 2

Calonectris edwardsii 2

Procellaria westlandica 1

Halobaena caerulea 1

Pterodroma sandwichensis 2

Diomedea antipodensis antipodensis 1

Pterodroma feae 1

Diomedea amsterdamensis 1

Pterodroma longirostris 1

Oceanodroma melania 1

Oceanodroma furcatus plumbeus 1

Fregetta grallaria titan 2

Puffinus bailloni nicolae 1

Pterodroma longirostris 2

Calonectris borealis 1

Halobaena caerulea 3

Pseudobulweria rostrata rostrata 1

Fregetta tropica tropica 4

Diomedea exulans 3

Ardenna bulleri 1

Pachyptila salvini 2

Oceanodroma monteiroi 1

Diomedea antipodensis gibsoni 1

Pelagodroma marina hypoleuca 1

Oceanodroma markhami 2

Pseudobulweria rostrata trouessarti 1

Fulmarus glacialis rodgersii 1

Oceanites oceanicus chilensis 1

Fregetta tropica tropica 1

Thalassarche chrysostoma 2

Pelecanoides urinatrix berard 1

Pachyptila salvini 1

Phoebastria irrorata 2

Oceanodroma microsoma 2

Pachyptila vittata 1

Diomedea amsterdamensis 2

Pterodroma macroptera 1

Calonectris leucomelas 1

Pterodroma alba 2

Pterodroma cookii 1

Puffinus mauretanicus 1

Ardenna carneipes 3

Pterodroma baraui 2

Puffinus lherminieri loyemilleri 1

Macronectes giganteus 1

Oceanodroma socorroensis 1

Pterodroma madeira 2

Calonectris leucomelas 2

Pseudobulweria macgillivrayi 1

Puffinus nativitatis 2

Oceanodroma castro 3

Fregetta grallaria leucogaster 1

Calonectris diomedea 2

Puffinus huttoni 2

Oceanodroma monteiroi 3

Pseudobulweria macgillivrayi 2

Pelagodroma marina eadesorum 2

Pterodroma hypoleuca 1

Aphrodroma brevirostris 2

Ardenna tenuirostris 1

Ardenna bulleri 2

Oceanodroma monteiroi 2

Oceanodroma markhami 1

Pterodroma neglecta juana 1

Thalassarche melanophris 4

Pterodroma nigripennis 1

Thalassarche carteri 1

Oceanodroma homochroa 3

Thalassarche cauta steadi 1

Phoebetria palpebrata 1

Fregetta grallaria titan 1

Ardenna carneipes 2

Aphrodroma brevirostris 1

Puffinus yelkouan 2

Oceanodroma hornbyi 2

Pterodroma brevipes magnificens 1

Pterodroma incerta 2

Puffinus subalaris 1

Calonectris diomedea 1

Pterodroma inexpectata 2

Ardenna grisea 1

Oceanodroma monorhis 3

Pachyptila desolata ssp. 1

Pelecanoides urinatrix exsul 4

Pagodroma nivea nivea 2

Fulmarus glacialoides 2

Oceanodroma jabejabe 3

Pterodroma heraldica 1

Oceanites oceanicus chilensis 2

Pterodroma macroptera 2

Puffinus assimilis haurakiensis 1

Ardenna pacifica chlororhyncha 1

Pterodroma gouldi 1

Pachyptila crassirostris flemingi 1

Phoebastria albatrus 1

Pelecanoides magellani 2

Pseudobulweria becki 1

Thalassarche bulleri bulleri 1

Pachyptila turtur eatoni 1

Puffinus opisthomelas 2

Phoebastria albatrus 2

Puffinus bailloni bailloni 2

Daption capense capense 2

Garrodia nereis 1

Diomedea dabbenena 2
Diomedea dabbenena 1

Pterodroma atrata 1

Pelecanoides urinatrix exsul 2

Puffinus opisthomelas 1

Thalassarche carteri 2

Pelecanoides georgicus 1

Phoebetria fusca 1

Thalassarche salvini 2

Garrodia nereis 2

Ardenna tenuirostris 2

Puffinus bailloni dichrous 3

Puffinus bailloni dichrous 4

Procellaria aequinoctialis aequinoctialis 1

Pelecanoides urinatrix dacunhae 1

Macronectes giganteus 2

Thalassoica antarctica 1

Puffinus baroli 1

Puffinus gavia 1

Puffinus baroli 2

Pagodroma nivea nivea 1

Pterodroma leucoptera caledonica 1

Thalassarche melanophris 2

Pagodroma nivea nivea 3

Fregetta grallaria segethi 1

Fregetta grallaria leucogaster 3

Puffinus newelli 1

Ardenna gravis 2

Oceanodroma leucorhous chapmani 1

Pterodroma externa 2

Oceanites gracilis gracilis 3

Ardenna creatopus 2

Procellaria cinerea 2

Puffinus boydi 1

Fregetta grallaria grallaria 2

Pachyptila desolata banksi 2

Puffinus assimilis tunneyi 1

Diomedea amsterdamensis 3

Procellaria conspicillata 2

Thalassarche impavida 1

Puffinus assimilis kermadecensis 1

Oceanodroma microsoma 1

Thalassarche melanophris 5
Thalassarche melanophris 1

Thalassarche impavida 2

Ardenna pacifica chlororhyncha 2

Thalassarche salvini 1

Puffinus huttoni 1

Thalassarche melanophris 3

Garrodia nereis 3

Calonectris edwardsii 1

Ardenna grisea 2

Pterodroma mollis 1
Pterodroma mollis 2

Puffinus bailloni nicolae 2

Hydrobates pelagicus melitensis 1

Pterodroma neglecta neglecta 1

Oceanodroma jabejabe 1

Thalassarche cauta cauta 1

Pachyptila desolata desolata 2

Thalassarche chrysostoma 1

Puffinus bailloni dichrous 2

Pachyptila turtur eatoni 2

Puffinus myrtae 2

Oceanites oceanicus chilensis 3

Diomedea sanfordi 1

Phoebastria nigripes 2

Oceanodroma monorhis 2

Pelecanoides urinatrix chathamensis 1

Pterodroma hypoleuca 2

Ardenna carneipes 4

Oceanodroma monorhis 1

Phoebastria immutabilis 1

Oceanites oceanicus oceanicus 1

Pterodroma atrata 2

Thalassarche chlororhynchos 1

Diomedea exulans 4

Pachyptila crassirostris pyramidalis 1

Fulmarus glacialoides 1

Bulweria bulwerii 1
Bulweria bulwerii 2

Fulmarus glacialis glacialis 2

Pterodroma deserta 2

Pterodroma feae 2

Fulmarus glacialis glacialis 1

Pachyptila macgillivrayi 1

Phoebastria nigripes 1

3.0

Diomedea epomophora 1

Puffinus bailloni bailloni 1

Puffinus elegans 2

Macronectes halli 2

Oceanodroma cheimomnestes 2

Pseudobulweria aterrima 1

Pelagodroma marina maoriana 1

Puffinus bannermani 3

Pterodroma cervicalis 1

Pterodroma lessonii 1

Pterodroma longirostris 3

Fulmarus glacialis rodgersii 2

Pterodroma solandri 1

Procellaria aequinoctialis steadi 1

Macronectes giganteus 3

Puffinus auricularis 2

Pagodroma nivea ssp. 1

Spheniscus demersus 1

Pterodroma atrata 3

Pterodroma gouldi 2

Thalassoica antarctica 2

Phoebetria fusca 2

Diomedea exulans 1

Pachyptila belcheri 1

Thalassarche cauta cauta 2

Diomedea antipodensis gibsoni 2

Oceanodroma castro 2

Pterodroma baraui 1

Pachyptila desolata banksi 3

Oceanites oceanicus oceanicus 2

Diomedea antipodensis antipodensis 3

Oceanodroma leucorhous leucorhous 2

Pterodroma occulta 2

Thalassarche impavida 3

Oceanodroma monteiroi 4

Pelecanoides urinatrix exsul 3

Pterodroma occulta 1

Pachyptila turtur subantarctica 1

Halobaena caerulea 2

Procellaria cinerea 1

Hydrobates pelagicus pelagicus 1

Puffinus bannermani 1

Oceanodroma leucorhous leucorhous 1

Puffinus bailloni colstoni 1

Puffinus yelkouan 1

Fregetta grallaria grallaria 1

Thalassarche cauta steadi 3

Nesofregetta fuliginosa 1

Pterodroma nigripennis 2

Oceanodroma furcatus furcatus 1

Pterodroma alba 1

Pterodroma sandwichensis 1

Diomedea exulans 2

Pachyptila desolata desolata 1

Oceanodroma melania 2

Calonectris borealis 2

Diomedea antipodensis antipodensis 2

Oceanodroma homochroa 2

Phoebastria irrorata 3

Pterodroma brevipes brevipes 1

Pterodroma externa 1

Ardenna carneipes 1

Oceanodroma jabejabe 2

Pterodroma lessonii 2

Pachyptila turtur turtur 2

Pelecanoides urinatrix urinatrix 1

Oceanodroma castro 1

Oceanites oceanicus exasperatus 2

Pelagodroma marina marina 1

Pterodroma hasitata 3

Puffinus myrtae 1

Fregetta tropica tropica 3

Pelagodroma marina dulciae 1

Pterodroma cookii 2

Oceanodroma tethys kelsalli 1

Oceanites oceanicus exasperatus 1

Phoebastria immutabilis 2

Puffinus gavia 2

Puffinus assimilis haurakiensis 2

Diomedea antipodensis gibsoni 3

Oceanodroma tethys tethys 1

Oceanodroma castro 4

Oceanodroma matsudairae 1

Puffinus nativitatis 1

Thalassarche cauta steadi 2

Pelecanoides magellani 1

Puffinus baroli 3

Puffinus puffinus 2

Pelecanoides urinatrix exsul 1

Pterodroma inexpectata 1

Pachyptila turtur turtur 1

Fregetta tropica tropica 2

Oceanodroma cheimomnestes 1

Pterodroma cahow 1

Pachyptila macgillivrayi 2

Nesofregetta fuliginosa 3

Thalassarche bulleri platei 1

Pterodroma leucoptera leucoptera 1

Phoebastria irrorata 1

Puffinus newelli 2

Pterodroma deserta 1

Pterodroma hasitata 2

Ardenna gravis 1

Macronectes halli 1

Thalassarche melanophris 6

Puffinus mauretanicus 2

Pterodroma madeira 1

Procellaria conspicillata 3

Oceanodroma homochroa 1

Pelagodroma marina eadesorum 1

Daption capense capense 1

Oceanodroma matsudairae 2

Thalassarche chlororhynchos 2

Oceanodroma tristrami 2

Puffinus puffinus 1

Puffinus auricularis 1

Puffinus bailloni dichrous 1

Puffinus elegans 1

Puffinus lherminieri lherminieri 1

Procellaria aequinoctialis aequinoctialis 2

Oceanites gracilis gracilis 1

Procellaria conspicillata 1

Pterodroma hasitata 1

Puffinus bannermani 2

Fregetta grallaria leucogaster 2

Puffinus bannermani 4

Oceanodroma hornbyi 1

Puffinus boydi 2

Oceanites gracilis gracilis 2

Pelecanoides georgicus 3

Fulmarus glacialis auduboni 1

Procellaria westlandica 2

Pterodroma ultima 1

Nesofregetta fuliginosa 2

Pachyptila desolata banksi 1

Pterodroma incerta 1

Oceanodroma tristrami 1

Pelecanoides georgicus 2

Oceanodroma tethys kelsalli 2

Puffinus lherminieri lherminieri 2

Ardenna creatopus 1

Pterodroma cervicalis 2

Pachyptila belcheri 2

Calonectris edwardsii 2

Procellaria westlandica 1

Halobaena caerulea 1

Pterodroma sandwichensis 2

Diomedea antipodensis antipodensis 1

Pterodroma feae 1

Diomedea amsterdamensis 1

Pterodroma longirostris 1

Oceanodroma melania 1

Oceanodroma furcatus plumbeus 1

Fregetta grallaria titan 2

Puffinus bailloni nicolae 1

Pterodroma longirostris 2

Calonectris borealis 1

Halobaena caerulea 3

Pseudobulweria rostrata rostrata 1

Fregetta tropica tropica 4

Diomedea exulans 3

Ardenna bulleri 1

Pachyptila salvini 2

Oceanodroma monteiroi 1

Diomedea antipodensis gibsoni 1

Pelagodroma marina hypoleuca 1

Oceanodroma markhami 2

Pseudobulweria rostrata trouessarti 1

Fulmarus glacialis rodgersii 1

Oceanites oceanicus chilensis 1

Fregetta tropica tropica 1

Thalassarche chrysostoma 2

Pelecanoides urinatrix berard 1

Pachyptila salvini 1

Phoebastria irrorata 2

Oceanodroma microsoma 2

Pachyptila vittata 1

Diomedea amsterdamensis 2

Pterodroma macroptera 1

Calonectris leucomelas 1

Pterodroma alba 2

Pterodroma cookii 1

Puffinus mauretanicus 1

Ardenna carneipes 3

Pterodroma baraui 2

Puffinus lherminieri loyemilleri 1

Macronectes giganteus 1

Oceanodroma socorroensis 1

Pterodroma madeira 2

Calonectris leucomelas 2

Pseudobulweria macgillivrayi 1

Puffinus nativitatis 2

Oceanodroma castro 3

Fregetta grallaria leucogaster 1

Calonectris diomedea 2

Puffinus huttoni 2

Oceanodroma monteiroi 3

Pseudobulweria macgillivrayi 2

Pelagodroma marina eadesorum 2

Pterodroma hypoleuca 1

Aphrodroma brevirostris 2

Ardenna tenuirostris 1

Ardenna bulleri 2

Oceanodroma monteiroi 2

Oceanodroma markhami 1

Pterodroma neglecta juana 1

Thalassarche melanophris 4

Pterodroma nigripennis 1

Thalassarche carteri 1

Oceanodroma homochroa 3

Thalassarche cauta steadi 1

Phoebetria palpebrata 1

Fregetta grallaria titan 1

Ardenna carneipes 2

Aphrodroma brevirostris 1

Puffinus yelkouan 2

Oceanodroma hornbyi 2

Pterodroma brevipes magnificens 1

Pterodroma incerta 2

Puffinus subalaris 1

Calonectris diomedea 1

Pterodroma inexpectata 2

Ardenna grisea 1

Oceanodroma monorhis 3

Pachyptila desolata ssp. 1

Pelecanoides urinatrix exsul 4

Pagodroma nivea nivea 2

Fulmarus glacialoides 2

Oceanodroma jabejabe 3

Pterodroma heraldica 1

Oceanites oceanicus chilensis 2

Pterodroma macroptera 2

Puffinus assimilis haurakiensis 1

Ardenna pacifica chlororhyncha 1

Pterodroma gouldi 1

Pachyptila crassirostris flemingi 1

Phoebastria albatrus 1

Pelecanoides magellani 2

Pseudobulweria becki 1

Thalassarche bulleri bulleri 1

Pachyptila turtur eatoni 1

Puffinus opisthomelas 2

Phoebastria albatrus 2

Puffinus bailloni bailloni 2

Daption capense capense 2

Garrodia nereis 1

Diomedea dabbenena 2
Diomedea dabbenena 1

Pterodroma atrata 1

Pelecanoides urinatrix exsul 2

Puffinus opisthomelas 1

Thalassarche carteri 2

Pelecanoides georgicus 1

Phoebetria fusca 1

Thalassarche salvini 2

Garrodia nereis 2

Ardenna tenuirostris 2

Puffinus bailloni dichrous 3

Puffinus bailloni dichrous 4

Procellaria aequinoctialis aequinoctialis 1

Pelecanoides urinatrix dacunhae 1

Macronectes giganteus 2

Thalassoica antarctica 1

Puffinus baroli 1

Puffinus gavia 1

Puffinus baroli 2

Pagodroma nivea nivea 1

Pterodroma leucoptera caledonica 1

Thalassarche melanophris 2

Pagodroma nivea nivea 3

Fregetta grallaria segethi 1

Fregetta grallaria leucogaster 3

Puffinus newelli 1

Ardenna gravis 2

Oceanodroma leucorhous chapmani 1

Pterodroma externa 2

Oceanites gracilis gracilis 3

Ardenna creatopus 2

Procellaria cinerea 2

Puffinus boydi 1

Fregetta grallaria grallaria 2

Pachyptila desolata banksi 2

Puffinus assimilis tunneyi 1

Diomedea amsterdamensis 3

Procellaria conspicillata 2

Thalassarche impavida 1

Puffinus assimilis kermadecensis 1

Oceanodroma microsoma 1

Thalassarche melanophris 5
Thalassarche melanophris 1

Thalassarche impavida 2

Ardenna pacifica chlororhyncha 2

Thalassarche salvini 1

Puffinus huttoni 1

Thalassarche melanophris 3

Garrodia nereis 3

Calonectris edwardsii 1

Ardenna grisea 2

Pterodroma mollis 1
Pterodroma mollis 2

Puffinus bailloni nicolae 2

Hydrobates pelagicus melitensis 1

Pterodroma neglecta neglecta 1

Oceanodroma jabejabe 1

Thalassarche cauta cauta 1

Pachyptila desolata desolata 2

Thalassarche chrysostoma 1

Puffinus bailloni dichrous 2
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Figure 2.5 Tree constructed under the MSC model based on site patterns of 4,335 UCE loci.

Bootstrap support values are given for nodes with <100 support. Nodes with support values

<70 are collapsed. Numbered arrows indicate the connection points between sections of the

tree. Families are indicated by coloured bars.
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P. yelkouan and P. mauretanicus were recovered as monophyletic species with low support 

(41% and 35% respectively).  

As in concatenated methods, relationships of the genus Pachyptila were poorly resolved and 

supported. The main divergence of clades containing P. turtur and P. crassirostris, and P. 

desolata, P. belcheri, P. vittata, P. macgillivayi and P. salvini was maintained in the MSC tree. 

Relationships within these subclades were poorly supported.  

In the genus Pterodroma, the relationships of P. cahow relative to P. madeira, P. feae, and P. 

deserta differed to those inferred by concatenated methods. P. cahow was inferred as sister to 

P. madeira with 62% support. At a further conflicting node in Pterodroma, P. solandri and P. 

nigripennis were inferred as sister species with 57% support, differing from the linear pattern 

of P. solandri and P. nigripennis inferred by concatenated methods. P. neglecta was inferred 

as sister to P. atrata rather than to P. alba and P. heraldica in concatenated analyses, although 

with low support (38%). P. alba was recovered as monophyletic relative to P. heraldica, but 

with low support (59%). 

 

2.3.5 Evaluating areas of phylogenetic conflict in the Procellariiformes tree 
 
Five nodes above the species level with conflicting phylogenetic signal were identified in ML 

and BI trees and support metrics. Short internal branches and low ML bootstrap values were 

common to all nodes with conflicting signal (Figs. 2.2-2.4). For these nodes, each possible 

topological arrangement was depicted with support metrics (ML bootstraps, BI posterior 

probabilities, MSC bootstraps, and sCF) alongside phylogenetic networks (Fig. 2.6).  

Within the genus Diomedea, ML analyses identified D. amsterdamensis (DA) as the sister to 

D. dabbenena (DD) and the pair of sister species D. exulans and D. antipodensis (DEA) with 

92% bootstrap support. This topology was inferred by BI methods with full support and the 

MSC tree method implemented using SVDQuartets with 90% bootstrap support (Fig. 2.6A). 

Conversely, sCF values for this species complex favoured a sister relationship of DD and DA 

supported by 45.4% of decisive sites, considerably higher than the 28.8% for the topology 

inferred by all tree building methods. A phylogenetic network of this clade showed a reticulate 

branching pattern of one of three sampled individuals of DA with the DD lineage, a strong 

indicator of gene flow in the ancestry of this DA individual. 
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Figure 2.6 Topological arrangements of species relationships at nodes with conflicting

phylogenetic signal. Genera are abbreviated as follows: A: D. Diomedea; B: Oc.

Oceanodroma; C: Pu. Puffinus; D, E: Pt. Pterodroma. An asterisk indicates the topology

inferred by ML and BI methods and a plus sign indicates the topology inferred under the

MSC model. Support metrics are given above each topology in the following order: ML
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for each metric type is in bold. Phylogenetic networks are depicted below topologies for
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aid viewing.
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The family Hydrobatidae was well resolved by ML and BI analyses with the exception of the 

branching pattern of a species complex comprising Oceanodroma homochroa (OH), the 

monophyletic species trio O. leucorhous, O. cheimomnestes and O. socorroensis (OLCS), and 

the pair of sister species O. markhami and O. hornbyi (OMH; Fig. 2.6B). ML analyses 

identified OH as the outgroup to a sister relationship of OLCS and OMH with 89% bootstrap 

support and a short branch relative to other divergences within Hydrobatidae. This topology 

was fully supported by BI. Most MSC tree bootstrap replicates supported this topology (52%), 

but the MSC tree instead inferred a sister relationship of OH to OLCS with 31% bootstrap 

support. sCF values did not indicate strong support for any topology at this node 

(34.6%/34.3%/31.1%), although marginally higher support for the topology inferred by 

concatenated ML and BI methods and least support for the topology inferred by the MSC 

method was apparent. This ambiguity was also present in a phylogenetic network of the species 

complex, which showed the near absence of a branch between the divergences of OH, OLCS 

and OMH, indicating a simultaneous speciation event, or a very rapid series of speciation 

events.  

Within the genus Puffinus, a clade of P. puffinus (PP), the sister pair P. yelkouan and P. 

mauretanicus (PYM), and the species trio P. lherminieri, P. boydi and P. baroli (PLBB) was 

identified. PYM was sister to the monophyletic PP and PLBB with 71% bootstrap support in 

the ML tree, and full support in the BI tree (Fig. 2.6C). sCF values strongly favoured a sister 

relationship of PP and PYM (41.7%) relative to the ML and BI topology (32.3%) and the other 

possible topology of PLBB and PYM as sisters (25.9%). The MSC tree, however, inferred the 

latter topology, although with low support at 45% that was similar to its support for the 

topology identified by sCF at 38%. A network of this species group showed a closer genetic 

distance of PP to PYM, but the absence of a branch between divergences of the three 

monophyletic clusters.  

ML and BI trees identified two areas of phylogenetic conflict in the genus Pterodroma. ML 

analyses inferred P. madeira (PM) as sister to a sister relationship of P. cahow (PC) and the 

species pair P. feae and P. deserta (PFD) with 53% bootstrap support (Fig. 2.6D). The same 

topology was fully supported in the BI tree. The MSC tree instead inferred a sister relationship 

of PC and PM with 62% support, and sCF values marginally favoured the third possible 

topology of PFD and PM as sisters with 35.4%. A phylogenetic network indicated a near 

simultaneous branching of the three species clusters that likely underlies the short branch in 

ML and BI trees and the lack of decisive PIS at this node.  

 



Py. crassirostris flemingi 1

Py. turtur eatoni 2

Py. turtur turtur 2

Py. turtur eatoni 1

Py. turtur turtur 1

Py. crassirostris pyramidalis 1

Py. turtur subantarctica 1

Py. salvini 1

Py. vittata 1 Py. macgillivrayi 2

Py. macgillivrayi 1

Py. salvini 2

Py. desolata banksi 1

Py. desolata banksi 2

Py. desolata banksi 3

Py. desolata desolata 1

Py. desolata desolata 2

Py. desolata belcheri 1
Py. desolata belcheri 2

Py. desolata ssp. 1

Pt. feae

Pt. deserta

Pt. madeira

Pt. cahow

Pt. hasitata 1

Pt. hasitata 2

Pt. hasitata 3

Pt. feae

Pt. deserta

Pt. madeira

Pt. cahow

Pt. hasitata 3

Pt. hasitata 2

A B

Figure 2.8 Phylogenetic network of the genus Pachyptila (Py.). Boxes with dashed outlines
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Figure 2.7 Phylogenetic networks of Pterodroma (Pt.) species. Reticulate patterns are present

between Pt. hasitata 1 and Pt. feae (A), and absent when this individual is removed (B).
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A larger network of this clade including the closest related species Pterodroma hasitata 

showed reticulate branches between the sampled individual P. hasitata 1 and the P. feae lineage 

(Fig. 2.7A) that were not present when this individual was removed (Fig. 2.7B), indicating 

admixture in the ancestry of this individual. This individual was found at a P. feae breeding 

colony in Cape Verde, outside its normal breeding range in the Caribbean.  

In Pterodroma, a further conflicting node was identified in the branching order of P. solandri 

(PS) as an outgroup to P. nigripennis (PN), and further species including P. inexpectata (PI), 

which was inferred by ML with 71% bootstrap support and full support by BI (Fig. 2.6E). In 

this case, sCF strongly favoured an alternative topology of PS and PN as sisters, supported by 

41.9% of decisive sites in the alignment relative to 29.9% for the ML and BI topology, and 

28.2% for the other possible topology of PS and PI as sisters. The MSC tree also favoured this 

topology, albeit with only 57% bootstrap support. A phylogenetic network of this species clade 

indicated a lack of genetic distance between the divergence of PS and PN, suggesting a 

simultaneous branching event consistent with a polytomy, or a rapid series of branching events.  

The poorly resolved genus Pachyptila was examined as a phylogenetic network. This network 

inferred the same deeper-level structure of two main clades of P. turtur and P crassirostris, 

and P. desolata, P. belcheri, P. vittata, P. macgillivayi and P. salvini that was inferred in the 

ML and BI trees, and mostly similar relationships within these clades (Fig. 2.8). Reticulate 

branches were present in both clades at deep levels relative to terminal branch lengths.  

A consensus topology of Procellariiformes was summarised from the results of phylogenetic 

trees inferred by different methods, phylogenetic networks, and support metrics (Fig. 2.9). This 

tree was identical to the topologies inferred by ML and BI analyses, except that some 

conflicting and poorly supported nodes were collapsed to polytomies.  
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Figure 2.9 Consensus tree of Procellariiformes relationships based on all tree building methods 

and support metrics. Families are indicated by coloured bars. Arrows indicate the connection 

between the two tree sections. 

 

 
2.4 Discussion 
 
This study represents the first time a dataset of genome-wide markers has been applied to a 

taxonomically thorough sampling of the seabird order Procellariiformes, and provides the most 

comprehensive phylogenetic tree of this group to date. The combined dataset of 4,335 UCE 

loci and 370,035 PIS produced concordant and well supported results across analyses in almost 

all clades. Results were presented for 129 species (89% of all species) and 166 taxa including 

subspecies (85% of all taxa) of Procellariiformes, elucidating relationships to fine scales for 

the first time, with the branching order and patterns of species and subspecies well resolved in 

almost all cases. As a result, a significant gap in biodiversity knowledge, specifically of the 

Darwinian shortfall of evolutionary relationships among lineages (Diniz-Filho et al. 2013, 

Hortal et al. 2015), for this remarkable bird order has been addressed.  

 

2.4.1 Conflicting relationships in Procellariiformes 
 
The utility of UCEs to resolve phylogenetic relationships is well known at deep evolutionary 

scales (Faircloth et al. 2012, McCormack et al. 2013a), and at shallower scales of closely 

related taxa (Ferrer Obiol et al. 2021, Harvey et al. 2016, Herman et al. 2022, Smith et al. 2014, 

Winker et al. 2018). Outside of the genus Pachyptila, which showed unexpectedly poorly 

resolved relationships, only subspecies of three species were not inferred as monophyletic: 

Diomedea antipodensis antipodensis/gibsoni, Thalassarche cauta cauta/steadi, Oceanites 

oceanicus oceanicus/exasperatus. It is possible that the conserved nature of UCEs did not 

provide sufficient variation to separate these shallow divergences, or that current nomenclature 

does not accurately reflect biological divergence in these cases. Other genome-wide markers, 

notably RADseq that has been particularly applied to shallow phylogenetic questions (e.g. 

Benestan et al. 2015, Vendrami et al. 2017) may prove useful in elucidating the fine-scale 

relationships within these species.  

In addition to these cases, several nodes provided evidence of conflicting phylogenetic signal 

within the dataset. These areas of the tree shared a common feature in having short internal 

branches between nodes in the ML and BI trees, which is associated with phylogenetic conflict 
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(Degnan & Rosenberg 2006). Short internal branches, with short underlying time periods 

between speciation events, allow few substitutions that may be phylogenetically informative 

to arise, and increase the likelihood of incomplete lineage sorting (ILS; Degnan & Rosenberg 

2006, Maddison & Knowles 2006, Pamilo & Nei 1988). One of these identified areas, the 

relationships of several Puffinus taxa of the North Atlantic Ocean (Fig. 2.6C), was also 

identified as a conflicting node with a short internal branch in a genomic study of shearwater 

species employing UCEs and RADseq loci (Ferrer Obiol et al. 2021), leading the authors to 

suggest that high ILS had resulted from nearly simultaneous speciation events.  

Simultaneous speciation events represent hard polytomies that can not be portrayed as fully 

bifurcating nodes (Walsh et al. 1999, Suh 2016). At such nodes, it is expected that individual 

loci or sites within the dataset should not favour a particular topology (Degnan & Rosenberg 

2006). Several examples of apparent simultaneous or near simultaneous divergences were 

identified in phylogenetic networks (Fig. 2.6B-E), and notably two where the signal in the 

dataset (evaluated by sCF) did not strongly favour a particular quartet topology (Fig. 2.6B, D). 

These two nodes, the relationships of recently diverged clades of Oceanodroma and 

Pterodroma species, provide the strongest evidence for the presence of hard polytomies within 

Procellariiformes. However, soft polyomties can not be ruled out given the relatively low PIS 

content of UCE loci, that may not have generated sufficient signal between rapid speciation 

events (Meiklejohn et al. 2016). Further genomic data may help to elucidate whether these 

nodes represent resolvable soft polytomies or unresolvable hard polytomies.  

The signal of ancient rapid divergences can be obscured by subsequent homoplasy due to 

saturation (Whitfield & Lockhart 2007). This is a possible explanation for the conflicting 

relationships inferred for Pterodroma solandri relative to P. nigripennis and other congeners 

(Fig. 2.6E). This node was embedded within the Pterodroma radiation in the ML and BI trees, 

showed the absence of a branch between divergences in a phylogenetic network, and sCF 

values strongly favoured a particular quartet topology.  

In addition to ILS, introgression is an important process that can obscure phylogenetic 

relationships and contribute to discordance (Abbott et al. 2016). The conflicting relationships 

in Diomedea species identified reticulate patterns between one individual of D. 

amsterdamensis and the D. dabbenena lineage (Fig. 2.6A), indicating that introgression has 

contributed to the phylogenetic conflict at this node. In addition to this, short branches were 

found between all species in the ML and BI trees, and it is unsurprising that the relationships 

in this clade have proved difficult to disentangle using mitochondrial markers (Burg & Croxall 

2004, Rains et al. 2011). Although rare, breeding-site vagrancy and hybridisation has been 
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recorded in other Diomedeidae species (Phillips et al. 2018). Despite high philopatry (Milot et 

al. 2008, Rains et al. 2011), long-distance dispersal has been identified as a factor influencing 

population structure within D. exulans (Cooper & Weimerskirch 2003, Milot et al. 2008). A 

juvenile D. dabbenena was recently recorded at a D. exulans breeding colony in the Crozet 

Islands, Indian Ocean (Bond et al. 2021), leading the authors to suggest that dispersal events 

in Diomedea species may be more common than previously thought given the challenging 

identification of juvenile birds in this genus.  

Signals of introgression were also identified among the species of North Atlantic Ocean 

Pterodroma, specifically involving an individual of P. hasitata relative to P. feae individuals 

(Fig. 2.7). This individual was found at a P. feae breeding colony in Cape Verde, outside the 

breeding range of P. hasitata in the Caribbean. Hybridisation has been documented in 

Pterodroma petrels in a remarkable scenario of three interbreeding species at Round Island in 

the Indian Ocean (Booth Jones 2017, Brown et al. 2011). Sporadic cases of hybridisation, as 

evidenced here, have been sparsely documented in Pterodroma species (Tennyson et al. 2013).  

Conflicting phylogenetic results between concatenated and MSC methods are a common 

feature of large genome-wide datasets (e.g. Chan et al. 2020, Gatesy & Springer 2014, Song et 

al. 2012). Although mostly very similar, the tree built under the MSC model using 

SVDQuartets presented some differences to the almost entirely identical ML and BI trees. The 

MSC tree produced fewer monophyletic species and subspecies and lower support values than 

ML and BI trees. MSC methods can accommodate the heterogeneous histories of individual 

loci due to ILS and other processes (Maddison 1997, Pamilo & Nei 1988), which is likely to 

occur at rapid radiations. Summary-based MSC methods are commonly used (Bravo et al. 

2019), and rely on the prior estimation of individual loci trees. As a result, summary MSC 

methods are sensitive to gene tree estimation error (Mirarab et al. 2016, Roch & Warnow 2015, 

Springer & Gatesy 2016), which is a particular problem in short loci with low PIS, such as 

UCEs (Blom et al. 2017, Hosner et al. 2016, Meiklejohn et al. 2016, Molloy & Warnow 2018). 

By contrast, concatenated ML methods perform well with large numbers of low signal loci 

(Molloy & Warnow 2018). Given the potential problems of estimating trees from individual 

UCE loci, a site-based MSC method that bypasses prior gene tree estimation, SVDQuartets, 

was used here. ML and BI trees identified four conflicting nodes with short internal branches 

and near simultaneous divergences in phylogenetic networks (Fig. 2.6B-E), where ILS would 

be expected to be high and an MSC method incorporating ILS should perform best (Kubatko 

& Degnan 2007, Roch & Steel 2015). However, in three of these nodes, SVDQuartets inferred 

a topology that no other method or support metric favoured (Fig. 2.6B-D). SVDQuartets has 
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been shown to be more accurate than summary-based MSC methods under high ILS, but not 

concatenated ML even though SVDQuartets would be expected to produce better results in 

these conditions (Molloy & Warnow 2018). Furthermore, concatenated ML methods have been 

shown to outperform both site-based and summary-based MSC methods in most ILS and gene 

tree estimation error conditions (Chou et al. 2015, Molloy & Warnow 2018, Portik & Wiens 

2021), and for these reasons the topologies inferred by ML and BI are likely to be more accurate 

throughout.  

 

2.4.2 Updating Procellariiformes systematics  
 
The dense taxon sampling applied here corroborated the deeper level relationships of 

Procellariiformes inferred recently by Estandia et al. (under review) with identical topologies 

of families and genera. These results are considerably different in the arrangement of families 

and genera to the main previous phylogeny of the order (Nunn & Stanley 1998), and provide 

updated, robust relationships at these scales (Fig. 2.1). 

As expected, given the frequently observed mito-nuclear discordance in Procellariiformes 

(Gangloff et al. 2013, Silva et al. 2015, Torres et al. 2021), incongruence with previous works 

that mainly used mitochondrial markers remained frequent at finer scales. The dataset 

presented here provides an updated view of Procellariiformes systematics at these scales. 

Systematic information and remaining questions in Procellariiformes systematics within 

genera are discussed below for each family.   

 

2.4.2.1 Diomedeidae 
 
The phylogeny of Diomedeidae was well resolved and supported, and genome-wide data were 

used to assess relationships within the family the first time. Within the wandering albatross 

complex of the genus Diomedea, a branching pattern of D. amsterdamensis, D. dabbenena, D. 

exulans, D. antipodensis was best supported (see section 2.4.1). The sister relationship of D. 

amsterdamensis and D. exulans previously found using mitochondrial DNA (Chambers et al. 

2009, Nunn & Stanley 1998, Rains et al. 2011) was not supported. Monophyly of D. 

antipodensis antipodensis and D. antipodendsis gibsoni was not recovered in this study, 

although this could be due to the relatively low variability of UCEs, given that genetic variation 

in Diomedea species is low (Chambers et al. 2009).  
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Results presented here support Phoebastria irrorata as the deepest divergence within its genus, 

which has been found by one study using cytochrome b (Nunn & Stanley 1998), but not 

replicated in another cytochrome b study (Chambers et al. 2009).  

Relationships among Thalassarche species are concordant with those previously found 

(Chambers et al. 2009, Nunn & Stanley 1998). Monophyly of T. cauta cauta and T. cauta 

steadi was not recovered in any analyses. Minor plumage and morphometric differences with 

overlap exist between these taxa (Double et al. 2003), and microsatellites and mitochondrial 

DNA suggest low differences (Chambers et al. 2009) with some degree of genetic isolation 

(Abbott & Double 2003a, Abbott & Double 2003b). Fine-scale genomic work would prove 

useful to more robustly test the appropriate taxonomic ranks of these taxa. Mitochondrial and 

microsatellite evidence of differentiation of the Falkland Islands population of T. melanophris 

from other populations (Burg & Croxall 2001, Burg et al. 2017) was not replicated here despite 

sampling individuals from the Falkland Islands, South Georgia, Kerguelen Islands, and New 

Zealand. A finer-scale dataset of genome-wide markers would prove useful in assessing these 

populations. 

 

2.4.2.2 Oceanitidae 
 
The well resolved and supported phylogeny of Oceanitidae represents the first time genome-

wide data have been used to assess relationships within the family. In the genus Oceanites, the 

paraphyly of subspecies O. oceanicus oceanicus and O. oceanicus exasperatus was consistent 

and well supported. One individual of O. oceanicus oceanicus from the Kerguelen Islands, 

Indian Ocean, was sister to a monophyletic clade of three individuals of O. oceanicus oceanicus 

and O. oceanicus exasperatus from the South Atlantic Ocean and Southern Ocean (Antarctic 

Peninsula, South Shetland Islands, and Falkland Islands). The subspecies O. oceanicus 

exasperatus is larger in size than the nominate subspecies, but this may be clinal in nature 

(Brooke 2004). The currently used subspecies names do not reflect population structure 

inferred here, and subsuming O. oceanicus exasperatus within O. oceanicus oceanicus is 

recommended. The differentiation of Indian Ocean from South Atlantic populations may be 

more valid, and warrants further population genetic study.  

The subspecies O. oceanicus chilensis was fully supported in all analyses as sister to O. 

gracilis, rather than the other subspecies of O. oceanicus. This taxon is smaller and shows 

minor plumage differences to O. oceanicus oceanicus and O. oceanicus exasperatus (Harrison 
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et al. 2013, Onley & Scofield 2007). It is recommended that this taxon is recognised as the 

species Oceanites chilensis, for which the nomenclature was clarified by Palma et al. (2012).  

Relationships among Fregetta grallaria subspecies were well resolved in this study. However, 

the relationships of F. grallaria (white-bellied storm-petrel) and F. tropica (black-bellied 

storm-petrel) populations have proved difficult to resolve. The existence of white-bellied forms 

of the black-bellied storm-petrel (F. tropica) that are morphologically similar to the white-

bellied storm-petrel (F. grallaria) have caused particular confusion (Robertson et al. 2016). 

Robertson et al. (2016), using cytochrome b and a single nuclear marker, concluded that there 

is a white-bellied F. tropica form (F. tropica melanoleuca) at Gough Island and Inaccessible 

Island (South Atlantic Ocean), which was thought to be F. grallaria leucogaster, and that there 

was no definitive evidence that F. grallaria had occurred at Gough Island. One Fregetta 

individual from Gough Island was sampled here, and grouped conclusively with F. grallaria 

samples, indicating that F. grallaria leucogaster does occur at Gough Island, or at least did 

when this sample was collected. Therefore, sympatric forms of F. grallaria leucogaster and F. 

tropica melanoleuca, both with white bellies, do, or at least did, occur at Gough Island. 

Furthermore, Robertson et al. (2016) found that F. grallaria leucogaster and F. tropica 

melanoleuca (as a white-bellied form) occur sympatrically at Inaccessible Island. Of the three 

individuals of presumed F. grallaria leucogaster sampled here, two were from St. Paul Island, 

a relict population in the Indian Ocean (Tollu 1984). Intriguingly, one of these individuals 

placed with the F. grallaria leucogaster individual from Gough Island, and the other was sister 

to the four F. tropica tropica individuals sampled (from South Georgia, South Shetland Islands, 

Bouvet Island, and the Kerguelen Islands). Thus, the situation of sympatric populations of F. 

tropica and F. grallaria, both with white bellies, on Gough Island and Inaccessible Island in 

the South Atlantic Ocean appears to be replicated in the small population on St. Paul Island in 

the Indian Ocean. This individual, notated as F. grallaria leucogaster 3 appears to actually 

represent F. tropica melanoleuca. This repeated pattern of sympatric cryptic species now 

demonstrated in three island populations in two different oceans poses questions of the identity 

of further Fregetta populations worldwide. Additional work is needed to fully disentangle the 

taxonomy of these species.  

Further to this, greater resolution than previously available of the relationships of the 

subspecies of F. grallaria was provided in this study. The subspecies F. grallaria titan has 

been considered a distinct species based on its large size (e.g. Harrison et al. 2021), but was 

embedded within the F. grallaria clade here and its recognition as a subspecies is supported. 

Robertson et al. (2016) inferred this subspecies as sister to F. grallaria segethi. However, the 
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results presented here indicate that F. grallaria segethi is the deepest divergence within this 

species. 

The relationships of the subspecies of Pelagodroma marina were fully supported in all analyses 

with P. marina marina and P. marina maoriana as sisters, and a further trio of P. marina 

dulciae, P. marina hypoleuca, and P. marina eadesorum. Silva et al. (2015) sampled P. marina 

hypoleuca, P. marina marina and P. marina maoriana, finding a comparable sister relationship 

between the latter two subspecies. Further sampling of P. marina eadesorum and P. marina 

dulciae in this study added further resolution to the relationships within this species, and 

identified an interesting pattern of diversification. The two North Atlantic subspecies (P. 

marina hypoleuca and P. marina eadesorum) shared a common ancestor with the south 

Australian subspecies P. marina dulciae, and the South Atlantic subspecies P. marina marina 

shared a common ancestor with the New Zealand breeding P. marina maoriana.  

 

2.4.2.3 Hydrobatidae 
 
All 21 taxa of the family Hydrobatidae were sampled, and relationships were well resolved and 

supported. This represents the first time genome-wide data has been applied to the relationships 

within Hydrobatidae, and is a significant upgrade in resolution compared to the most complete 

previous phylogeny based on cytochrome b and five nuclear introns (Wallace et al. 2017), and 

a partial phylogeny of Pacific Ocean species based on the mitochondrial gene ND1 (Sausner 

et a. 2016). Deeper divergences of clades within Hydrobatidae, that could not be confidently 

inferred by Wallace et al. (2017), were inferred here with full support. The sister species 

Hydrobates pelagicus and Oceanodroma furcatus were closest related to the species O. 

jabejabe, O. monteiroi, and O. castro, and were separated from all other species. The larger 

clade of mostly Pacific Ocean breeding species was split into three groups. Two species trios, 

O. melania, O. microsoma and O. tethys, and O. tristrami, O. matsudairae and O. monorhis 

formed monophyletic groups. Finally, O. homocroa, the sister species O. markhami and O 

horbyi, and the species O. leucorhous, O. cheimomnestes and O. socorroensis formed a 

monophyletic group.  

As previously found, Hydrobates and Oceanodroma are not monophyletic genera (Nunn & 

Stanley 1998), leading some authors to subsume all Oceanodroma taxa into Hydrobates, that 

has priority (e.g. Carboneras & Bonan 2014, Wallace et al. 2017). The well resolved deeper-

level clades found in this study should provide a basis for redefining the genera within 

Hydrobatidae, for which there is a clear need.  
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At the species level, this study provides many new insights into Hydrobatidae evolution. A 

sister relationship between O. melania and O. markhami with a very short branch length 

between species was inferred by Wallace et al. (2017). This was likely caused by a 

misidentified specimen of O. markhami, as in the tree inferred here O. melania is sister to O. 

microsoma and O. tethys, the same species as in the Wallace et al. (2017) tree, but a sister 

relationship of O. markhami with O. hornbyi is instead confirmed here. The mitochondrial 

ND1 tree presented by Sausner et al. (2016) also separated O. melania and O. markhami into 

the clades found in this study. A sister relationship between O. tristrami and O. homochroa 

was inferred by Wallace et al. (2017); instead a sister relationship of O. tristrami to the species 

pair O. matsudairae and O. monorhis is confirmed here, and O. homochroa forms a 

monophyletic group with O. markhami, O horbyi, O. leucorhous, O. cheimomnestes and O. 

socorroensis. 

 

2.4.2.4 Procellariidae 
 
The phylogeny of Procellariidae was well resolved, and provided genome-wide data for the 

first time for almost all clades. In the genus Macronectes, individuals of M. giganteus were 

paraphyletic with respect to M. halli. Two M. giganteus individuals from Gough Island were 

sister to M. halli individuals from South Georgia and New Zealand, and a third M. giganteus 

from South Georgia placed outside these pairs. The identity of the giant petrel population 

breeding at Gough Island has been debated, and they have been given a subspecies name M. 

giganteus solanderi (Salomon & Voisin 2010, Voisin & Bester 1981). A phylogeographic 

study of Macronectes populations using cytochrome b and microsatellites found paraphyletic 

relationships of the two species and significant differences in the Gough population of M. 

giganteus from other populations (Techow et al. 2010). The results presented here suggest that 

the Gough population is more closely aligned with M. halli, and further work is needed to 

define the population-level species identities and relationships in Macronectes.  

Relationships of the Fulmarus glacialis subspecies were concordant with those found by 

mitochondrial and nuclear makers (Kerr & Dove 2013) that the deepest divergence was of the 

Pacific Ocean subspecies F. glacialis rodgersii from Atlantic Ocean subspecies F. glacialis 

glacialis and F. glacialis auduboni. Although only one individual of F. glacialis auduboni was 

sampled here, the two Atlantic Ocean subspecies were monophyletic, unlike the results of Kerr 

& Dove (2013).  
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In the genus Pseudobulweria a linear branching pattern of P. macgillivrayi, P. aterrima, P. 

becki and P. rostrata was found. A study of the genus using two mitochondrial markers and 

one nuclear marker inferred either P. macgillivrayi, P. aterrima, or a sister relationship of P. 

aterrima and P. macgillivrayi as the deepest divergence within the genus in different analyses 

(Gangloff et al. 2012), and the former topology is confirmed here.   

In the genus Procellaria, a linear branching pattern of P. westlandica, P. cinerea, P. 

conspicillata and P. aequinoctialis was found, in contrast to a study using cytochrome b that 

found P. cinerea as sister to all other congeners (Techow et al. 2009).  

Relationships of the shearwater genera Calonectris and Ardenna were identical to those found 

by Ferrer Obiol et al. (2021), that used genome-wide UCE and RADseq loci. Within the species 

A. carneipes, an individual from the remote Indian Ocean colony of St. Paul Island was sister 

to an individual from Western Australia, its closest geographical colony. Individuals from New 

Zealand and the north Pacific Ocean were sister. The populations of New Zealand and Lord 

Howe Island have been considered a separate subspecies, A. carneipes hullianus, from the 

populations further west in Australia and St. Paul Island (Hindwood 1945), for which there is 

some mitochondrial and nuclear genetic evidence (Lombal et al. 2018). Monophyly of these 

populations in this study supports the recognition of this taxon, but further fine-scale work 

would be useful to evaluate this.    

Relationships of the shearwater genus Puffinus were identical to those found by Ferrer Obiol 

et al. (2021) using UCE and RADseq loci, other than the position of P. puffinus, and the 

addition of several species and subspecies sampled here that are discussed below.  

P. subalaris was not sampled by Ferrer Obiol et al. (2021), and has been inferred as sister to 

P. nativitatis using cytochrome b (Austin et al. 2004, Pyle et al. 2011). It was unambiguously 

sister to all Puffinus species after P. nativitatis here, instead of a sister relationship of these 

species. In this study, a conflicting node was identified with P. puffinus sister to P. lherminieri, 

P. baroli and P. boydi, with this clade sister to P. yelkouan and P. mauretanicus. Ferrer Obiol 

et al. (2021) inferred P. puffinus instead as sister to P. yelkouan and P. mauretanicus in most 

analyses, and they suggested nearly simultaneous divergences of these lineages (see section 

2.4.1). 

The sister relationship of P. assimilis tunneyi and P. assimilis kermadecensis found here was 

concordant with cytochrome b results (Austin et al. 2004, Kawakami et al. 2018). However, P. 

assimilis haurakiensis was sister to the other subspecies of P. assimilis, and with P. elegans 

placing outside the P. assmilis clade in cytochrome b studies (Austin et al. 2004, Kawakami et 

al. 2018, Pyle et al. 2011). Here, P. elegans was sister to P. assimilis haurakiensis and 
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embedded within the species P. assimilis. Internodal branch lengths within the P. elegans and 

P. assimilis clade were long relative to other Puffinus species, and further study of these 

lineages to clarify taxonomic ranks should be a priority. In the absence of further sampling and 

sequencing, it is recommended that P. elegans is subsumed into P. assimilis as the subspecies 

P. assimilis elegans. 

A further clade inferred here contained P. bailloni, P. opisthomelas, P. bannermani, P. myrtae, 

P. auricularis, and P. newelli. Martinez-Gomez et al. (2015), using cytochrome b, 

recommended lumping P. auricularis and P. newelli after finding non-monophyly of samples 

of these species. Individuals of these species were monophyletic here, and their recognition as 

separate species is recommended. P. myrtae, breeding only at Rapa Island in the Pacific Ocean, 

was described as a subspecies of P. assimilis (Bourne 1959), and has often been considered 

conspecific with P. newelli after Austin et al. (2004), where a sister relationship was inferred. 

It was separated from the sister pair P. newelli and P. auricularis in this study, and its 

recognition as a species is recommended.   

P. bannermani, restricted to the Ogasawara Islands of Japan, was sequenced for the first time 

by Kawakami et al. (2018) using cytochrome b, and the authors recommended its recognition 

as a species. It formed a monophyletic clade with P. myrtae, P. newelli, and P. auricularis in 

Kawakami et al. (2018) and in this study, and its recognition as a species is further supported.  

In cytochrome b studies, the position of P. opisthomelas has been either unresolved (Kawakami 

et al. 2018, Martinez-Gomez et al. 2015, Pyle et al. 2011) or sister to a clade containing P. 

newelli, P. myrtae, and P. bailloni (Austin et al. 2004). In this study, P. opistomelas is 

confirmed as sister to the clade containing P. bannermani, P. myrtae, P. auricularis, and P. 

newelli, and it was sister to P. newelli in the UCE and RADseq phylogeny of Ferrer Obiol et 

al. (2021) where P. bannermani, P. myrtae, and P. auricularis were not sampled. P. bailloni is 

sister to this clade in this study and in Ferrer Obiol et al. (2021), rather than embedded within 

it as in Austin et al. (2004). Within P. bailloni, P. bailloni bailloni was the deepest diverged 

subspecies, as in genome-wide (Ferrer Obiol et al. 2021) and cytochrome b studies (Kawakami 

et al. 2018, Pyle et al. 2011). In this study P. bailloni dichrous was sister to P. bailloni nicolae 

and P. bailloni colstoni, concordant with cytochrome b studies (Austin et al. 2004, Kawakami 

et al. 2018, Pyle et al. 2011) and with Ferrer Obiol et al. (2021), where P. bailloni colstoni was 

not sampled. P. bailloni nicolae and P. bailloni colstoni were not well supported as reciprocally 

monophyletic in all analyses, and the recognition of P. bailloni colstoni remains questionable 

(Austin et al. 2004, Bretagnolle et al. 2000). 
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In the genus Pelecanoides, P. georgicus was inferred as the sister to the species pair P. 

magellani and P. urinatrix. In the cytochrome b phylogeny presented by Nunn & Stanley 

(1998), P. urinatrix was sister to the species pair P. georgicus and P. magellani. However, the 

gene sequences of these species uploaded to GenBank from that study (Nunn & Stanley 1998) 

have mismatched names (Grosser et al. 2021), and thus the relationships found are concordant. 

A further cytochrome b study found the same species-level relationships (Grosser et al. 2021) 

as in this study. 

The relationships of subspecies within P. urinatrix were not entirely well supported. P. 

urinatrix exsul formed a monophyletic clade of individuals from South Georgia, the Kerguelen 

Islands, and Heard Island without any strongly supported structure. P. urinatrix urinatrix and 

P. urinatrix berard were sister subspecies, as were P. urinatrix chathamensis and P. urinatrix 

dacunhae, albeit with low support in ML analyses. Using cytochrome b, Grosser et al. (2021) 

similarly found monophyletic clades of P. urinatrix urinatrix and P. urinatrix exsul, but non-

monophyly of other subspecies and no strongly supported relationships. The data here support 

the recognition of P. urinatrix exsul and at least one further subspecies among P. urinatrix 

urinatrix, P. urinatrix berard, P. urinatrix chathamensis and P. urinatrix dacunhae, for which 

further sampling and sequencing will be required to determine.  

The genus Pachyptila was atypical in producing poorly resolved relationships at the species 

and subspecies level. This is, however, typical of the difficulty that resolving the taxonomy of 

Pachyptila has presented (e.g. Bretagnolle et al. 1990, Cox 1980, Falla 1940, Fleming 1941, 

Harper 1980, Mathews 1912). All species are morphologically similar and differ mainly in bill 

morphometrics, which are related to foraging behaviour and diet (Harper 1980, Warham 1990). 

The deepest level divergence inferred in this study was of P. turtur and P. crassirostris from 

P. desolata, P. belcheri, P. vittata, P. macgillivayi and P. salvini. Using 25 microsatellites and 

cytochrome b, Moodley et al. (2015) similarly found the deepest divergence of P. turtur from 

other species (P. crassirostris was not sampled), with relationships within the larger clade 

varying by markers and methods used. Masello et al. (2019) used the same panel of 25 

microsatellites and short fragments of mitochondrial and nuclear DNA, finding that P. vittata 

was sister to all other species. Population structure analysis found little to no species-specific 

structure and high admixture between species, inferring an optimal value of three species 

among P. turtur, P. desolata, P. belcheri, P. vittata, and P. salvini (Masello et al. 2019). 

Masello et al. (2022) provided an updated study that included samples of P. macgillivrayi using 

cytochrome b, COI, and the same previously used microsatellite loci. This study found that P. 

turtur was the deepest divergence of the genus (Masello et al. 2022), concordant with results 
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found in this study. Similar to the previous population structure analysis (Masello et al. 2019), 

Masello et al. (2022) found high admixture and inferred an optimal value of two species among 

P. desolata, P. vittata, P. salvini, and P. macgillivrayi.  

Shepherd et al. (2022) investigated the relationships of P. turtur and P. crassirostris using 

mitochondrial cytochrome b, COI, and nuclear RADseq data, finding that neither species were 

monophyletic. P. crassirostris pyramidalis of the Chatham Islands was sister to P. turtur turtur 

individuals of the Chatham Islands rather than to other individuals of P. crassirostris (Shepherd 

et al. 2022). Notably, P. crassirostris pyramidalis was sister to the only individual of P. turtur 

turtur from the Chatham Islands in this study, and results in this clade are similar to Shepherd 

et al. (2022). Shepherd et al. (2022) recommended including P. crassirostris flemingi from 

Heard Island (Tennyson & Bartle 2005) under the name P. turtur eatoni based on its COI 

haplotype (cytochrome b and RADseq data were not available for this taxon). Conversely, P. 

crassirostris flemingi was fully supported as the deepest divergence from all other individuals 

of P. turtur and P. crassirostris in this study, and this population requires further study to 

determine its affinities. Similar to studies of the larger Pachyptila clade (Masello et al. 2019, 

Masello et a. 2022), population structure analysis of P. turtur and P. crassirostris populations 

inferred an optimal value of one or two species, indicating little genetic divergence between 

species and populations (Shepherd et al. 2022). 

Pachyptila species can cover vast distances (Navarro et al. 2015, Quillfeldt et al. 2015), and 

show evidence of high gene flow, admixture, and migration rates, and a lack of genetic 

structure between populations in several species (Masello et al. 2019, Masello et al. 2022, 

Quillfeldt et al. 2017). A hybrid origin of the species P. salvini between putative parent species 

P. desolata and P. vittata has been proposed based on intermediate morphology and a highly 

admixed genetic profile (Masello et al. 2019). The traditional delineation of taxa based on bill 

morphology is not borne out by genetic data (this study, Masello et al. 2019, Masello et al. 

2022, Shepherd et al. 2022), suggesting that these traits may be plastic, evolving rapidly in 

response to ecological conditions. The widely disparate populations with ongoing gene flow 

may instead represent ecomorphs of a small number of wide-ranging species. Fine-scale 

sequencing data, particularly of the larger clade of P. desolata, P. belcheri, P. vittata, P. 

macgillivayi and P. salvini to supplement the RADseq data produced for P. turtur and P. 

crassirostris (Shepherd et al. 2022) would be useful to define accurate taxonomic boundaries 

in this genus that have been an elusive target. 

The relationships of the genus Pterodroma have thus far been investigated using only 

cytochrome b (e.g. Nunn & Stanley 1998, Welch et al. 2014, Wood et al. 2017), with limited 
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taxon sampling and resolution. The results presented here are a significant improvement in 

resolving the relationships of the genus.  

A clade of Caribbean and North Atlantic Ocean species of P. hasitata, P. madeira, P. cahow, 

P. feae and P. deserta was inferred, with conflicting placement of P. cahow (see section 2.4.1). 

Studies using cytochrome b have found a branching pattern of P. hasitata, P. cahow, P. 

madeira, P. deserta, and P. feae with a short branch between the divergence of P. cahow and 

sister species (Jesus et al. 2009, Welch et al. 2014). A phylogenetic network of this clade 

indicated rapid divergences between these species, and finer-scale sequencing using RADseq 

may prove useful in resolving these divergences.  

This clade was sister to a clade comprising a branching order of P. mollis, P. gouldi, P. incerta, 

P. lessonii, and P. macroptera. P. mollis placed outside this smaller clade, and sister to this and 

the preceding clade of North Atlantic Ocean species in cytochrome b studies (Jesus et al. 2009, 

Nunn & Stanley 1998, Welch et al. 2014, Wood et al. 2017). P. gouldi was previously 

considered synonymous with P. macroptera, but was not sister to this species in this study, 

confirming the separation of these species found by Wood et al. (2017) using cytochrome b.  

The larger clade of Pterodroma species inferred here clarified the positions of several species 

with variable placement in cytochrome b studies (Nunn & Stanley 1998, Welch et al. 2014, 

Wood et al. 2017), and sampled several taxa for the first time. The increase in resolution is 

such that it is difficult to compare to previous phylogenies of this group. P. hypoleuca was 

clarified as the base of a large clade of species. A clade of P. longirostris, P. cookii, P. brevipes, 

and P. leucoptera was inferred. The position of P. solandri was conflicting with respect to P. 

nigripennis and further species (see section 2.4.1), and further study of these species is needed. 

P. inexpectata was sister to two monophyletic clades. The first contained P. ultima, P. atrata, 

P. neglecta, P. heraldica, and P. alba. The dark morph populations of P. heraldica were split 

as the species P. atrata by Brooke & Rowe (1996) and these species are not sister here, 

supporting the recognition of P. atrata. The second clade contained P. externa, P. 

sandwichensis, P. baraui, P. cervicalis, and P. occulta.  

 

2.4.3 Conclusions 
 
In summary, a well resolved and well supported hypothesis of the evolutionary relationships 

of Procellariiformes based on thousands of genome-wide markers was presented. Discordance 

between this study and previous works mainly making use of mitochondrial sequences was 

frequent. The enhanced power of genome-wide markers illustrates the need to revisit previous 
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work based on mitochondrial markers, or small numbers of mitochondrial or nuclear markers, 

to provide robust, updated phylogenetic hypotheses. In addition to this, further taxon sampling 

to fill systematic gaps is a clear benefit, and provides the next step towards a dense and 

comprehensively resolved tree of life. Despite the need for some fine-scale work to resolve 

remaining questions in Procellariiformes systematics, the well resolved and well supported 

consensus topology generated should provide useful information for additional work into the 

taxonomy of this clade, and comparative context for further evolutionary and ecological study. 

Clarification of the relationships between taxa should also prove useful for determining future 

conservation measures in this highly threatened group. 
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Chapter 3: Investigating the impacts of sex-linked genomic markers on 
phylogenetic reconstruction in Procellariiformes seabirds 
 

3.1 Introduction 
 
The collection of large-scale sequencing datasets has led to an era of phylogenomics rather 

than phylogenetics, with advances in power to resolve relationships (Delsuc et al. 2005) and, 

conversely, in opportunities for incongruence to arise (Bravo et al. 2019, Jeffroy et al. 2006, 

Philippe et al. 2011). A multitude of processes that can occur at the level of single genes or 

non-coding regions, such as introgression, incomplete lineage sorting (ILS), natural selection, 

and horizontal gene transfer generate heterogeneous histories across genomes, and impede our 

ability to resolve the true tree of life in the form of a dichotomously branching phylogeny 

(Bravo et al. 2019, Hobolth et al. 2011, Knowles et al. 2018, Mallet et al. 2016). In addition to 

the problems posed by these naturally occurring processes, artefactual impediments introduced 

by error in sequence assembly or alignment, model inadequacy, and other facets of 

phylogenetic methods pose further problems (Blom et al. 2017, Reddy et al. 2017, Shen et al. 

2021, Xi et al. 2015), and solutions will require advances across all steps of the tree building 

process (Bravo et al. 2019). Within our current control, marker selection remains a critical 

component of tackling phylogenetic questions, for example of coding or non-coding regions, 

and has been frequently implicated as a determinant of phylogenetic outcomes and a source of 

incongruence (e.g. Gilbert et al. 2015, Karin et al. 2020, King & Rokas 2017, Rokas et al. 

2003).  

Birds provide several exceptional examples of the importance of marker selection in 

determining difficult phylogenetic relationships. Within the Paleognathae, a clade 

encompassing tinamous and flightless ratites that are sister to all other birds, short internal 

branches and extensive ILS have contributed to an anomaly zone that has obscured 

relationships inferred between different classes of markers, including conserved nonexonic 

elements, introns, and UCEs (Cloutier et al. 2019). Similarly, the higher-level relationships of 

the Neoaves, containing almost all extant birds, has received a great deal of phylogenetic 

attention with inconsistent results (e.g. Hackett et al. 2008, Jarvis et al. 2014, Kimball et al. 

2013, Kuhl et al. 2021, McCormack et al. 2013a, Prum et al. 2015, Suh 2016), of which a 

strong component has been attributed to data type effects related to marker selection (Braun & 

Kimball 2021, Braun et al. 2019, Reddy et al. 2017).  

In addition to the choice between distinct classes of phylogenetic markers, further efforts have 

been directed at best practices within marker types. Empirical studies using newly generated 
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datasets and reviews based on empirical and simulated datasets have explored the impact of a 

wide variety of filtering techniques on sites and loci aimed at amplifying phylogenetic signal 

and reducing noise, including filtering based on thresholds of missing data, informative sites, 

GC content, gene tree estimation error, genomic characterisation and separation, and other 

parameters of the alignment process itself (Blom et al. 2017, Bossert et al. 2017, Gilbert et al. 

2018, Hosner et al. 2016, Hutter & Duellman 2023, Mclean et al. 2019, Molloy & Warnow 

2018, Portik & Wiens 2021, Simmons et al. 2016, Streicher et al. 2016, Van Dam et al. 2021, 

White & Braun 2019, Wiens & Morrill 2011). In parallel to the discrepancies in phylogenetic 

results from different classes of markers, inconsistency remains as to whether these processes 

of phylogenomic subsampling (Mongiardino Koch 2021) based on a multitude of parameters 

are preferable or not, or preferable in specific contexts. 

Compared to some of these common targets for marker subsampling, the impact of sex-linked 

markers (i.e. sites or loci on sex chromosomes) has been relatively underexplored in the modern 

era of genome-wide markers.  

Sex determination varies greatly across the tree of life, with systems including male 

heterogamety (XX/XY, where the Y chromosome determines male development) that is 

widespread in mammals, amphibians, reptiles and invertebrates, and female heterogamety 

(ZZ/ZW, where the W chromosome determines female development) found in birds, some 

amphibians, reptiles, and butterflies (Bachtrog et al. 2014). Despite the independent 

evolutionary origins of male and female heterogametic systems (Fridolfsson et al. 1998), both 

systems share several notable characters found only in the heterogametic sex (Y and W 

chromosomes). The majority of the Y and W chromosomes do not recombine, other than the 

pseudoautosomal regions (PAR) that are shared with their X and Z counterparts (Hinch et al. 

2014, Smeds et al. 2014). Due to sustained recombination, the PAR are similar in sequence 

identity between the sex chromosomes, in contrast to the non-recombining regions that evolve 

independently in the absence of recombination (Otto et al. 2011). While the X and Z 

chromosomes have retained almost all genes from the ancestral autosomes they evolved from 

(Bellott et al. 2010), the Y and W chromosomes have degenerated (Bellott et al. 2017, 

Charlesworth & Charlesworth 2000), retaining few of their ancestral genes (Soh et al. 2014) 

and are rich in repetitive sequences (Itoh & Mizuno 2002, Saitoh et al. 1991, Skaletsky et al. 

2003).  

Within these overall patterns of heterogametic systems, there is strong variation in size and 

morphology of the bird W chromosome (Rutkowska et al. 2012), in contrast to the conserved 

Z chromosome (Stiglec et al. 2007). Several ancient Paleaognathae lineages exhibit 
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homomorphic sex chromosomes of similar length with extensive recombination (del Priori & 

Pigozzi 2017, Tsuda et al. 2007, Xu, et al. 2019, Yazdi et al. 2020). Among Neognathae 

species, the chicken represents the other extreme of the spectrum with an almost completely 

degenerated W chromosome consisting mainly of repetitive regions and few retained genes 

(Bellott et al. 2017). There is, however, strong variation in the degree of degeneration and 

extent of the PAR in the W chromosome across Neognathae species (Zhou et al. 2014a). 

Despite the generalized patterns observed in sex chromosomes across broad taxonomic scales, 

further study of non-model species may produce further insights into divergent evolutionary 

trajectories of sex chromosomes at finer scales. 

In addition to the heterogeneous histories of sex chromosomes across species, there is further 

evidence of their faster mutational rates, greater genetic differentiation between species relative 

to autosomes, and critical roles in divergence and speciation in a wide variety of taxa and sex 

determination systems (Irwin 2018, Presgraves 2018, Wilson Sayres 2018), suggesting that 

sex-linked markers may be a relevant subsample to consider in phylogenetic study.  

Gene flow can vary between sexes, with greater female dispersal and male philopatry expected 

in birds, and the reverse dynamic in mammals (Greenwood 1980). As inheritance of the 

mitogenome is matrilineal, this pattern of sex-biased gene flow has been suggested as a 

contributing factor to the frequently encountered discordance in phylogenetic relationships 

inferred by mitochondrial and nuclear markers (Toews & Brelsford 2012). Furthermore, given 

the differences in inheritance dynamics of sex chromosomes relative to autosomes between 

sexes, and divergent evolutionary processes including sexually antagonistic polymorphisms 

that are expected to arise throughout the evolution of sex chromosomes (Irwin 2018), it is 

reasonable to anticipate the potential existence of sex-biased effects on phylogenetic 

reconstruction of both mitochondrial and nuclear markers. Indeed, previous work has found 

paralogous genes present on the bird Z and W chromosomes, termed ‘gametologs’ (non-

recombining paralogs; Garcia-Moreno & Mindell 2000), that grouped samples by Z or W 

chromosome sequences rather than species identity (Berlin & Ellegren 2006, Garcia-Moreno 

& Mindell 2000, Kahn & Quinn 1999, Nam & Ellegren 2008, Smeds et al. 2015, Suh et al. 

2011). These gametologs, persisting on non-degenerated portions of the W chromosome, have 

shared ancestry between the sex chromosomes but a lack of recombination leading to 

independent evolutionary histories (Garcia-Moreno & Mindell 2000), clearly illustrating sex-

biased influences on sequence identity. 

With these potential biases in mind, some phylogenetic studies including closely related 

species or populations within species have opted to filter out sex-linked sites or loci or to 
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separate datasets by sex (e.g. Torres et al. 2021, Winker et al. 2018). However, the effect of 

sex-linked markers on phylogenetic reconstruction at different scales has rarely been 

empirically tested. A large-scale phylogenetic study of passerine birds using UCEs and exonic 

loci indicated discordance between topologies based on a complete dataset of all loci versus 

only sex-linked loci at a comparable level to those found by the complete dataset versus only 

coding loci (Harvey et al. 2020). A recent paper on the population genetics of the shearwater 

species Ardenna pacifica found that, when including sex-linked loci, populations separated 

genomically by sex rather than the expected source populations (Herman et al. 2022). When 

sex-linked loci were removed, autosomal loci resolved the expected separation based on 

population sampling (Herman et al. 2022). Although not yet widely investigated, these results 

indicate that sex-linked loci may introduce biases at deep and shallow scales in phylogenetic 

datasets and are worthy of further investigation.  

The primary aims of this chapter were to characterise sex-linked and autosomal markers in 

terms of phylogenetic utility, to investigate potential biases and influences of sex-linked 

markers, and to test for sex-biased effects on phylogenetic reconstruction using the dataset of 

genome-wide UCEs of the seabird order Procellariiformes generated in Chapter 2 of this thesis. 

With some previous evidence of sex-linked markers influencing phylogenetic results in a single 

species of this order (Herman et al. 2022), this taxonomically thorough dataset of 

Procellariiformes represented an ideal opportunity to test for further evidence across a range of 

evolutionary scales from the level of families to populations within species. UCEs are 

distributed throughout the nuclear genome, on autosomal and sex chromosomes, and are mostly 

non-coding and single copy in vertebrates (Bejerano et al. 2004, Van Dam et al. 2021), 

representing a suitable set of markers for this purpose. Furthermore, UCEs are frequently used 

to test phylogenetic relationships at deep and shallow evolutionary scales (e.g. Faircloth et al. 

2012, McCormack et al. 2013a, McCormack et al. 2016, Smith et al. 2014), and this study is 

informative on the best practices for future studies in subsampling and processing of sex-linked 

markers. Potential causes of phylogenetic influences of sex-linked markers, and the wider 

relevance to other genetic markers and taxonomic groups were considered.  
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3.2 Methods  
  
3.2.1 Identifying UCE loci on sex chromosomes by reference mapping 
 
The UCE Tetrapods-UCE-5Kv1 probe set of 5,472 probes, targeting 5,060 unique loci, that 

was used for sequencing of almost all samples included in previous analyses (see Chapter 2), 

was originally constructed from homologous sequences in the Carolina anole (Anolis 

carolinensis), chicken (Gallus gallus), and zebra finch (Taeniopygia guttata) genomes 

(Faircloth et al. 2012). To identify UCE loci in the Tetrapods-UCE-5Kv1 probe set on sex 

chromosomes, the probes were mapped to the chicken genome assembly GRCg6a Z and W 

chromosomes (GenBank accessions CM000122.5 and CM000121.5; Warren et al. 2017), and 

the zebra finch genome assembly bTaeGut1.4.pri Z chromosome and assembly bTaeGut2 W 

chromosome (GenBank accessions CM012113.2 and CM018260.2; Warren et al. 2010) using 

BLASTn (Altschul et al. 1997). Matching UCE loci were assessed by percentage identity of 

sequences and bit scores, and a combined list of matched loci found on either the chicken or 

zebra finch sex chromosomes was constructed. Loci matched to the sex chromosomes are 

hereafter referred to as “ZW loci”, and all other loci are referred to as “autosomal loci”. 

 

3.2.2 Comparisons of ZW and autosomal UCE loci 
 
Aligned and trimmed loci were separated into ZW loci and autosomal loci based on the results 

of mapping to the chicken and zebra finch sex chromosomes, and loci with at least 75% taxon 

occupancy were retained for analyses (see Chapter 2 section 2.2.5 for general methods of 

processing loci). This resulted in 325 retained ZW loci. Three similar subsets of 325 randomly 

selected autosomal loci with at least 75% taxon occupancy were created for comparison with 

the ZW loci. The number of loci and informative sites is important in determining phylogenetic 

power, and using subsets of autosomal loci rather than all autosomal loci provided a control 

for relative phylogenetic power. Summary statistics of ZW and autosomal loci subsets were 

computed using the program phyluce_align_get_align_summary_data within the PHYLUCE 

pipeline version 1.7.1 (Faircloth 2016). Means and 95% confidence intervals of UCE length, 

taxon occupancy, missing data, and parsimony informative sites (PIS) were compared. The 

total number and percentage of PIS within alignments was compared. 

 

3.2.3 Phylogenetic reconstruction of ZW and autosomal UCE loci 
 
The ZW and autosomal loci subsets were concatenated using the PHYLUCE program  
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phyluce_align_concatenate_alignments. Phylogenetic trees were built for each subset using 

maximum likelihood (ML) implemented in RAxML-NG version 1.1.0 (Kozlov et al. 2019) 

with the GTR+G substitution model, matrices partitioned by locus, and 20 ML searches with 

10 random starting trees and 10 parsimony starting trees.  

To compare pairwise differences between the topologies obtained for each subset, the relative 

Robinson-Foulds distance (Robinson & Foulds 1981) was calculated using the  

RAxML-NG command --rfdist. To assess phylogenetic support and conflict in the datasets of 

each subset several metrics were calculated. The percentage of species with at least 2 

individuals included forming monophyletic clades was scored for each subset tree. Non-

parametric bootstrapping with 200 replicates was conducted for each subset to assess support 

for bipartitions in the best scoring trees using RAxML-NG. As a further measure of nodal 

support, 100 replicates of site concordance factors (sCF) were calculated for each subset in IQ-

TREE version 2.2.2.3 (Minh et al. 2020a, Minh et al. 2020b) using alignments trimmed to 

retain only PIS, prepared using ClipKIT version 1.4.0 (Steenwyk et al. 2020). The updated 

version of sCF based on ML was used with the --scfl option (Mo et al. 2023). sCF calculates 

the percentage of decisive sites that support a bipartition in the tree. It compares each of the 

three possible topologies of quartets and values greater than one third confer support for a 

bipartition.  

ML trees were built for individual ZW loci and autosomal subset loci using RAxML-NG with 

the GTR+G substitution model and 20 ML searches with 10 random starting trees and 10 

parsimony starting trees. These individual loci (‘gene’) trees were used to calculate gene 

concordance factors (gCF) in relation to the previously generated best scoring concatenated 

trees for each subset in IQ-TREE version 2.2.2.3 (Minh et al. 2020a, Minh et al. 2020b). For 

each branch in the concatenated tree gCF calculates the percentage of gene trees containing 

that branch, where only gene trees that can contain that branch are considered, as missing data 

precludes all branches from being present in all gene trees. 

 

3.2.4 Sex-dependent factors in phylogenetic reconstruction across ZW and autosomal loci 
 
Phylogenetic reconstruction of ZW loci revealed distinct clades with elevated branch lengths 

throughout the tree when compared with autosomal loci subsets (see section 3.3.3). It was 

hypothesised that differing branch lengths were caused by sex-dependent factors in 

phylogenetic reconstruction. To test this, the dataset was reduced to contain 116 sampled 

individuals from museum collections with known sex recorded upon collection. Previously 
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aligned and trimmed loci separated into ZW loci and autosomal loci were used to create subsets 

with at least 75% taxon occupancy of the samples of known sex. This resulted in 334 ZW loci, 

and three autosomal subsets with the same number of loci were created for comparison. These 

sex-reduced alignments were used to construct phylogenetic trees in RAxML-NG with the 

GTR+G substitution model, alignments partitioned by locus, and 20 ML searches with 10 

random starting trees and 10 parsimony starting trees. 

Terminal branch lengths of tips were extracted from the trees to test for an association between 

sex and branch length. Because the terminal branch length for any tip in a tree is partially 

determined by how closely related the sister tip is (measured as mean number of substitutions 

per site in RAxML-NG), only species with at least 2 included individuals in the dataset were 

retained for testing branch lengths. Using this dataset, means and 95% confidence intervals of 

branch lengths were calculated for females and males of each subset and unpaired t-tests were 

used to test for significant differences.  

 

3.2.5 Investigating causes underlying patterns of sex-dependent phylogenetic reconstruction 
 
To test potential causes in sex-related branch length disparities, summary metrics were 

calculated for female and male alignments and individual samples. Because branch lengths are, 

in part, determined by substitutions and missing data, the total percentage of sites containing 

SNPs private to individual samples was calculated for female and male alignments of the ZW 

loci and autosomal loci subsets. The percentage of private sites was scaled to incorporate the 

different number of female (51) and male (65) samples included. The percentage of missing 

data of female and male samples was calculated for the ZW loci and autosomal loci subsets.  

To test for relative differences in heterozygosity, allele phasing was conducted for each sample 

in each subset. The approach of de novo assembly of reads into contigs reduces the contigs to 

consensus sequences with a loss of information on the heterozygote sites that occur in diploid 

organisms (Andermann et al. 2019, Iqbal et al. 2012). The coverage depth of raw reads can be 

used instead to call variants and recover phased allele sequences. A phasing approach was used 

to compare females and males between ZW loci and autosomal loci subsets. Trimmed UCE 

loci for each sample in each subset were used as individual-specific references to map cleaned 

reads in FASTQ format against. This was done using the PHYLUCE “mapping” workflow, 

which aligns the reads to the references, marks duplicates, calculates coverage, and outputs 

BAM files. The PHYLUCE “phasing” workflow was then used, which uses the BAM files 

produced in the mapping workflow to produce phased allele sequences for each reference UCE  
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loci for each sample in each subset. The ratio of heterozygote sites of female and male samples 

were compared between ZW loci and autosomal loci.  

 

 
3.3 Results 
  
3.3.1 Identifying UCE loci on sex chromosomes by reference mapping 
 
Mapping UCE probes in the Tetrapods-UCE-5Kv1 probe set to the chicken Z chromosome 

identified 397 matching probes of 375 unique UCE loci. Mapping probes to the zebra finch Z 

chromosome identified 396 matching probes of 372 unique UCE loci. Five loci that mapped to 

the chicken Z chromosome were not found on the zebra finch Z chromosome, and 2 loci 

mapped to the zebra finch Z chromosome were not found on the chicken Z chromosome. 

Mapping UCE probes to the chicken W chromosome identified 3 matching probes of 3 unique 

UCE loci, 2 of which also mapped to the chicken Z chromosome and 1 mapped only to the W 

chromosome. This loci also mapped to the zebra finch W and Z chromosomes. Mapping probes 

to the zebra finch W chromosome identified 14 probes of 14 unique loci, all of which also 

mapped to the zebra finch Z chromosome. This provided a total list of 377 unique UCE loci 

mapped to the ZW chromosomes, representing approximately 7.5% of the 5060 UCE loci in 

the Tetrapods-UCE-5Kv1 probe set. 

 

3.3.2 ZW and autosomal UCE loci have different statistical profiles 
 
Summary statistics of ZW loci and three similar autosomal loci subsets of 325 loci each with 

at least 75% taxon occupancy presented different statistical profiles (Fig. 3.1). Mean UCE 

length was lower in ZW loci (549.2) compared to the autosomal subsets (598.3-606.2). Mean 

taxon occupancy was lower in ZW loci (94.8%) compared to the autosomal subsets (97.5-

98.4%). Mean missing data was higher in ZW loci (2.6%) than autosomal loci (2.2-2.3%). This 

metric considers only missing data (encoded as ‘?’) for taxa present in trimmed locus 

alignments, and is therefore largely distinct from the missing data that ZW loci exhibit relative 

to autosomal loci in terms of UCE length and taxon occupancy. Despite these differences, mean 

PIS per locus was higher in ZW loci (91.2) than autosomal loci (83.5-88.3), although with 

overlap in confidence intervals and greater proportional variation within autosomal subsets 

than in other metrics. Total PIS as a percentage of alignments was higher in ZW loci (16.6%) 

than autosomal loci (14-14.6%). 
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Figure 3.1 Means and 95% confidence intervals of summary statistics of individual UCE loci 

of ZW loci and three autosomal loci subsets. From left to right: UCE length, percentage of 

taxon occupancy, percentage of missing data, and parsimony informative sites (PIS).  

 

 
3.3.3 ZW loci produce lower resolution phylogenetic trees than autosomal loci     
 
ML trees were built from concatenated ZW loci and autosomal subsets. All trees produced 

monophyletic families and genera other than the paraphyletic relationship of Hydrobates and 

Oceanodroma, a known taxonomic issue (see Chapter 2). The relative Robinson-Foulds 

distances between the trees (Table 3.1) showed consistently more similar topologies between 

the autosomal loci subsets (0.22-0.23) than between the ZW and autosomal subsets (0.45-0.46). 
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Table 3.1 Relative Robinson-Foulds distances between trees inferred from ZW loci and three 

subsets of autosomal loci. 

 

 

 

 

 

 

The ZW loci tree exhibited clades separated by branch lengths throughout the tree, which were 

not present in autosomal trees with relatively consistent branch lengths in clades (Fig. 3.2A). 

Closer examination of the ZW tree revealed that branch length specific clades frequently did 

not constitute monophyletic groupings of species, with individuals of species split across 

branch length specific clades. Autosomal trees did not show the same pattern, for example as 

visualised in a clade of Pterodroma species where the ZW tree did not resolve monoyphyletic 

species for almost all species, in contrast to autosomal trees (Fig. 3.2B). The overall percentage 

of species with at least 2 individuals included forming monophyletic clades was largely 

consistent and higher in trees built from autosomal loci subsets (83.8-88.9%) than the ZW loci 

tree (59.8%; Figure 3.2C). 

Measures of nodal support also indicated differences between the ZW tree and autosomal trees 

(Fig. 3.2C). Mean bootstrap support per node was lower for the ZW tree (80.9%) compared to 

autosomal trees (83.3-84.1%) although with overlap in confidence intervals. Concordance of 

sites in concatenated alignments (sCF) and individual loci (gCF) showed a similar relationship 

with marginal differences (60% ZW, 61.1-61.8% autosomal for sCF; 13.9% ZW, 16.4-17.6% 

autosomal for gCF) and overlap in confidence intervals in most cases.  

 

 

 

 
 

 

 

 

 

 

 ZW 1 2 3 
ZW 0 0.45 0.46 0.46 
1 0.45 0 0.22 0.23 
2 0.46 0.22 0 0.23 
3 0.46 0.23 0.23 0 
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Figure 3.2 A: Maximum likelihood topologies of ZW loci (top) and three randomised subsets 

of autosomal loci (bottom). Brackets correspond to the enlarged clade shown in B. B: Enlarged 

clade of Pterodroma (Procellariidae). Colours indicate species. C: Summary statistics of 

support metrics for ZW loci and autosomal loci subset trees. From top left clockwise: the 

percentage of monophyletic species recovered for species with ≥2 individuals sampled, means 

and 95% confidence intervals of bootstrap support per node, sCF per node, and gCF per node.  

 

 
3.3.4 ZW loci produce sex-dependent tree topologies 
 
To test sex-dependent factors on phylogenetic reconstruction, a reduced dataset of individuals 

of known sex was created. This resulted in alignments of 334 UCE loci of 116 individual 
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samples containing 51 females and 65 males for each of the ZW loci and autosomal loci 

subsets. Trees produced from these alignments displayed similar patterns to the larger dataset 

of all samples, with branch length specific clades throughout the ZW tree and relatively 

consistent branch lengths in clades of autosomal loci subset trees (Fig. 3.3). Throughout the 

ZW loci tree, in almost all cases females formed monophyletic clades with longer branches 

and males formed monophyletic clades with shorter branches. By contrast, autosomal loci trees 

did not produce clades grouped by sex. Of the 116 sexed individuals included in these analyses, 

3 had a recorded sex that did not match the sex indicated by branch lengths in the ZW loci tree: 

a female Phoebastria nigripes, a male Oceanodroma melania, and a female Ardenna pacifica.   

 

 

 

 

Figure 3.3 Maximum likelihood topologies of ZW loci (left) and three randomised subsets of 

autosomal loci (right) containing individuals of known sex. Branch colours correspond to sex 

with females in green and males in brown. Asterisks indicate samples where recorded sex does 

not match sex indicated by branch lengths. 
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To further test associations between sex and terminal branch lengths, a further reduced dataset 

of species with at least 2 individuals of known sex was created, containing 71 individuals of 

34 females and 37 males. In the ZW loci, females (mean = 0.0044) had significantly longer 

branch lengths than males (mean = 0.0008; t(69) = 10.1, p < 0.0001; Fig. 3.4). Females and 

males did not have significantly different branch lengths in the three autosomal loci subsets; 

subset 1: female mean = 0.0006, male mean = 0.0006; t(69) = 1.1, p = 0.2662; subset 2: female 

mean = 0.0006, male mean = 0.0006; t(69) = 1.1, p = 0.2901; subset 3: female mean = 0.0006, 

male mean = 0.0005; t(69) = 1.3, p = 0.2047.  

 

 

 
Figure 3.4 Means and 95% confidence intervals of branch lengths of the trees in Fig. 3.3 for 

females and males of ZW loci and three autosomal loci subsets. 

 

 
3.3.5 Genomic patterns underlie sex-dependent topologies in ZW loci 
 
To test for potential causes in differences in branch lengths between females and males, the 

percentage of sites containing SNPs private to individual samples and missing data was 

calculated for each subset. The difference in total percentage of sites containing SNPs private 

to individual samples was marginally higher in females compared to males in the ZW loci 

subset (0.07% in females, 0.04% in males) relative to autosomal loci subsets (0.06% in females 
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in each subset, 0.04% in males in each subset; Fig. 3.5). The mean percentage of missing data 

was higher in ZW loci females (11.7%) than males (2.8%), whereas in autosomal loci subsets 

mean missing data was lower in females (2.8-3.4%) than males (3.5-4.2%; Fig. 3.5).  

To test for potential differences in the frequency of heterozygote sites across females and males 

of ZW loci and autosomal loci subsets, phased allele sequences were produced.  Phased allele 

sequences indicated that females had a higher frequency of heterozygote sites in ZW loci 

compared to their equivalent samples in autosomal loci (mean 6.98 fold difference), and males 

had a lower frequency of heterozygote sites in ZW loci compared to their equivalent samples 

in autosomal loci (mean 0.69 fold difference; Fig. 3.5). 

 

 

 
Figure 3.5 Percentage of sites containing private SNPs in alignments of female and male ZW 

loci and autosomal loci subsets (left), means and 95% confidence intervals of the percentage 

of missing data of individual samples of female and male ZW loci and autosomal loci subsets 

(middle), and means and 95% confidence intervals of the fold differences in frequency of 

heterozygote sites in individual female and male samples between ZW loci and their equivalent 

samples in autosomal loci subsets (right).  

 

 
3.4 Discussion 
 
The data presented here indicate a strong role for sex-linked loci in determining phylogenetic 

results in Procellariiformes. Sex-linked UCEs were statistically divergent from autosomal 

UCEs and produced unexpected sex-dependent topologies. The differences found between sex-

linked and autosomal loci hint at the underlying explanations of these results, that may have 
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wider impacts on other taxonomic groups and classes of phylogenetic markers. These results 

represent the first thorough empirical test of the utility of sex-linked markers in genome-wide 

phylogenetic study, and provide recommendations for treating these markers in future studies.  

Mapping UCE probes to the chicken and zebra finch Z and W chromosomes identified 377 

sex-linked UCE loci, representing approximately 7.5% of the commonly used Tetrapods-UCE-

5Kv1 probe set for studying the phylogenetics of tetrapods. This is similar to the proportion 

that the Z chromosome comprises of the chicken and zebra finch genome assemblies used for 

mapping (7.7% and 7.1% respectively). These genome assemblies contained a small 

percentage of unplaced sequences (1.3% chicken, 0.6% zebra finch), meaning that some sex-

linked UCE loci may not have been found by mapping. However, the low percentages of 

unplaced sequences and of found sex-linked UCEs relative to autosomal UCEs indicates that 

only a very small number, if any, were not found and this is unlikely to have affected the 

outcomes of the analyses presented here. 

Summary statistics assessing data quality and phylogenetic informativeness presented differing 

profiles of autosomal and ZW loci. Sex-linked UCEs were shorter, had lower taxon occupancy, 

and greater missing data. The lower taxon occupancy and greater missing data of ZW loci 

indicates lower capture success of these loci relative to autosomal loci, and may reflect the 

lower frequency of the Z chromosome relative to autosomal chromosomes (Wilson Sayres 

2018). Despite these differences, ZW loci had higher mean PIS per locus and total PIS in 

concatenated alignments of subsets. Birds display a trend of lower diversity of sex 

chromosomes relative to autosomes within populations (Berlin & Elleren 2006, Corl & 

Ellegren 2012, Irwin 2018, Smeds et al. 2015), but greater diversity of sex chromosomes to 

autosomes between species (Irwin 2018, Smeds et al. 2015), in keeping with the findings here 

of greater PIS in ZW than autosomal loci in this diverse set of Procellariiformes species.   

UCEs are highly conserved at the core and more variable in flanking sequences (Faircloth et 

al. 2012). The profile of higher PIS despite shorter ZW loci is anomalous among UCEs, where 

decreased length usually causes decreased variation and therefore phylogenetic signal (Hosner 

et al. 2016, Molloy & Warnow 2018, Van Dam et al. 2021). The shorter length of ZW UCEs 

would suggest a lack of phylogenetic utility, in contrast to their greater PIS that would suggest 

high phylogenetic utility.  

Topologies of trees built from autosomal subsets were consistently different to the topology of 

the ZW tree, that showed a pattern of clade-specific long branches that did not correspond to 

species identity. All trees produced expected relationships of monophyletic families and 

genera, suggesting that the phylogenetic utility of sex-linked loci in Procellariiformes was 
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limited to deeper nodes, while they produced spurious relationships at the species level and 

below. In addition to the lower resolution topology, the ZW tree scored worse for all recorded 

metrics of nodal support. These nodal support metrics refer to the topology constructed from 

their datasets, and thus do not imply relative topological correctness, rather they illustrate 

greater phylogenetic conflict and tree sampling variance for ZW loci than autosomal loci.  

Trees including individuals of known sex confirmed that clades with long branches were 

female samples and short branches were male samples. This pattern was almost total: of the 

116 sexed individuals, 3 had a recorded sex that did not match the sex indicated by branch 

lengths. The patterns found in sex-reduced trees are unambiguous between sexes, and it is 

likely that this small number of individual samples were mistakenly sexed or recorded. Testing 

the sex of these individuals from voucher specimens would be necessary to confirm this 

conclusion.  

Previous work on increasing phylogenetic utility within markers, including many studies 

specifically on UCEs, has shown that characterising and subsequent subsampling of individual 

loci based on typical metrics of PIS, length, and missing data (Hosner et al. 2016, Molloy & 

Warnow 2018, Streicher et al. 2016, Wiens & Morrill 2011), as well as GC content (Bossert et 

al. 2017, White & Braun 2019), gene tree estimation error (Blom et al. 2017, Simmons et al. 

2016), and intergenic and genic content (Van Dam et al. 2021) can improve results. The results 

presented here provide evidence that sex-linked loci may be an additional relevant subsample 

to characterise in phylogenetic studies.  

This result is relatively novel. Harvey et al. (2020), applying UCEs and exons to the radiation 

of the passerine suborder Tyranni, found discordance between trees based on sex-linked loci 

and their complete dataset of all loci that was similar in scale to the discordance found by 

comparing coding loci to their complete dataset (Harvey et al. 2020). This is significant as the 

function of markers as coding or non-coding has been considered a strongly contributing factor 

to phylogenetic incongruence (Chen et al. 2017, Reddy et al. 2017). Harvey et al. (2020) 

concluded that these discrepancies could have been caused by the small number of loci present 

in sex-linked and coding datasets, and was not further investigated. This conclusion was 

precluded in this study by comparing consistent subsamples of ZW and autosomal loci, 

suggesting that the differences found are biological in nature rather than artefactual. The effect 

of sex-linked markers on phylogenetic reconstruction in the modern era of genome-wide 

studies has received little further attention until now.   

Interpreting the potential wider implications of the results presented here requires further 

understanding of the genetic basis underlying the dynamics of sex chromosome evolution. 
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After finding that samples of the shearwater species Ardenna pacifica grouped genomically by 

sex rather than population, Herman et al. (2022) hypothesized that sequenced reads from the 

W chromosome could contaminate paralogous sequence assemblies on the Z chromosome in 

females, creating spurious alternative alleles and influencing phylogenetic results. Supporting 

this, Herman et al. (2022) found that females had greater heterozygosity at sex-linked sites than 

autosomal sites, a pattern that was replicated in this study across diverse Procellariiformes 

species. As females are heterogametic and have a single copy of the Z chromosome, they 

should be homozygous at most sex-linked sites if the W chromosome is expected to be mostly 

degenerated (Charlesworth & Charlesworth 2000). The presence of non-recombining 

gametologs in bird sex chromosomes, with independent evolutionary trajectories that have 

accrued sex-specific Z and W alleles (Berlin & Ellegren 2006, Garcia-Moreno & Mindell 2000, 

Kahn & Quinn 1999, Nam & Ellegren 2008, Smeds et al. 2015) provide a basis for the greater 

heteroyzgosity seen in female sex-linked loci than autosomal loci in this study and in Herman 

et al. (2022), and for the sex-dependent tree topologies found in this study. Zhou et al. (2014a), 

studying the W chromosomes of 17 lineages across birds, uncovered considerable variation in 

the degree of W chromosome degeneration. Less degenerated W chromosomes may contain 

more gametologous sequences with the potential to form chimeric contigs assembled from 

reads from both the Z and W chromosomes in females, and introducing sex-biased results when 

these contgis/loci are used for phylogenetic reconstruction. Further study of other taxonomic 

groups, notably the Paleaognathae lineages that exhibit homomorphic, extensively 

recombining sex chromosomes (del Priori & Pigozzi 2017, Tsuda et al. 2007, Xu et al. 2019, 

Yazdi et al. 2020), and across other Neognathae species with varying degrees of degenerated 

W chromosomes may further refine the underlying patterns suspected here of causing sex-

linked effects on phylogenetic reconstruction in birds.  

In addition to the higher incidence of heterozygote sites found in female sex-linked loci that 

were expected to cause poor phylogenetic results, a considerably higher proportion of missing 

data was also found in ZW loci females compared to all other subsets and sexes in this study. 

Systematically missing data is known to cause problems for phylogenetic inference (Darriba 

et al. 2016, Simmons 2012). The sex-dependent clades of females with long branches in ZW 

loci trees is likely the result of a combination of these factors: the incorporation of W 

chromosome reads into Z chromosome assembled loci creating shared variation in females, 

and sex-biased missing data creating long branches in females. When combined, these factors 

may have facilitated the action of long branch attraction in some clades. 
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The results presented here are unambiguous in that sex-linked loci introduced undesired effects 

into phylogenetic reconstruction of Procellariiformes seabirds, and that in future studies they 

could be considered a relevant target for phylogenetic subsampling and filtering from datasets. 

The degree of these effects may be determined by differing features of the sex chromosomes 

across lineages and may vary across taxonomic scales. With strong evidence here from 

Procellariiformes, and some corroborating evidence in a disparate bird lineage within 

Passeriformes (Harvey et al. 2020), it is possible that the patterns observed here will be 

consistent across other bird lineages, with the possible exclusion of some Paleognathae 

lineages that display anomalous sex chromosomes among birds (del Priori & Pigozzi 2017, 

Tsuda et al. 2007, Xu et al. 2019, Yazdi et al. 2020). Although the female heterogametic system 

in birds evolved independently from the male heterogametic system in mammals and other 

lineages (Fridolfsson et al. 1998), they share many features and the results found here may be 

applicable to other taxonomic groups with varying degeneration of the heterogametic 

chromosome, for which further work will be needed to determine. Testing for similar effects 

in other genomic markers beyond UCEs, such as RADseq (Baird et al. 2008) and anchored 

hybrid enrichment (Lemmon et al. 2012) would provide useful information. As the likely 

explanations for biases of sex-linked loci on phylogenetic reconstruction are biological in 

nature, it is unexpected, however, that these methods should be robust to the effects found here. 
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Chapter 4: Investigating the prevalence and evolution of duplications in the 

mitochondrial genome of the seabird order Procellariiformes 

 

4.1 Introduction 
 
The animal mitochondrial genome (mitogenome) is considered to be under selection to 

maintain compactness and gene content and order (Brown et al. 1979, Quinn & Wilson 1993, 

Rand 1993). Several shared characteristics common to vertebrate mitogenomes provide 

evidence of such conditions, including the routine 15-20kb size range with few introns or 

intergenic spacers (Quinn & Wilson 1993), and the strongly conserved genic content of the 

same set of 13 protein-coding genes, 2 ribosomal RNAs (rRNAs), 22 transfer RNAs (tRNAs), 

and the control region, a non-coding region with an imprecisely known role in the replication 

of the mitogenome (Reyes et al. 2005), with few exceptions (Boore 1999, Clayton 1991). 

Despite the expectations of such a selection regime, duplications of mitochondrial genes and 

regions have been frequently observed, for example in arthropods (Ogoh & Ohmiya 2007), fish 

(Lee et al. 2001), snakes (Kumazawa et al. 1998), lizards (Moritz & Brown 1987), birds (Gibb 

et al. 2007), and other groups (Arndt & Smith 1998).  

In contrast to other vertebrates, birds show a different gene order near the control region 

(Desjardins & Morais 1990). This gene order, from 5’ to 3’: cytochrome b (CYTB), tRNA-

Thr, tRNA-Pro, ND6, tRNA-Glu, control region, was first found in the chicken (Gallus gallus; 

Desjardins & Morais 1990) and subsequently in other bird lineages (Mindell et al. 1998) and 

may represent the ancestral mitochondrial gene order in birds (Desjardins & Morais 1990, Gibb 

et al. 2007). An alternative, rearranged gene order of CYTB, tRNA-Thr, control region, tRNA-

Pro, ND6, tRNA-Glu, non-coding region, was first documented by Mindell et al. (1998) and 

was found throughout the evolutionary tree of birds, suggesting multiple independent origins 

(Bensch & Härlid 2000, Gibb et al. 2007). In this gene order the non-coding region varied in 

length, and in some species contained sequences with high similarity to the control region 

(Mindell et al. 1998). In some parrot species (Psittaciformes), the non-coding region was found 

instead to be replaced by a second, intact copy of the control region and a second partially 

degenerated copy of ND6 was present (Eberhard et al. 2001). A similar pattern was found in 

species of Accipitriformes and Piciformes, but with no identifiable remnants of ND6 (Gibb et 

al. 2007). Abbott et al. (2005) identified a similar gene rearrangement in Thalassarche albatross 

species (Procellariiformes) with intact copies of ND6 and the control region, and a duplication 
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of a short 3’ fragment of CYTB, which was partially degraded and partially identical to the 

functional copy of CYTB.  

Gibb et al. (2007) proposed names for these four types of bird mitogenomic arrangements: 

“ancestral avian” for that found in the chicken with no apparent duplications present 

(Desjardins & Morais 1990), “remnant CR(2)” for those with a duplicated but degenerated 

control region found in many orders (Mindell et al. 1998), “duplicate CR” for those with a 

retained duplicated control region (Eberhard et al. 2001), and “duplicate tThr–CR” for those 

described in albatrosses with the duplication extending from before the control region (Abbott 

et al. 2005). Further similar arrangements have been found with an additional conserved 

duplication of approximately half of CYTB at the 3’ end (Cho et al. 2009, Eda et al. 2010, Gibb 

et al. 2013, Morris-Pocock et al. 2010). Other differences in avian gene order and duplication 

have been further reported, for example in ruffs (Charadriiformes) where the full duplications 

were present other than the absence of a second copy of tRNA-Thr (Verkuil et al. 2010). Zhou 

et al. (2014b) identified two further gene orders with minor differences in herons 

(Pelecaniformes), and additional gene orders have been documented in parrots (Psittaciformes; 

Eberhard & Wright 2016) and Passeriformes (Gibb et al. 2015).  

The clear homology between duplicated copies of the control region, ND6, fragments of 

CYTB, and tRNA genes is a common feature of mitogenome rearrangements in birds (Gibb et 

al. 2013, Urantówka et al. 2020). A tandem duplication and subsequent deletion or 

degeneration of some stretches of sequence is a likely explanation for the variety of similar yet 

different mitogenome arrangements that have been observed (Bensch & Härlid 2000, Boore 

2000, Macey et al. 1997, Mindell et al. 1998, Moritz & Brown 1986, San Mauro et al. 2006). 

This process has been known as the tandem duplication and random loss model of mitogenome 

rearrangement, where one copy of the duplicated genes or control region is usually expected 

to eventually lose function and gradually degrade or be deleted entirely (Boore 2000). This 

degeneration following duplication is consistent with the expectation of selection for compact 

size in mitogenomes. However, the persistence of stable identical or near-identical copies of 

duplicated regions over large evolutionary timescales poses questions of the possible functions 

and selection pressures involved. Several mechanisms could explain the tandem duplications 

that have been observed in animals, for example slipped strand mispairing has been proposed 

as the mechanism underlying mitogenome duplications in lizards (Fujita et al. 2007). However, 

the widespread nature of observed duplications are likely to have a multitude of causes (Boore 

2000, Mueller & Boore 2005). 
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The frequent documentation of mitogenome duplications among taxonomically diverse clades 

of birds has led to the suggestion that it could be considered the default state (Gibb et al. 2013). 

Indeed, the various configurations of rearrangements are now known to be present in a wide 

variety of bird lineages across deep evolutionary scales (e.g. Cadahía et al. 2009, Eberhard & 

Wright 2016, Gibb et al. 2007, Gibb et al. 2013, Gibb et al. 2015, Hanna et al. 2017, Sammler 

et al. 2011, Urantówka et al. 2018, Urantówka et al. 2020, Verkuil et al. 2010, Wang et al. 

2015, Zhou et al. 2014b), while other orders appear to lack any duplications (Urantówka et al. 

2018). Although the avian mitogenome lacking any duplication that was originally found in 

the chicken (Desjardins & Morais 1990) was termed the “ancestral” arrangement in birds (Gibb 

et al. 2007), newer evidence suggests that mitochondrial duplication was the ancestral state 

even for the ancient Paleognathae lineages that are sister to all other birds (Urantówka et al. 

2020). However, knowledge of when and how frequently independent mitogenome duplication 

events have occurred in birds remains lacking. Despite the recognition of duplications among 

highly diverse avian clades, this trait has seldom been tested at large taxonomic scales with 

dense sampling. In particular, a comprehensive and well-resolved phylogeny is also essential 

to allow inference of the evolutionary history of mitogenome duplications. A large-scale study 

of parrots found that the ancestor of this group had a duplicated region of the mitogenome, 

with subsequent variation in degeneration and loss throughout the tree and further duplications 

arising in some species (Urantówka et al. 2018). Further studies on Palaeognathae lineages 

(Urantówka et al. 2020), and on Gruiformes (Akiyama et al. 2017), Accipitriformes and 

Cathartiformes (Urantówka et al. 2021), and Passeriformes (Caparroz et al. 2018, Mackiewicz 

et al. 2019) of the Neognathae have offered insights into the evolutionary histories of 

mitogenome duplications in these groups. Detailed study into the evolution of such traits in 

further lineages remains lacking. 

This study focuses on the Procellariiformes, an order of seabirds comprising four families of 

26 genera and approximately 138-145 extant species (Clements et al. 2022, Gill et al. 2023, 

HBW & BirdLife International 2022), for which a novel, comprehensive phylogeny was 

generated in Chapter 2 of this thesis. There is some evidence for the presence of mitogenome 

duplications in Procellariiformes species, for example as found in Thalassarche albatross 

species (Diomedeidae) by Abbott et al. (2005) that comprised intact copies of ND6, the control 

region, and a short partially degraded 3’ fragment of CYTB. Gibb et al. (2007) found similar 

duplications in a further Thalassarche species. Eda et al. (2010) found further duplication in 

Phoebastria species (Diomedeidae), with a similar arrangement to that described by Abbott et 

al. (2005), with the addition of an identical copy of approximately half of the 3’ end of CYTB. 
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Rains et al. (2011) found duplication in the control region of Diomedea species (Diomedeidae), 

but did not sequence beyond this region. Gibb et al. (2013) found evidence of duplication in 

Pelagodroma marina (Oceanitidae), but full sequences could not be generated. Duplicated 

copies of the control region have been found in Oceanodroma castro (Hydrobatidae; Smith et 

al. 2007), Fulmarus glacialis (Procellariidae; Burg et al. 2014), and Pterodroma magentae 

(Procellariidae; Lawrence et al. 2008) without further evidence as to the gene order or further 

duplicated regions. Torres et al. (2019) used long-read sequencing to demonstrate intact 

duplicated copies of ND6 and the control region without any duplicated CYTB fragment in 

Puffinus lherminieri (Procellariidae).  

These results indicate that mitogenome duplications may be a common feature in 

Procellariiformes. Furthermore, mitogenome duplications are frequent in the wider waterbird 

clade (Aequornithes; Sangster et al. 2022) that contains Procellariiformes (Cho et al. 2009, 

Gibb et al. 2013, Morris-Pocock et al. 2010, Rodrigues et al. 2017, Urantówka et al. 2020, 

Zhou et al. 2014b). However, further sampling to test for this trait is needed to determine if an 

ancient ancestral duplication, or multiple independent duplications across evolutionary time 

underlie these patterns. Additionally, very few studies in Procellariiformes sequenced the entire 

duplicated region and the extent of intact or degenerated copies of different genes remains 

mostly unknown in this order. 

Next-generation sequencing libraries have been found to contain off-target mitochondrial 

sequences often in substantial numbers, for example in libraries enriched for capture of exomes 

(Picardi & Pesole 2012) and ultraconserved elements (UCEs; Raposo do Amaral et al. 2015). 

These mitochondrial reads are not intentionally sequenced as part of the probe set that is 

hybridized with genomic DNA for enrichment, but appear as off-target bycatch. This is likely 

due to the high ratio of mitogenomic DNA to nuclear DNA in some tissue types (Raposo do 

Amaral et al. 2015). These mitochondrial sequences are often sufficient to assemble complete, 

or assumed to be complete, mitogenomes at high coverage depth without the use of 

mitochondrial specific probes (e.g. Allio et al. 2020, Meiklejohn et al. 2014, Raposo do Amaral 

et al. 2015, Tamashiro et al. 2019, Wang et al. 2017). For example, Kimball et al. (2021) used 

off-target reads in UCE sequencing libraries to assemble 47 new mitogenomes of Galliformes 

species for phylogenetic use.  

These off-target mitochondrial sequences in sequence capture datasets of short reads can be 

used to detect duplications in the mitogenome through elevated coverage of specific regions. 

If copies of duplicated regions are similar in identity, which is a frequent observation in birds 

(e.g. Gibb et al. 2013, Morris-Pocock et al. 2010), a higher proportion of reads present in next-
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generation sequencing libraries would appear similar to duplicated regions relative to single 

copy regions. This method has been successfully used to confirm the presence of known 

mitogenomic duplications in Procellariiformes species (Lounsberry et al. 2015, Torres et al. 

2019). 

Using the UCE dataset and robustly inferred phylogenetic tree spanning the diversity of 

Procellariiformes introduced in Chapter 2 of this thesis, this approach was used here in a 

comparative context to investigate the prevalence and evolution of mitogenomic duplications 

across this speciose order of birds. First, the presence and frequency of off-target mitochondrial 

reads and putative mitogenomic assemblies in the previously generated sequencing dataset 

were assessed, and the factors affecting this considered. Secondly, this dataset was used to test 

for mitogenome duplications across Procellariiformes at a fine taxonomic scale, that has 

seldom been possible in other bird clades. With some evidence of mitogenome duplications in 

Procellariiformes (e.g. Abbott et al. 2005, Torres et al. 2019), this provided an opportunity to 

investigate the possibility of an ancient duplication and subsequent stasis underlying this clade, 

or of multiple independent origins across a large evolutionary timescale. Furthermore, the 

ability to detect the extent of intact, degraded, and lost mitogenomic regions allowed greater 

clarity as to the nature of mitogenomic duplications throughout Procellariiformes.  

 

 
4.2 Methods 
 
4.2.1 Testing for off-target mitochondrial sequences in a sequence capture dataset of 
Procellariiformes 
 
The short read sequence capture dataset targeting UCE loci of 335 Procellariiformes samples 

described in Chapter 2 was used to test for the presence of off-target mitochondrial reads. 

Paired-end sequencing reads were trimmed to remove adapter content and low-quality bases 

using Trimmomatic version 0.39 (Bolger et al. 2014). For each sample, reads were searched 

against a custom reference database containing 2,158 individual CYTB sequences downloaded 

from GenBank spanning across the order Procellariiformes using BLASTn (Altschul et al. 

1997), and hits were assessed by bit-scores and E-values. Results were compared for tissue or 

blood samples to evaluate if sample type affected off-target mitochondrial sequence capture. 

Trimmed paired-end reads were assembled into contigs using SPAdes version 3.15.4 

(Bankevich et al. 2012) to test for the presence of assembled mitochondrial contigs. The 

frequency of putative complete assembled mitochondrial contigs in the size range 15-20kb and 

putative partially complete assembled mitochondrial contigs in the size range 10kb-14,999bp 
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were recorded. For 10 randomly selected samples with contigs in each of these size ranges a 

randomly selected 1kb section was searched against BLASTn (Altschul et al. 1997) to test for 

mitochondrial or nuclear origins. Mean coverage per base was recorded for each putative 

complete or partial mitochondrial contig. 

 

4.2.2 Testing for duplicated regions of Procellariiformes mitogenomes 
 
Duplication of the mitogenome was investigated by mapping reads to mitochondrial genomes. 

Complete and annotated mitogenomes of Procellariiformes species were downloaded from 

GenBank and used as reference sequences (Table 4.1). Complete and annotated mitogenomes 

were available for 12 Procellariiformes genera. The novel phylogeny of Procellariiformes 

presented in Chapter 2 was used to determine which reference to use for specific genera and 

species across the order. In the family Hydrobates, deep divergences among clades of taxa has 

suggested the possibility of further genera beyond Hydrobates and Oceanodroma (see Chapter 

2). For this reason, and with the availability of further complete and annotated mitogenomes, 

Oceanodroma castro and Oceanodroma tristrami were used as references for mapping reads 

of their closest related species respectively (Table 4.1). A complete annotated mitogenome of 

Spheniscus demersus, African Penguin of the order Sphenisciformes that is sister to the 

Procellariiformes (Prum et al. 2015), was available for mapping reads of this species and served 

as an outgroup. Reference mitogenomes were split into the 13 protein-coding genes (5’ to 3’: 

ND1, ND2, CO1, CO2, ATP8, ATP6, CO3, ND3, ND4L, ND4, ND5, CYTB, ND6), two 

rRNAs (5’ to 3’: 12S rRNA, 16S rRNA), 22 tRNAs (5’ to 3’: tRNA-Phe, tRNA-Val, tRNA-

Leu-UUR, tRNA-Ile, tRNA-Gln, tRNA-Met, tRNA-Trp, tRNA-Ala, tRNA-Asn, tRNA-Cys, 

tRNA-Tyr, tRNA-Ser-UCN, tRNA-Asp, tRNA-Lys, tRNA-Gly, tRNA-Arg, tRNA-His, 

tRNA-Ser-AGY, tRNA-Leu-CUN, tRNA-Thr, tRNA-Pro, tRNA-Glu), and the non-coding 

control region for mapping reads to.  

BWA-MEM (Li 2013) was used to map the trimmed paired-end reads to the reference 

sequences to produce BAM files. SAMtools (Danecek et al. 2021) was used to sort and fix 

mates of BAM files. SAMtools flagstat was used to compute summary statistics of mapped 

reads. SAMtools depth was used to compute the read coverage depth at each position, and this 

was used to calculate minimum, mean, maximum, and standard deviation of read coverage 

depth for each region of each sample. Samples with fewer than 200 mapped reads and without 

coverage throughout the mitogenome were discarded. The minimum, mean, maximum, and 

standard deviation of coverage depth per mitochondrial region were examined for each retained 
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sample to determine regions of elevated coverage indicative of duplications. Coverage depth 

of each base pair position was also used to determine sudden increases in coverage. 

 

Table 4.1 Species and corresponding GenBank accessions of complete and annotated 

mitogenome sequences used as references for mapping reads to, and the subject taxa each 

species was used as a reference for. 

 

1Hydrobates pelagicus, Oceanodroma furcatus, O. jabejabe, O. castro, O. monteiroi. 
2O. melania, O. microsoma, O. tethys, O. tristrami, O. matsudairae, O. monorhis, O. 

homochroa, O. hornbyi, O. markhami, O. leucorhous, O. cheimomnestes, O. socorroensis. 

  

Reference species GenBank ID Subject taxa 
Phoebastria albatrus KJ735514 Phoebastria 
  Diomedea 
Thalassarche melanophris AY158677 Phoebetria 
  Thalassarche 
Oceanites oceanicus MN356163 Oceanites 
Fregetta grallaria MN356296 Fregetta 
Pelagodroma marina KC875856 Nesofregetta 
  Garrodia 
  Pelagodroma 
Oceanodroma castro MH433599 Oceanodroma castro and related species1 

Oceanodroma tristrami LC541440 Oceanodroma tristrami and related species2 

Pagodroma nivea MT726204 Pagodroma 
Daption capense MH924023 Thalassoica 
  Daption 
Fulmarus glacialis MN356131 Macronectes 
  Fulmarus 
Ardenna pacifica MT948201 Bulweria 
  Pseudobulweria 
  Procellaria 
  Calonectris 
  Ardenna 
  Puffinus 
Pelecanoides urinatrix MN356319 Pelecanoides 
  Halobaena 
  Pachyptila 
Aphrodroma brevirostris AY158678 Aphrodroma 
  Pterodroma 
Spheniscus demersus KC914350 Spheniscus demersus 
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4.2.3 Examining the evolutionary patterns of mitogenome duplications in Procellariiformes 
 
To examine the evolutionary history of mitogenome duplications, the results of mapping reads 

to references and inference of duplicated regions was mapped onto the consensus 

Procellariiformes phylogeny produced in Chapter 2, pruned to contain only taxa for which 

samples with sufficient mapped reads and coverage had been retained for analyses.  

Ancestral state reconstructions of duplication of the mitogenome were conducted using 

Mesquite version 3.61 (Maddison & Maddison 2019). To obtain accurate branch lengths for 

the consensus reference tree used for ancestral state reconstructions, a tree was constructed 

using the aligned 75% matrix of 4,335 UCE loci (see Chapter 2) trimmed to contain only 

samples with sufficient mapped reads and coverage under maximum likelihood (ML) using 

RAxML-NG version 1.1.0 (Kozlov et al. 2019) with the GTR+G substitution model and 20 

ML searches with 10 random starting trees and 10 parsimony starting trees. This tree was used 

as the reference for ancestral state reconstruction using ML with the Markov k-state 1-

parameter (Mk1) model. Ancestral state reconstruction was also conducted using an unordered 

maximum parsimony model. As tandem duplication followed by a varying degree of deletion 

or degeneration is the likely explanation of varying duplication states observed in animals 

(Boore 2000), the presence/absence of any detected duplication was considered for ancestral 

state reconstructions. 

 

 
4.3 Results 
 
4.3.1 The presence of off-target mitochondrial sequences in a sequence capture dataset of 
Procellariiformes 
 
Sequenced reads were searched against a reference database of 2,158 Procellariiformes CYTB 

sequences from GenBank. Of the 335 sequenced Procellariiformes samples, four were from 

museum toepad specimens and not included. Of the 331 retained samples, 213 (64.4%) 

contained reads matching to CYTB sequences. However, this figure was strongly influenced 

by the input sample type used for DNA extraction and sequencing. Of the 179 tissue samples, 

163 (91.9%) contained reads matching to CYTB sequences, whereas of the 152 blood samples, 

50 (32.9%) contained reads matching to CYTB sequences. 

Reads were assembled into contigs to test for the presence of putative complete assembled 

mitochondrial contigs and partially complete assembled mitochondrial contigs. Of the contig 

assemblies for 335 Procellariiformes samples, 60 contained assembled contigs of 15-20kb in 
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length that could represent complete assembled mitogenomes. A further 59 samples contained 

assembled contigs of 10kb-14,999bp in length that could represent partial assembled 

mitogenomes. Searching 1kb sections of contigs of samples from different genera spanning the 

diversity of Procellariiformes in the 15-20kb size range using BLASTn found that 9/10 were 

mitochondrial in origin, as assessed by matching to previously uploaded whole mitogenome 

sequences on GenBank. For the sample containing the one searched contig in the 15-20kb 

category that was not mitochondrial in origin the second largest assembled contig was 

15,645bp in length and was mitochondrial in origin. Searching 1kb sections of contigs of 

samples from different Procellariiformes genera in the 10kb-14,999kb size range found that 

7/10 were mitochondrial in origin. Assembled contigs in the size range 15-20kb that were 

mitochondrial in origin had a mean coverage 175.8 per base pair, and assembled contigs in the 

10kb-14,999kb size range that were mitochondrial in origin had a mean coverage of 165.9 per 

base pair.  

 

4.3.2 Mapping sequenced reads to reference mitogenomes 
 
Duplications in the mitogenomes of Procellariiformes species were investigated by mapping 

reads to 13 complete and annotated reference mitogenomes downloaded from GenBank. A 

further complete and annotated mitogenome of Spheniscus demersus was used as a reference 

for mapping reads of this species as an outgroup. Reads were mapped to all protein-coding 

genes, rRNAs, tRNAs, and the control region. Of the 335 Procellariiformes samples, 154 

contained sufficient mapped mitochondrial reads and coverage to assess potential duplication 

of mitochondrial sequences. These 154 samples had a mean of 36,325.7 (95% CI: ±10,343.4) 

reads mapped to their reference, with a mean of 0.97% (95% CI: ±0.3) mapped reads of the 

total sequenced reads per sample. For these 154 samples, mean coverage of mitochondrial 

reference sequences was 147.7 (95% CI: ±42.4).  

 

4.3.3 The evolutionary patterns of mitogenome duplications in Procellariiformes 
 
The 154 retained samples comprised 115 taxa of 101 species and an additional 14 subspecies, 

including the outgroup species Spheniscus demersus. All four families of Procellariiformes 

were represented within the dataset with multiple species per family (Diomedeidae: 13 species, 

Oceanitidae: 7 species, Hydrobatidae: 10 species, Procellariidae: 70 species). All genera except 

for Hydrobates were present, and this genus is paraphyletic with respect to the genus 

Oceanodroma (see Chapter 2), that was present and represented by 10 species.  
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This dataset, spanning the diversity of Procellariiformes was used to examine the evolutionary 

history of mitogenome duplications using the consensus tree of the order produced in Chapter 

2, which was pruned to contain the same taxon set (Fig. 4.1). Different arrangements of 

mitogenome duplications were found. In most species duplication of ND6 to the control region 

was present. Duplication of a large 3’ fragment of CYTB starting approximately 600-700bp 

into the 1,143bp length of the gene was present in some species, with the highest frequency in 

the families Diomedeidae and Oceanitidae, in the fulmarine clade of Procellariidae, and seldom 

in the remaining Procellariidae radiation. These duplications of CYTB were evidenced by an 

instant and significant increase in coverage that was replicated in each species for which this 

region was duplicated. In few species sporadically throughout the tree, ND6 was not duplicated 

and only the control region was duplicated. The absence of any duplicated region was rare 

throughout the tree, with only two monophyletic clades of three taxa each with this 

arrangement found in Hydrobatidae and Procellariidae. 

In the family Diomedeidae, evidence of duplication of the mitogenome was present throughout. 

The genera Phoebastria and Diomedea showed evidence of duplication of the 3’ end of CYTB. 

The genera Phoebetria and Thalassarche did not replicate this pattern, and exhibited the more 

prevalent pattern of duplication of ND6 to the control region.  

Oceanitidae showed a similar pattern of duplications in each genus and species. Duplication of 

a 3’ fragment of CYTB was apparent in the genera Nesofregetta, Garrodia, Pelagodroma, and 

some taxa of Oceanites, and absent in Fregetta.  

Within Hydrobatidae, the two subspecies of Oceanodroma furcatus showed duplication only 

of the control region. The monophyletic clade of O. melania, O. microsoma, and O. tethys 

provided a rare example of a lack of any detected mitogenome duplication. Evidence of CYTB 

duplication was not found in Hydrobatidae species. 

The large family Procellariidae presented a dominant pattern of mitogenome duplication from 

ND6 to the control region in most species. In the fulmarine clade, the genera Pagodroma, 

Thalassoica, and Macronectes also showed evidence of duplication of a 3’ fragment of CYTB, 

similar to those found in in some Diomedeidae and Oceanitidae species. This was absent in the 

genera Daption and Fulmarus. 

The divergent diving-petrel genus Pelecanoides showed duplication of only the control region 

in the species P. georgicus, that is sister to all other congeners. The remaining Pelecanoides 

taxa, of the species P. magellani and P. urinatrix, provided the second example of a 

monophyletic clade with no detected signal of any duplication in the mitogenome.  
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Diomedeidae
Oceanitidae
Hydrobatidae
Procellariidae
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-

CYTB-CR

Fig. 4.1 Phylogenetic tree of Procellariiformes species with mapped duplications of the

mitogenome. The inner track shows families by colour as indicated by the legend, with genera

denoted within each family. Evidence of the duplication of the mitogenome is indicated in the

outer track according to the legend. Evidence of duplication of CYTB to the control region

(CR) is shown in dark red, ND6 to the control region in light red, the control region only in

orange, and no duplication in yellow. Genus names are abbreviated as follows: Sp. Spheniscus

(Sphenisciformes; outgroup), P. Phoebastria, D. Diomedea, Ph. Phoebetria, T. Thalassarche,

O. Oceanites, F. Fregetta, N. Nesofregetta, G. Garrodia, Pe. Pelagodroma, Oc.

Oceanodroma, Pa. Pagodroma, Th. Thalassoica, Da. Daption, M. Macronectes, Fu.

Fulmarus, Pc. Pelecanoides, H. Halobaena, Py. Pachyptila, A. Aphrodroma, Pt. Pterodroma,

B. Bulweria, Ps. Pseudobulweria, Pr. Procellaria, C. Calonectris, Ar. Ardenna, Pu. Puffinus.
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Halobaena and Pachytpila displayed the typical pattern of duplication of ND6 to the control 

region. In Aphrodroma, only the control region showed evidence of duplication. In the speciose 

genus Pterodroma duplication was widespread, with the only variation presented by 

duplication solely of the control region in the sister species P. cookii and P. leucoptera, P. 

solandri, and the monophyletic species P. sandwichensis and P. cervicalis. 

The large clade of Procellariidae encompassing the genera Bulweria, Pseudobulweria, 

Procellaria, Calonectris, Ardenna, and Puffinus showed minimal deviation from the prevalent 

pattern of duplication of ND6 to the control region. Within the genus Pseudobulweria, one 

species, P. rostrata, showed signals of duplication of the control region only. In the genus 

Procellaria, three of four species presented the additional duplication of a 3’ fragment of 

CYTB from approximately 600-700bp into the gene, similar to that found in some fulmarine, 

Oceanitidae, and Diomedeidae species. The shearwater genera Calonectris, Ardenna, and 

Puffinus showed no variation from the duplicated region of ND6 to the control region in any 

species. 

Ancestral state reconstructions using both ML and maximum parsimony methods indicated 

that duplication of the mitogenome was the ancestral, plesiomorphic state at the root node of 

Procellariiformes (Figs. 4.2 and 4.3). Loss of duplication in the mitogenome of three 

monophyletic Oceanodroma species and two monophyletic Pelecanoides species was a 

derived, apomorphic state. In Pelecanoides, the deepest diverging species, P. georgicus, 

showed evidence of duplication, and the remaining species P. magellani and P. urinatrix did 

not. The ancestral node of the genus Pelecanoides was likely to have had a duplicated 

mitogenome (proportional likelihood values: 0.84/0.16), although this was the only node for 

which the decision threshold did not reject either state. The ancestral node of Oceanodroma 

melania, O. microsoma, and O. tethys was not likely to have had a duplicated mitogenome 

(proportional likelihood values: 0.01/0.99). The most parsimonious state at these nodes was 

concordant with those inferred by ML.  

For these analyses, the single outgroup species Spheniscus demersus of Sphenisciformes, the 

sister order to Procellariiformes, was used and recorded as showing evidence of duplication of 

the control region. Sphenisciformes contains six genera and 18 species (HBW and BirdLife 

International 2022), and variation in duplication between species is possible. Recording the 

outgroup species as polymorphic did not alter the results of maximum parsimony 

reconstructions that mitogenome duplication was present at the root node of Procellariiformes. 
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Pterodroma sandwichensis
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Pterodroma inexpectata
Pterodroma nigripennis
Pterodroma solandri
Pterodroma leucoptera
Pterodroma cookii
Pterodroma longirostris
Pterodroma hypoleuca
Pterodroma macroptera
Pterodroma lessonii
Pterodroma incerta
Pterodroma gouldi
Pterodroma mollis
Pterodroma hasitata
Aphrodroma brevirostris
Pachyptila turtur
Pachyptila crassirostris
Pachyptila belcheri
Halobaena caerulea
Pelecanoides urinatrix exsul
Pelecanoides urinatrix dacunhae
Pelecanoides magellani
Pelecanoides georgicus
Fulmarus glacialis auduboni
Fulmarus glacialis rodgersii
Fulmarus glacialoides
Macronectes halli
Macronectes giganteus
Daption capense
Thalassoica antarctica
Pagodroma nivea
Oceanodroma leucorhous leucorhous
Oceanodroma leucorhous chapmani
Oceanodroma homochroa
Oceanodroma monorhis
Oceanodroma tristrami
Oceanodroma tethys
Oceanodroma microsoma
Oceanodroma melania
Oceanodroma monteiroi
Oceanodroma castro
Oceanodroma furcatus plumbeus
Oceanodroma furcatus furcatus
Pelagodroma marina marina
Pelagodroma marina maoriana
Pelagodroma marina dulciae
Garrodia nereis
Nesofregetta fuliginosa
Fregetta grallaria grallaria
Fregetta grallaria segethi
Fregetta tropica
Oceanites gracilis
Oceanites oceanicus chilensis
Oceanites oceanicus oceanicus
Oceanites oceanicus exasperatus
Thalassarche cauta steadi
Thalassarche cauta cauta
Thalassarche salvini
Thalassarche bulleri
Thalassarche melanophris
Thalassarche impavida
Phoebetria fusca
Phoebetria palpebrata
Diomedea antipodensis gibsoni
Diomedea antipodensis antipodensis
Diomedea sanfordi
Diomedea epomophora
Phoebastria immutabilis
Phoebastria nigripes
Phoebastria albatrus
Spheniscus demersus

0.84
0.16

0.03
0.97

0.01
0.99

Duplicated

Unduplicated

1
0

1
0
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Pterodroma heraldica
Pterodroma neglecta neglecta
Pterodroma neglecta juana
Pterodroma atrata
Pterodroma ultima
Pterodroma cervicalis
Pterodroma sandwichensis
Pterodroma externa
Pterodroma inexpectata
Pterodroma nigripennis
Pterodroma solandri
Pterodroma leucoptera
Pterodroma cookii
Pterodroma longirostris
Pterodroma hypoleuca
Pterodroma macroptera
Pterodroma lessonii
Pterodroma incerta
Pterodroma gouldi
Pterodroma mollis
Pterodroma hasitata
Aphrodroma brevirostris
Pachyptila turtur
Pachyptila crassirostris
Pachyptila belcheri
Halobaena caerulea
Pelecanoides urinatrix exsul
Pelecanoides urinatrix dacunhae
Pelecanoides magellani
Pelecanoides georgicus
Fulmarus glacialis auduboni
Fulmarus glacialis rodgersii
Fulmarus glacialoides
Macronectes halli
Macronectes giganteus
Daption capense
Thalassoica antarctica
Pagodroma nivea
Oceanodroma leucorhous leucorhous
Oceanodroma leucorhous chapmani
Oceanodroma homochroa
Oceanodroma monorhis
Oceanodroma tristrami
Oceanodroma tethys
Oceanodroma microsoma
Oceanodroma melania
Oceanodroma monteiroi
Oceanodroma castro
Oceanodroma furcatus plumbeus
Oceanodroma furcatus furcatus
Pelagodroma marina marina
Pelagodroma marina maoriana
Pelagodroma marina dulciae
Garrodia nereis
Nesofregetta fuliginosa
Fregetta grallaria grallaria
Fregetta grallaria segethi
Fregetta tropica
Oceanites gracilis
Oceanites oceanicus chilensis
Oceanites oceanicus oceanicus
Oceanites oceanicus exasperatus
Thalassarche cauta steadi
Thalassarche cauta cauta
Thalassarche salvini
Thalassarche bulleri
Thalassarche melanophris
Thalassarche impavida
Phoebetria fusca
Phoebetria palpebrata
Diomedea antipodensis gibsoni
Diomedea antipodensis antipodensis
Diomedea sanfordi
Diomedea epomophora
Phoebastria immutabilis
Phoebastria nigripes
Phoebastria albatrus
Spheniscus demersus

Duplicated

Unduplicated
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Fig. 4.2 (page 103) Ancestral state reconstruction of mitogenome duplications in 

Procellariiformes species under ML. The two monophyletic clades where duplications were 

not found are shown inset, and proportional likelihood values are annotated above nodes. 

 

Fig. 4.3 (page 104) Ancestral state reconstruction of mitogenome duplications in 

Procellariiformes species under maximum parsimony. 

 

 
4.4 Discussion 
 
In this study, a large-scale sequencing dataset and well resolved phylogenetic tree were used 

to infer the evolutionary history of mitogenomic duplications among Procellariiformes species. 

Sequencing libraries were found to frequently contain off-target mitochondrial reads as bycatch 

and long assembled mitogenomic sequences in many cases. The approach of mapping short 

reads to reference mitogenome sequences was successfully used to infer duplications through 

elevated coverage depth, confirming some previously evidenced duplications and providing 

novel results for a large number of species. Mapping the duplications onto the phylogenetic 

tree found extensive duplications throughout Procellariiformes, with repeated degeneration of 

duplicated regions and, rarely, complete loss of such regions. Several different rearrangements 

were found, clarifying the nature of these duplications in this clade. A common origin of 

mitogenome duplications preceding the evolutionary divergence of the clade was inferred, 

providing further evidence of the widespread nature of this trait in birds.  

 

4.4.1 Mitochondrial sequences in sequence capture datasets and their applications 
 
Searching reads in UCE enriched sequencing datasets against mitochondrial references found 

the frequent occurrence of mitochondrial sequences. These sequences were unintentionally 

generated as off-target bycatch during a capture sequencing protocol that is not entirely 

efficient. The high frequency of off-target reads and relative inefficiency of UCE sequencing 

libraries has been previously found, where a low proportion of reads may be assembled into 

contigs, and a low proportion of assembled contigs map to UCE loci (Faircloth et al. 2015, 

Smith et al. 2014). In this study, of the 154 samples that contained sufficient mitochondrial 

reads to assess potential mitochondrial duplications, a mean of 0.97% of reads mapped to the 

mitogenome. This is similar to a previous study using bird UCE sequencing data that identified 

0.86% of reads as mapping to the mitogenome (Tamashiro et al. 2019). Although this 
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proportion is low, given that millions of reads are routinely sequenced the total number can be 

relatively large, as in this study where 0.97% of total reads mapping to the mitogenome 

corresponded to a mean of 36,325.7 reads per sample. 

The high number of mitochondrial reads found may be a consequence of the high ratio of 

mitogenomic DNA to nuclear DNA in some tissue types, particularly muscle and heart tissues 

(D'Erchia et al. 2015). It has been suggested that blood samples produce lower amounts of 

mitochondrial bycatch sequences (Allio et al. 2020, Barker et al. 2015, Raposo do Amaral et 

al. 2015). This tissue type effect was clearly illustrated here, in that 91.9% of sequencing 

libraries using DNA extracted from muscle tissues contained mitochondrial reads, whereas 

only 32.9% of sequencing libraries using DNA extracted from blood contained mitochondrial 

reads. This is likely to be a consequence of the low levels of mitochondria in the nucleated red 

blood cells of birds relative to other tissues (Reverter et al. 2017). Thus, the presence and 

amount of mitochondrial sequences in capture sequencing datasets is strongly dependent on 

the input tissue type, and studies aiming to use bycatch mitochondrial sequences should aim to 

use tissue rather than blood samples.  

This presence of off-target mitochondrial sequences can strictly be considered “contamination” 

(Smith et al. 2014). However, it is generally considered beneficial instead, with sufficient 

amounts of mitochondrial sequences often allowing the assembly of complete, or assumed to 

be complete, mitogenomic contigs with high coverage depth without the need for additional 

labwork or costs (Allio et al. 2020, Raposo do Amaral et al. 2015). In this study, 60 samples 

from a total of 335 were found to contain assembled contigs of 15-20kb in size, most of which 

were mitogenomic in nature and likely represent complete mitogenomes. A further 59 samples 

contained assembled contigs of 10kb-14,999bp in size, for which most were also mitogenomic, 

and represent partial mitogenomic sequences. 

The simultaneous generation of nuclear and mitogenomic markers can provide complementary 

information for increased power in phylogenetic studies (Allio et al. 2020), and allows 

inference into patterns of evolutionary discordance between these genomes (Kimball et al. 

2021, Tamashiro et al. 2019). However, in the context of mitogenome duplications being 

widespread and common throughout birds, the mitogenome assemblies being generated using 

these approaches are potentially questionable in terms of size, gene content, and gene order. 

The copies of duplicated regions are often identical or very similar (e.g. Gibb et al. 2013, 

Morris-Pocock et al. 2010), and as illustrated here and previously (Torres et al. 2019), 

sequenced reads will map to either copy of duplicated regions. In these cases, the assembly 

process is likely to collapse similar or identical reads to produce single copy mitogenomes, 
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which may not reflect the true gene content or order of duplicated mitogenomes. Thus, the 

‘complete’ mitogenomes being produced using these approaches are likely to be incomplete in 

many cases in birds. The control region has proved difficult to assemble completely and 

unambiguously in studies producing mitogenomes from bycatch in UCE sequencing libraries 

(Kimball et al. 2021, Tamashiro et al. 2019). Tamashiro et al. (2019) found a long insertion 

between tRNA-Pro and tRNA-Thr in some species, where a duplicated control region is often 

found (Gibb et al. 2007) that could not be assembled, and they could not determine whether it 

was a duplicated control region or resulted from poor assembly (Tamashiro et al. 2019). 

Reanalysis of mitogenomes previously annotated without duplications, and thought to be 

complete, using thorough PCR methods to detect duplications has brought up several instances 

where duplications have been found (Akiyama et al. 2017, Gibb et al. 2007, Gibb et al. 2015, 

Singh et al. 2008, Urantówka et al. 2018, Zhou et al. 2014b). In these cases, difficulties in 

amplification, sequencing, and assembly of repeated regions precluded duplications from being 

identified (Gibb et al. 2007, Gibb et al. 2015, Urantówka et al. 2020). Although studies using 

next-generation sequencing libraries have the capacity to produce large numbers of seemingly 

complete mitogenomes, these assemblies may provide similar examples where future, more 

laborious PCR methods can identify unfound duplications. It should also be noted that this is 

likely to be a particular problem for birds, where duplications are now known to be 

commonplace, and less so for studies on taxonomic groups where duplications are rare. 

 

4.4.2 The evolution of mitogenome duplications in Procellariiformes and possible functions 
 
Mitogenomic duplications were found to be commonplace across Procellariiformes families, 

genera, and species in this study. Mapping these duplications onto the Procellariiformes tree 

revealed taxonomic patterns. Overall loss of duplicated regions occurred in only two 

monophyletic clades of three taxa each, one in Hydrobatidae of Oceanodroma melania, O. 

microsoma, and O. tethys, and one in Procellariidae of Pelecanoides magellani and P. 

urinatrix. The Pelecanoides are divergent among Procellariiformes in morphology (Brooke 

2004), and presented long branches relative to other Procellariidae genera in phylogenetic trees 

(see Chapter 2). 

As suggested by the rare loss of duplications in only two monophyletic clades, ancestral state 

reconstructions unambiguously inferred the presence of duplications in the mitogenome as the 

ancestral state at the root of Procellariiformes. There was no evidence of independent 

duplications arising following the loss of duplicated regions, although there were only two 
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clades of three taxa each and few internal nodes for which this could have been inferred. This 

suggests that the mitogenomic duplications that are found in extant taxa are the result of an 

ancient duplication event preceding the emergence and radiation of Procellariiformes. 

Duplications are frequent in the wider Aequornithes clade (Cho et al. 2009, Gibb et al. 2013, 

Morris-Pocock et al. 2010, Rodrigues et al. 2017, Urantówka et al. 2020, Zhou et al. 2014b), 

suggesting that duplicated mitogenomes may be the ancestral state for this large clade in its 

entirety. There is evidence that duplications are the ancestral state for other bird orders, 

including those distantly related to Procellariiformes and the Aequornithes (e.g. Mackiewicz 

et al. 2019, Urantówka et al. 2018, Urantówka et al. 2021). Compared with these other large-

scale orders across birds, Procellariiformes are less typical in that duplications are present in 

almost all species and absent in only a very small minority of species. The suggestion that 

mitogenome duplications could represent the default state in birds (Gibb et al. 2013) is certainly 

borne out by this evidence from Procellariiformes.  

Several different duplicated regions were found in Procellariiformes, including the 3’ end of 

CYTB to the control region, ND6 to the control region, and the control region only. These 

match with previously described duplicated states (Cho et al. 2009, Eberhard et al. 2001, Gibb 

et al. 2007, Mindell et al. 1998). As has been previously shown in Phoebastria albatross 

species, a large 3’ region of CYTB was copied (Eda et al. 2010, Lounsberry et al. 2015). This 

duplicated region comprised the most expansive rearrangement detected and was relatively 

rare, found in Diomedea and Phoebastria but not Phoebetria and Thalassarche in 

Diomedeidae, in several but not all Oceanitidae genera and species and, in Procellariidae, only 

in some fulmarine genera and some species of Procellaria. Most species showed a duplication 

of a shorter region not including CYTB, spanning from ND6 to the control region. This pattern 

was particularly common in Procellariidae, where deviation was rare and less frequent than in 

other families. Duplication of only the control region was infrequent, without obvious 

taxonomic patterns. Notably, Pelecanoides georgicus showed this state, representing an 

apparent intermediate state between the duplication of ND6 to the control region typical of 

Procellariidae, and the absence of any duplications in sister Pelecanoides species. 

This pattern, and those observed overall in Procellariiformes, are consistent with the tandem 

duplication and random loss model of mitogenome rearrangement, whereby an ancestral 

duplication precedes the emergence of Procellariiformes lineages and subsequent loss of 

function and gradual degradation or deletion has occurred in some regions in some taxa 

(Bensch & Härlid 2000, Boore 2000, Macey et al. 1997, Mindell et al. 1998, Moritz & Brown 

1986, San Mauro et al. 2006). The most expansive duplicated region of CYTB to the control 
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region was notably present mostly in Diomedeidae and Oceanitidae, the deepest diverging 

families of Procellariiformes, and is present in several closely related orders (Cho et al. 2009, 

Gibb et al. 2013, Morris-Pocock et al. 2010). This suggests that this large duplicated region 

was ancestral in all Procellariiformes, followed by non-uniform degeneration reaching the loss 

of all duplications in some few species. 

The approach used here of applying coverage depth of large-scale sequencing datasets to 

determine mitogenome duplications was successful in clarifying the rearrangements found in 

Procellariiformes. This approach, necessitating reads mapping to similar reference sequences, 

was more adept at identifying intact copies of duplicated regions rather than degenerated copies 

which are present in some mitogenomic rearrangements (e.g. Eberhard et al. 2001, Gibb et al. 

2007, Mindell et al. 1998). Abbott et al. (2005) documented a partial duplication of the 3’ end 

of CYTB containing a very short partially degraded and partially identical copy in 

Thalassarche species (Diomedeidae). Here, signals of duplication of this short fragment were 

not detected, although larger fragments of CYTB that were duplicated in other species were 

successfully detected. These shorter fragments are likely to require more intensive PCR and 

sequencing methods to successfully detect (Gibb et al. 2007). Nevertheless, the possible 

presence of undetected degenerated copies of some regions in some taxa would not alter the 

patterns observed across Procellariiformes, where extensive duplications were found in almost 

all species.  

Procellariiformes diverged from their sister order Sphenisciformes (penguins) at least 60.5mya, 

based on fossil evidence of basal penguin taxa (Ksepka & Clarke 2015, Slack et al. 2006). The 

persistence of mitogenome duplications in almost all Procellariiformes species with a common 

origin suggests stasis of this trait over a large timescale. Furthermore, duplicated regions in the 

mitogenome may represent the ancestral state for the Paleognathae and all birds (Urantówka et 

al. 2020), representing stasis over a significant evolutionary period of rapid diversification (Suh 

2016).  

Adherence to the tandem duplication and random loss model would suggest that copies of 

duplicated regions should eventually degenerate, lose function, and may be deleted (Boore 

2000). However, this is often not the case, for example here across Procellariiformes, where 

both identical copies are often preserved over large timescales. The persistence of duplicated 

regions, and observations that both copies of identical regions appear to have retained function 

(e.g. Abbott et al. 2005, Eberhard et al. 2001, Morris-Pocock et al. 2010, Zhou et al. 2014b), 

suggest the presence of selective pressures to maintain these duplications.  
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Due to its role in replication and transcription (Boore 1999), the preservation of two control 

regions may allow more efficient initiation of mitogenomic replication (Jiang et al. 2007, 

Kumazawa et al. 1996, Umeda et al. 2001). In the chicken, the majority of replication initiation 

events were found to occur instead in ND6 (Reyes et al. 2005), suggesting a possible benefit 

to retaining duplicate functional copies of this gene. Increased initiation efficiency could create 

more efficient energy production through increased mitogenome copy number per 

mitochondrion, and increased metabolic flexibility to environmental stress (Mackiewicz et al. 

2019, Skujina et al. 2016). Mitogenomic duplications are associated with greater longevity in 

birds (Skujina et al. 2016). As well as possible benefits from increased energy efficiency, this 

could be due to the redundancy of copied mitochondrial genes providing protection against 

age-related deterioration of mitochondrial function (Schirtzinger et al. 2012, Skujina et al. 

2016). In additional to longevity, mitogenome duplications have been associated with 

increased flight ability in parrots, that could also be explained by increased energy production 

and efficiency (Urantówka et al. 2018). Further biochemical study will be needed to investigate 

these possible relationships between the retention of mitogenome duplications and energy 

production.  

Associations with longevity are particularly interesting in relation to Procellariiformes, as this 

order is amongst the highest of all birds in terms of lifespan (Wasser & Sherman 2010). 

Albatross species are especially long-lived, and a Phoebastria immutabilis individual is 

currently the oldest known wild bird with an age of at least 71 years (U.S. Fish & Wildlife 

Service 2022). Similarly, associations with flight ability are highly relevant to 

Procellariiformes, many species of which cover vast distances at sea (Shaffer et al. 2006, 

Warham 1996, Weimerskirch et al. 2014). The duplicated regions were retained in almost all 

Procellariiformes species, and at a considerably higher proportion than found in other 

comparable large-scale studies of birds (Caparroz et al. 2018, Mackiewicz et al. 2019, 

Schirtzinger et al. 2012, Urantówka et al. 2018). Notably, one of two small clades where the 

loss of mitogenomic duplications was found was in Pelecanoides, an atypical genus among 

Procellariiformes that is not as well adapted to long distance flight and covers lower distances 

at sea compared to other members of the order (Navarro et al. 2015, Warham 1977). The 

maintenance of duplicated mitogenomic regions may partly explain the high longevity and 

strong flight abilities found in many Procellariiformes species. 
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4.4.3 Conclusions 
 
Procellariiformes offer insights into the evolution and possible functions of mitogenome 

duplications in birds. The prevalence of duplications in Procellariiformes species, and evidence 

from related clades, suggests remarkable stasis of this trait across large timescales. As 

employed here, methods using the high depth coverage of off-target mitochondrial reads 

generated from an inefficient capture process in next-generation sequencing datasets offer great 

promise for combining the study of the evolution of nuclear and mitochondrial genomes in 

non-model organisms. UCEs have been widely used in birds and other vertebrates and 

invertebrates, and a similar approach to studying rearrangements of the mitogenome could be 

routinely replicated. There is growing evidence of significant variation in the animal 

mitogenome (Lavrov & Pett 2016), and further applications of these methods may provide 

further useful information in this context. 
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Chapter 5: Review and future directions 

 

The chapters of this thesis have investigated the evolution of the nuclear and mitochondrial 

genomes in the context of the seabird order Procellariiformes, providing new knowledge and 

insights both specific to this study group and in general. This work has also allowed further 

specificity in defining where remaining knowledge gaps lie, and the relevant future questions 

to be asked. The following sections detail where future work could be directed to further 

complement the insights gained here and address these gaps. Sections 5.1.1-5.1.3 detail future 

directions specific to each chapter, and section 5.2 details those more generally. 

 

 
5.1 Future directions 
 
5.1.1 Future directions in Procellariiformes phylogenetics and systematics 
 
The novel phylogeny of Procellariiformes presented in Chapter 2 provided new insights into 

the evolution and systematics at shallow and deep scales across the order. The dataset of 4,335 

genome-wide loci represented a strong improvement in resolution of the phylogenetics of 

Procellariiformes compared with previous studies using only the single mitochondrial gene 

cytochrome b. Data was presented for 89% of all species and 85% of all taxa, providing a 

comprehensive framework of species and subspecies relationships within the clade. 

Nevertheless, samples could not be obtained for all taxa of the order. The extremely remote 

and difficult to reach breeding sites of these birds, restricted to single islands or small groups 

of islands in some taxa, has presented challenges in obtaining samples, and is a reason that a 

phylogeny on this scale was previously elusive.  

For some taxa it is reasonable to predict where they would fall in the Procellariiformes tree. 

For example, the poorly known Bulweria fallax is the only extant member of the genus 

Bulweria other than the widespread and morphologically similar B. bulweria (Olson 1975), 

and it is reasonable to expect a sister relationship between these species. However, there are 

several taxa that it is impossible to predict phylogenetic positions of, for example of the very 

poorly known Puffinus heinrothi (Kirwan et al. 2020). Further work to obtain samples and 

place these taxa in the phylogenetic framework provided in this thesis should be a strong 

priority for future work in Procellariiformes systematics. Museum specimens have been 

increasingly used in sequence capture studies in recent years (Derkarabetian et al. 2019, 

McCormack et al. 2016, Roycroft et al. 2022), and a small number were used in this study. 
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Expanding on this sampling of museum specimens could be an option for taxa for which 

obtaining modern samples remains difficult or impossible.  

The phylogeny of Procellariiformes also highlighted several taxonomic questions, and 

challenging to resolve nodes in the evolution of the clade, for which further work could provide 

important contributions. For taxonomic uncertainty in recent divergences, applying RADseq 

may be useful (Leaché et al. 2015, Rubin et al. 2012). Of three species for which subspecies 

were not inferred as monophyletic, two were Diomedeidae species where branch lengths were 

short in all analyses, and genetic diversity is low (Chambers et al. 2009). Applying fine-scale 

population genetic work to the subspecies of these species, Diomedea antipodensis and 

Thalassarche cauta, could elucidate whether these subspecies should be considered 

synonymous or recently diverged taxa. 

The prion genus Pachyptila provided a rare example within the Procellariiformes tree with 

poorly resolved relationships. These species are very morphologically similar (Harper 1980), 

and show high gene flow, admixture, migration rates and a lack of genetic structure between 

populations in several species (Masello et al. 2019, Masello et al. 2022, Quillfeldt et al. 2017). 

RADseq data of P. turtur and P. crassirostris found that phylogenetic relationships did not 

match taxonomic names (Shepherd et al. 2022). Conducting an expanded study of Pachyptila 

populations using RADseq data would be useful in determining the number of Pachyptila 

species and their relationships. Of all clades throughout Procellariiformes, and at all scales, the 

genus Pachyptila represents the largest area of taxonomic uncertainty and should be the highest 

priority in further study of Procellariiformes phylogenetics.  

Addressing these, and other uncertainties uncovered, to complement the largely resolved 

phylogeny presented in this thesis would move towards a full understanding of 

Procellariiformes systematics and taxonomy. More broadly, the generation of datasets of 

homologous genomic markers from further clades will eventually allow the integration of these 

datasets into larger scale phylogenies. For example, Vianna et al. (2020) mined UCEs from 

whole genome sequences of penguins (Sphenisciformes) for phylogenetic analyses, and 

Hruska et al. (2023) used UCEs to build a phylogeny of herons (Pelecaniformes). These 

datasets, combined with that provided for Procellariiformes here, could eventually contribute 

to a large and high resolution phylogenomic dataset of the waterbird clade Aequornithes. 
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5.1.2 Future directions in studying the impacts of sex-linked genomic markers on phylogenetic 

reconstruction 

 
The resolution of the phylogeny of Procellariiformes improved as a result of filtering out sex-

linked genomic loci, which produced sex-biased results as shown in Chapter 3. This suggests 

that sex-linked sites and loci could be considered a relevant subsample for filtering in 

phylogenetic studies making use of genome-wide markers. This result was clearly illustrated 

in Procellariiformes, having an effect largely at shallow evolutionary scales. The hypothesised 

mechanisms accounting for this, of incorporation of W chromosome reads into Z chromosome 

loci assemblies that introduces alternative alleles and systematically higher missing data in 

females could be anticipated to affect other taxonomic groups when using similar sequence 

capture or other methods targeting both autosomal and sex chromosome sequences. Although 

the heterogametic chromosome is expected to largely degenerate over time (Charlesworth & 

Charlesworth 2000), there is considerable variation in degeneration of the bird W chromosome 

(Zhou et al. 2014a). Less degeneration of the heterogametic chromosome could allow more 

sequences to contaminate assemblies of the homomorphic chromosome in the heterogametic 

sex only, leading to sex-biased results. Testing this in a close relative of Procellariiformes, such 

as the sister order Sphenisciformes, and in more taxonomically distant bird, and other, groups 

should be a priority to determine if this is a local or more general effect.  

This study further illustrated the importance in filtering of phylogenomic datasets in 

interpreting results, as has been demonstrated by previous work on other metrics that can affect 

inference (Blom et al. 2017, Bossert et al. 2017, Gilbert et al. 2018, Hosner et al. 2016, Hutter 

& Duellman 2023, Mclean et al. 2019, Molloy & Warnow 2018, Portik & Wiens 2021, 

Simmons et al. 2016, Streicher et al. 2016, Van Dam et al. 2021, White & Braun 2019, Wiens 

& Morrill 2011), although with little concordance (e.g. Chan et al. 2020). Sequence capture 

methods and their applications have received recent reviews (Andermann et al. 2020, Jones & 

Good 2016, Zhang et al. 2019). Given the growing popularity of studies employing sequence 

capture methods for phylogenetic inference, the multitude of different filtering parameters 

implicated in altering results, and the very recent years in which many of these studies have 

been published indicates that the topic is particularly relevant for a wide-scale review of the 

best practices in bioinformatic filtering of these datasets.  
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5.1.3 Future directions in studying the evolution of mitogenome duplications in birds and other 

organisms 

 
In Chapter 4 mapping sequenced reads to mitogenomes found expansive duplications in almost 

all Procellariiformes species, with underlying patterns found through applying this to the well 

resolved tree. Degeneration of duplicated regions of variable extents was widespread, and lost 

entirely on only two occasions in small clades. The study on Procellariiformes here represents 

one of the largest in scale of this trait in birds, and further large scale studies combining 

molecular sequencing datasets with well resolved phylogenies will be needed to refine our 

understanding of the prevalence and evolution of mitogenome duplications in bird species. 

The unduplicated mitochondrial gene order found in the chicken that was originally thought to 

be ancestral in birds (Gibb et al. 2007) is not shared with other vertebrates (Desjardins & 

Morais 1990). Duplications are now known to be frequent throughout the bird tree, and have 

been inferred as the ancestral state in all birds (Urantówka et al. 2020). Rather than ancestral, 

the unduplicated mitogenome of the chicken, and all other mitogenome rearrangements found 

in birds, may instead be derived from a single ancestral mitogenome duplication. It is possible 

that the evolution of a duplicated mitochondrial region may represent an important shift prior 

to the rapid diversification of bird lineages, with potential functional implications. A duplicated 

region was inferred to be present in the ancestor of Procellariiformes, providing evidence of 

remarkable stasis of this trait over more than 60 million years and indicating the presence of 

selection pressures to maintain these duplications. Duplicated regions often retain multiple 

functional copies of genes (e.g. Eberhard et al. 2001, Morris-Pocock et al. 2010, Zhou et al. 

2014b), further suggesting a benefit to preserving redundant gene copies. Indeed, mitogenome 

duplications have been associated with longevity and flight ability in birds (Skujina et al. 2016, 

Urantówka et al. 2018), that are especially intriguing in relevance to the Procellariiformes that 

occupy the extremes of these traits. Determining the presence or absence of mitogenomic 

duplications in further clades should allow more expansive comparative work to determine 

further associations with ecological and life history traits. Furthermore, understanding the 

possible relationships between duplications and mitogenomic replication and energy 

production that have been suggested (Jiang et al. 2007, Kumazawa et al. 1996, Mackiewicz et 

al. 2019, Skujina et al. 2016, Umeda et al. 2001), and that could explain potential functional 

benefits of duplications, through further biochemical study should be a priority.  
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5.2 Future directions in Procellariiformes evolution and ecology 
 
Broad-scale phylogenies with dense sampling allow thorough comparative investigations into 

the evolution of morphological, ecological, and life history traits, and the relationships between 

form and function at the level of individual populations, species, and entire ecosystems (Feng 

et al. 2020, Pigot et al. 2020). The phylogeny of Procellariiformes was used in a comparative 

context to investigate the prevalence and evolution of mitogenome duplications. Beyond this 

genomic variation, the new tree of Procellariiformes raises many possibilities for further study. 

The generation of large-scale datasets of functionally associated morphological and ecological 

traits are a useful resource in this context (e.g the AVONET dataset of Tobias et al. (2022), and 

the hand-wing index dataset of Sheard et al. (2020)). In particular, the large variation in size 

and structure among Procellariiformes species is an interesting trait in a phylogenetic 

comparative context. Although albatrosses (Diomedeidae) are larger than all other species of 

Procellariiformes, except for overlap with Macronectes giant petrels (Procellariidae) in some 

species, fossil remains indicate that some stem group albatrosses were significantly smaller-

bodied in the Oligocene and Miocene and as recently as the late Pliocene (Mayr & Goedert 

2017, Mayr & Pavia 2014, Mayr & Tennyson 2020), indicating a potentially complex 

evolutionary history of this trait in Procellariiformes. 

Testing the association of structure of the wing with flight and feeding specialisations in 

Procellariiformes (Kuroda 1954, Pennycuick 1982, Warham 1977) in a phylogenetic context 

is also an interesting possibility. Diving using various techniques, including plunge diving, 

surface diving and wing-propelled swimming (Ashmole 1971), is distributed throughout the 

newly generated tree of Procellariiformes. Members of Diomedeidae and Procellariidae of 

multiple genera dive in search of prey, suggesting either a common origin or multiple shifts 

towards this feeding specialisation. Additionally, the surface pattering behaviour of the storm-

petrels is an interesting feeding specialisation given the confirmed paraphyly of the families 

Oceanitidae and Hydrobatidae. The relationship between form and function in terms of wing 

morphology has been investigated in waterbirds, with evidence of convergent evolution and 

strong phylogenetic signal (Baumgart et al. 2021, Wang & Clarke 2014). With more robust 

phylogenies and increasingly dense taxon sampling these relationships can be investigated at 

an increasingly fine scale. 

The evolutionary relationships of Procellariiformes inferred also raise questions of the 

biogeography and speciation of this clade. Many seabirds show high philopatry despite high 

flight and dispersal abilities, which has been called the ‘seabird paradox’ (Milot et al. 2008). 
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Procellariiformes exemplify this pattern, with the ability to cover extreme oceanic distances 

yet also extreme philopatry in some species (Danckwerts et al. 2021, Weimerskirch et al. 2014). 

In seabirds, speciation has arisen in the presence of geographical barriers, and without such 

barriers, where differences in oceanic regimes, breeding and nonbreeding distributions, and 

breeding phenology can disrupt gene flow (Friesen 2015, Munro & Burg 2017). Across 

Procellariiformes, species and populations with high connectivity such as Pachyptila, and those 

with distinct relationships that do not reflect geographic proximity, such as in the populations 

of Pelagodroma marina were found. Within Hydrobatidae, two main clades that largely 

conformed to Atlantic Ocean and Pacific Ocean breeding species were found, and a similar, 

but also imperfect pattern, was apparent in Pterodroma species. Gaining a further 

understanding of these patterns could offer insights into the biogeographical and speciation 

processes that have formed the Procellariiformes populations observed today, and into other 

similarly oceanic groups that can cover the globe unlike any other organisms. 
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Appendices 

 

Appendix 2.1: A comparison of Procellariiformes classifications in major avian checklists: 

IOC World Bird List v13.1 (Gill et al. 2023), The Clements Checklist of Birds of the World 

v2022 (Clements et al. 2022), Handbook of the Birds of the World and BirdLife International 

Taxonomic Checklist Version 7 (HBW and BirdLife International 2022), and The Howard and 

Moore Complete Checklist of the Birds of the World version 4.1 (Christidis et al. 2018). 

Families are denoted by bold roman text and preceded by ‘Family’, genera are denoted by bold 

italic text, species are denoted by non-bold italic text, subspecies are denoted by indented non-

bold italic text. Species and subspecies marked with a cross symbol are extinct or likely to be 

extinct. 

 
IOC 13.1 Clements v2022 HBW-BirdLife Version 7 Howard & Moore 4.1 
Family: Diomedeidae Family: Diomedeidae Family: Diomedeidae Family: Diomedeidae 
Phoebastria Phoebastria Phoebastria Phoebastria 
Phoebastria immutabilis Phoebastria immutabilis Phoebastria immutabilis Phoebastria immutabilis 
Phoebastria nigripes Phoebastria nigripes Phoebastria nigripes Phoebastria nigripes 
Phoebastria irrorata Phoebastria irrorata Phoebastria irrorata Phoebastria irrorata 
Phoebastria albatrus Phoebastria albatrus Phoebastria albatrus Phoebastria albatrus 
Diomedea Diomedea Diomedea Diomedea 
Diomedea exulans Diomedea exulans Diomedea exulans Diomedea exulans 
Diomedea antipodensis     D. e. antipodensis Diomedea antipodensis     D. e. antipodensis 
    D. a. gibsoni     D. e. gibsoni     D. a. gibsoni     D. e. gibsoni 
Diomedea amsterdamensis     D. e. amsterdamensis Diomedea amsterdamensis     D. e. amsterdamensis 
Diomedea dabbenena     D. e. dabbenena Diomedea dabbenena     D. e. dabbenena 
Diomedea epomophora Diomedea epomophora Diomedea epomophora Diomedea epomophora 
Diomedea sanfordi     D. e. sanfordi Diomedea sanfordi     D. e. sanfordi 
Phoebetria Phoebetria Phoebetria Phoebetria 
Phoebetria fusca Phoebetria fusca Phoebetria fusca Phoebetria fusca 
Phoebetria palpebrata Phoebetria palpebrata Phoebetria palpebrata Phoebetria palpebrata 
Thalassarche Thalassarche Thalassarche Thalassarche 
Thalassarche melanophris Thalassarche melanophris Thalassarche melanophris Thalassarche melanophris 
Thalassarche impavida     T. m. impavida Thalassarche impavida     T. m. impavida 
Thalassarche cauta Thalassarche cauta Thalassarche cauta Thalassarche cauta 
    T. c. steadi     T. c. steadi Thalassarche steadi     T. c. steadi 
Thalassarche eremita Thalassarche eremita Thalassarche eremita     T. c. eremita 
Thalassarche salvini Thalassarche salvini Thalassarche salvini     T. c. salvini 
Thalassarche chrysostoma Thalassarche chrysostoma Thalassarche chrysostoma Thalassarche chrysostoma 
Thalassarche chlororhynchos Thalassarche chlororhynchos Thalassarche chlororhynchos Thalassarche chlororhynchos 
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Thalassarche carteri     T. c. carteri Thalassarche carteri     T. c. carteri 
Thalassarche bulleri Thalassarche bulleri Thalassarche bulleri Thalassarche bulleri 
    T. b. platei     T. b. platei     T. b. platei     T. b. platei 
Family: Oceanitidae Family: Oceanitidae Family: Oceanitidae Family: Oceanitidae 
Oceanites Oceanites Oceanites Oceanites 
Oceanites oceanicus Oceanites oceanicus Oceanites oceanicus Oceanites oceanicus 
    O. o. exasperatus     O. o. exasperatus     O. o. exasperatus     O. o. exasperatus 
    O. o. chilensis     O. o. chilensis     O. o. chilensis Not recognised 

Oceanites gracilis Oceanites gracilis Oceanites gracilis Oceanites gracilis 
    O. g. galapagoensis     O. g. galapagoensis     O. g. galapagoensis     O. g. galapagoensis 
Oceanites pincoyae Oceanites pincoyae Oceanites pincoyae Not recognised 

Garrodia Garrodia Garrodia Garrodia 
Garrodia nereis Garrodia nereis Garrodia nereis Garrodia nereis 
Pelagodroma Pelagodroma Pelagodroma Pelagodroma 
Pelagodroma marina Pelagodroma marina Pelagodroma marina Pelagodroma marina 
    P. m. hypoleuca     P. m. hypoleuca     P. m. hypoleuca     P. m. hypoleuca 
    P. m. eadesorum     P. m. eadesorum     P. m. eadesorum     P. m. eadesorum 
    P. m. dulciae     P. m. dulciae     P. m. dulciae     P. m. dulciae 
    P. m. maoriana     P. m. maoriana     P. m. maoriana     P. m. maoriana 
    P. m. albiclunis     P. m. albiclunis     P. m. albiclunis     P. m. albiclunis 
Fregetta Fregetta Fregetta Fregetta 
Fregetta grallaria Fregetta grallaria Fregetta grallaria Fregetta grallaria 
    F. g. leucogaster     F. g. leucogaster     F. g. leucogaster     F. g. leucogaster 
    F. g. segethi     F. g. segethi     F. g. segethi     F. g. segethi 
    F. g. titan     F. g. titan     F. g. titan     F. g. titan 
Not recognised Not recognised     F. g. guttata Not recognised 

Fregetta tropica Fregetta tropica Fregetta tropica Fregetta tropica 
    F. t. melanoleuca     F. t. melanoleuca     F. t. melanoleuca     F. t. melanoleuca 
Fregetta lineata Fregetta lineata Not recognised Not recognised 

Fregetta maoriana Fregetta maoriana Fregetta maoriana Fregetta maoriana 
Nesofregetta Nesofregetta Nesofregetta Nesofregetta 
Nesofregetta fuliginosa Nesofregetta fuliginosa Nesofregetta fuliginosa Nesofregetta fuliginosa 
Family: Hydrobatidae Family: Hydrobatidae Family: Hydrobatidae Family: Hydrobatidae 
Hydrobates Hydrobates Hydrobates Hydrobates 
Hydrobates pelagicus Hydrobates pelagicus Hydrobates pelagicus Hydrobates pelagicus 
    H. p. melitensis     H. p. melitensis     H. p. melitensis Not recognised 

Hydrobates furcatus Hydrobates furcatus Hydrobates furcatus Hydrobates furcatus 
    H. f. plumbeus     H. f. plumbeus     H. f. plumbeus     H. f. plumbeus 
Hydrobates hornbyi Hydrobates hornbyi Hydrobates hornbyi Hydrobates hornbyi 
Hydrobates monorhis Hydrobates monorhis Hydrobates monorhis Hydrobates monorhis 
Hydrobates matsudairae Hydrobates matsudairae Hydrobates matsudairae Hydrobates matsudairae 
Hydrobates leucorhous Hydrobates leucorhous Hydrobates leucorhous Hydrobates leucorhous 
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    H. l. chapmani     H. l. chapmani     H. l. chapmani     H. l. chapmani 
Hydrobates socorroensis Hydrobates socorroensis Hydrobates socorroensis     H. l. socorroensis 
Hydrobates cheimomnestes Hydrobates cheimomnestes Hydrobates cheimomnestes     H. l. cheimomnestes 
Hydrobates homochroa Hydrobates homochroa Hydrobates homochroa Hydrobates homochroa 
Hydrobates castro Hydrobates castro Hydrobates castro Hydrobates castro 
Hydrobates monteiroi Hydrobates monteiroi Hydrobates monteiroi Hydrobates monteiroi 
Hydrobates jabejabe Hydrobates jabejabe Hydrobates jabejabe Not recognised 

Hydrobates tethys Hydrobates tethys Hydrobates tethys Hydrobates tethys 
    H. t. kelsalli     H. t. kelsalli     H. t. kelsalli     H. t. kelsalli 
Hydrobates melania Hydrobates melania Hydrobates melania Hydrobates melania 
Hydrobates macrodactylus† Hydrobates macrodactylus† Hydrobates macrodactylus† Hydrobates macrodactylus†  
Hydrobates markhami Hydrobates markhami Hydrobates markhami Hydrobates markhami 
Hydrobates tristrami Hydrobates tristrami Hydrobates tristrami Hydrobates tristrami 
Hydrobates microsoma Hydrobates microsoma Hydrobates microsoma Hydrobates microsoma 
Family: Procellariidae Family: Procellariidae Family: Procellariidae Family: Procellariidae 
Macronectes Macronectes Macronectes Macronectes 
Macronectes giganteus Macronectes giganteus Macronectes giganteus Macronectes giganteus 
Macronectes halli Macronectes halli Macronectes halli Macronectes halli 
Fulmarus Fulmarus Fulmarus Fulmarus 
Fulmarus glacialis Fulmarus glacialis Fulmarus glacialis Fulmarus glacialis 
    F. g. auduboni     F. g. auduboni Not recognised     F. g. auduboni 
    F. g. rodgersii     F. g. rodgersii     F. g. rodgersii     F. g. rodgersii 
Fulmarus glacialoides Fulmarus glacialoides Fulmarus glacialoides Fulmarus glacialoides 
Thalassoica Thalassoica Thalassoica Thalassoica 
Thalassoica antarctica Thalassoica antarctica Thalassoica antarctica Thalassoica antarctica 
Daption Daption Daption Daption 
Daption capense Daption capense Daption capense Daption capense 
    D. c. australe     D. c. australe     D. c. australe     D. c. australe 
Pagodroma Pagodroma Pagodroma Pagodroma 
Pagodroma nivea Pagodroma nivea Pagodroma nivea Pagodroma nivea 
    P. n. major     P. n. major     P. n. major     P. n. major 
Halobaena Halobaena Halobaena Halobaena 
Halobaena caerulea Halobaena caerulea Halobaena caerulea Halobaena caerulea 
Pachyptila Pachyptila Pachyptila Pachyptila 
Pachyptila vittata Pachyptila vittata Pachyptila vittata Pachyptila vittata 
Pachyptila salvini Pachyptila salvini Pachyptila salvini Pachyptila salvini 
Pachyptila macgillivrayi Pachyptila macgillivrayi Pachyptila macgillivrayi     P. s. macgillivrayi 
Pachyptila desolata Pachyptila desolata Pachyptila desolata Pachyptila desolata 
Not recognised     P. d. altera Not recognised Not recognised 

Not recognised     P. d. banksi Not recognised Not recognised 

Pachyptila belcheri Pachyptila belcheri Pachyptila belcheri Pachyptila belcheri 
Pachyptila turtur Pachyptila turtur Pachyptila turtur Pachyptila turtur 
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    P. t. subantarctica Not recognised Not recognised Not recognised 

Not recognised Not recognised Not recognised     P. t. eatoni 
Pachyptila crassirostris Pachyptila crassirostris Pachyptila crassirostris Pachyptila crassirostris 
    P. c. pyramidalis     P. c. pyramidalis     P. c. pyramidalis     P. c. pyramidalis 
    P. c. flemingi     P. c. flemingi     P. c. flemingi     P. c. flemingi 
Aphrodroma Aphrodroma Aphrodroma Aphrodroma 
Aphrodroma brevirostris Aphrodroma brevirostris Aphrodroma brevirostris Aphrodroma brevirostris 
Pterodroma Pterodroma Pterodroma Pterodroma 
Pterodroma macroptera Pterodroma macroptera Pterodroma macroptera Pterodroma macroptera 
Pterodroma gouldi Pterodroma gouldi Pterodroma gouldi     P. m. gouldi 
Pterodroma lessonii Pterodroma lessonii Pterodroma lessonii Pterodroma lessonii 
Pterodroma incerta Pterodroma incerta Pterodroma incerta Pterodroma incerta 
Pterodroma solandri Pterodroma solandri Pterodroma solandri Pterodroma solandri 
Pterodroma magentae Pterodroma magentae Pterodroma magentae Pterodroma magentae 
Pterodroma ultima Pterodroma ultima Pterodroma ultima Pterodroma ultima 
Pterodroma mollis Pterodroma mollis Pterodroma mollis Pterodroma mollis 
Not recognised     P. m. dubia Not recognised Not recognised 

Pterodroma madeira Pterodroma madeira Pterodroma madeira Pterodroma madeira 
Pterodroma feae Pterodroma feae Pterodroma feae Pterodroma feae 
Pterodroma deserta     P. f. deserta Pterodroma deserta     P. f. deserta 
Pterodroma cahow Pterodroma cahow Pterodroma cahow Pterodroma cahow 
Pterodroma hasitata Pterodroma hasitata Pterodroma hasitata Pterodroma hasitata 
Pterodroma caribbaea†     P. h. caribbaea† Pterodroma caribbaea†     P. h. caribbaea† 
Pterodroma externa Pterodroma externa Pterodroma externa Pterodroma externa 
Pterodroma neglecta Pterodroma neglecta Pterodroma neglecta Pterodroma neglecta 
    P. n. juana     P. n. juana     P. n. juana     P. n. juana 
Pterodroma arminjoniana Pterodroma arminjoniana Pterodroma arminjoniana Pterodroma arminjoniana 
Pterodroma heraldica Pterodroma heraldica Pterodroma heraldica     P. n. heraldica 
Pterodroma atrata Pterodroma atrata Pterodroma atrata Pterodroma atrata 
Pterodroma alba Pterodroma alba Pterodroma alba Pterodroma alba 
Pterodroma baraui Pterodroma baraui Pterodroma baraui Pterodroma baraui 
Pterodroma sandwichensis Pterodroma sandwichensis Pterodroma sandwichensis Pterodroma sandwichensis 
Pterodroma phaeopygia Pterodroma phaeopygia Pterodroma phaeopygia Pterodroma phaeopygia 
Pterodroma inexpectata Pterodroma inexpectata Pterodroma inexpectata Pterodroma inexpectata 
Pterodroma cervicalis Pterodroma cervicalis Pterodroma cervicalis Pterodroma cervicalis 
Pterodroma occulta Pterodroma occulta     P. c. occulta     P. c. occulta 
Pterodroma nigripennis Pterodroma nigripennis Pterodroma nigripennis Pterodroma nigripennis 
Pterodroma axillaris Pterodroma axillaris Pterodroma axillaris Pterodroma axillaris 
Pterodroma hypoleuca Pterodroma hypoleuca Pterodroma hypoleuca Pterodroma hypoleuca 
Pterodroma leucoptera Pterodroma leucoptera Pterodroma leucoptera Pterodroma leucoptera 
Not recognised     P. l. caledonica Not recognised     P. l. caledonica 
Pterodroma brevipes Pterodroma brevipes Pterodroma brevipes Pterodroma brevipes 
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    P. b. magnificens     P. b. magnificens Not recognised Not recognised 

Pterodroma cookii Pterodroma cookii Pterodroma cookii Pterodroma cookii 
Pterodroma defilippiana Pterodroma defilippiana Pterodroma defilippiana Pterodroma defilippiana 
Pterodroma longirostris Pterodroma longirostris Pterodroma longirostris Pterodroma longirostris 
Pterodroma pycrofti Pterodroma pycrofti Pterodroma pycrofti Pterodroma pycrofti 
Bulweria Bulweria Bulweria Bulweria 
Bulweria bulwerii Bulweria bulwerii Bulweria bulwerii Bulweria bulwerii 
Bulweria bifax† Bulweria bifax† Bulweria bifax† Bulweria bifax† 
Bulweria fallax Bulweria fallax Bulweria fallax Bulweria fallax 
Pseudobulweria Pseudobulweria Pseudobulweria Pseudobulweria 
Pseudobulweria aterrima Pseudobulweria aterrima Pseudobulweria aterrima Pseudobulweria aterrima 
Pseudobulweria rupinarum† Pseudobulweria rupinarum† Pseudobulweria rupinarum† Pseudobulweria rupinarum† 
Pseudobulweria rostrata Pseudobulweria rostrata Pseudobulweria rostrata Pseudobulweria rostrata 
    P. r. trouessarti     P. r. trouessarti     P. r. trouessarti     P. r. trouessarti 
Pseudobulweria becki Pseudobulweria becki Pseudobulweria becki Pseudobulweria becki 
Pseudobulweria macgillivrayi Pseudobulweria macgillivrayi Pseudobulweria macgillivrayi Pseudobulweria macgillivrayi 
Procellaria Procellaria Procellaria Procellaria 
Procellaria cinerea Procellaria cinerea Procellaria cinerea Procellaria cinerea 
Procellaria aequinoctialis Procellaria aequinoctialis Procellaria aequinoctialis Procellaria aequinoctialis 
    P. a. steadi Not recognised Not recognised Not recognised 

Procellaria conspicillata Procellaria conspicillata Procellaria conspicillata Procellaria conspicillata 
Procellaria parkinsoni Procellaria parkinsoni Procellaria parkinsoni Procellaria parkinsoni 
Procellaria westlandica Procellaria westlandica Procellaria westlandica Procellaria westlandica 
Calonectris Calonectris Calonectris Calonectris 
Calonectris leucomelas Calonectris leucomelas Calonectris leucomelas Calonectris leucomelas 
Calonectris diomedea Calonectris diomedea Calonectris diomedea Calonectris diomedea 
Calonectris borealis     C. d. borealis Calonectris borealis Calonectris borealis 
Calonectris edwardsii Calonectris edwardsii Calonectris edwardsii Calonectris edwardsii 
Ardenna Ardenna Ardenna Ardenna 
Ardenna pacifica Ardenna pacifica Ardenna pacifica Ardenna pacifica 
Not recognised     A. p. chlororhyncha     A. p. chlororhyncha     A. p. chlororhyncha 
Ardenna bulleri Ardenna bulleri Ardenna bulleri Ardenna bulleri 
Ardenna grisea Ardenna grisea Ardenna grisea Ardenna grisea 
Ardenna tenuirostris Ardenna tenuirostris Ardenna tenuirostris Ardenna tenuirostris 
Ardenna creatopus Ardenna creatopus Ardenna creatopus Ardenna creatopus 
Ardenna carneipes Ardenna carneipes Ardenna carneipes Ardenna carneipes 
Ardenna gravis Ardenna gravis Ardenna gravis Ardenna gravis 
Puffinus Puffinus Puffinus Puffinus 
Puffinus nativitatis Puffinus nativitatis Puffinus nativitatis Puffinus nativitatis 
Puffinus puffinus Puffinus puffinus Puffinus puffinus Puffinus puffinus 
    P. p. canariensis Not recognised Not recognised Not recognised 

Puffinus yelkouan Puffinus yelkouan Puffinus yelkouan Puffinus yelkouan 
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Puffinus mauretanicus Puffinus mauretanicus Puffinus mauretanicus     P. y. mauretanicus 
Puffinus bryani Puffinus bryani Puffinus bryani Puffinus bryani 
Puffinus opisthomelas Puffinus opisthomelas Puffinus opisthomelas Puffinus opisthomelas 
Puffinus auricularis Puffinus auricularis Puffinus auricularis Puffinus auricularis 
Puffinus newelli Puffinus newelli Puffinus newelli     P. a. newelli 
Puffinus myrtae Puffinus myrtae Puffinus myrtae     P. a. myrtae 
Puffinus gavia Puffinus gavia Puffinus gavia Puffinus gavia 
Puffinus huttoni Puffinus huttoni Puffinus huttoni Puffinus huttoni 
Puffinus lherminieri Puffinus lherminieri Puffinus lherminieri Puffinus lherminieri 
    P. l. loyemilleri     P. l. loyemilleri Not recognised     P. l. loyemilleri 
Puffinus baroli Puffinus baroli     P. l. baroli     P. l. baroli 
Puffinus boydi Puffinus boydi     P. l. boydi     P. l. boydi 
Puffinus bailloni Puffinus bailloni Puffinus bailloni Puffinus bailloni 
    P. b. nicolae     P. b. nicolae     P. b. nicolae     P. b. nicolae 
    P. b. colstoni Not recognised Not recognised Not recognised 

    P. b. dichrous     P. b. dichrous     P. b. dichrous     P. b. dichrous 
    P. b. gunax     P. b. gunax     P. b. gunax     P. b. gunax 
Not recognised Not recognised Not recognised     P. b. polynesiae 
Puffinus bannermani Puffinus bannermani Puffinus bannermani     P. b. bannermani 
Puffinus persicus Puffinus persicus Puffinus persicus     P. b. persicus 
    P. p. temptator     P. p. temptator     P. p. temptator     P. b. temptator 
Puffinus subalaris Puffinus subalaris Puffinus subalaris Puffinus subalaris 
Puffinus heinrothi Puffinus heinrothi Puffinus heinrothi Puffinus heinrothi 
Puffinus assimilis Puffinus assimilis Puffinus assimilis Puffinus assimilis 
    P. a. haurakiensis     P. a. haurakiensis     P. a. haurakiensis     P. a. haurakiensis 
    P. a. kermadecensis     P. a. kermadecensis     P. a. kermadecensis     P. a. kermadecensis 
    P. a. tunneyi     P. a. tunneyi     P. a. tunneyi     P. a. tunneyi 
Puffinus elegans Puffinus elegans Puffinus elegans     P. a. elegans 
Pelecanoides Pelecanoides Pelecanoides Pelecanoides 
Pelecanoides garnotii Pelecanoides garnotii Pelecanoides garnotii Pelecanoides garnotii 
Pelecanoides magellani Pelecanoides magellani Pelecanoides magellani Pelecanoides magellani 
Pelecanoides georgicus Pelecanoides georgicus Pelecanoides georgicus Pelecanoides georgicus 
    P. g. whenuahouensis     P. g. whenuahouensis Pelecanoides whenuahouensis Not recognised 

Pelecanoides urinatrix Pelecanoides urinatrix Pelecanoides urinatrix Pelecanoides urinatrix 
    P. u. dacunhae     P. u. dacunhae     P. u. dacunhae     P. u. dacunhae 
    P. u. berard     P. u. berard     P. u. berard     P. u. berard 
    P. u. chathamensis     P. u. chathamensis     P. u. chathamensis     P. u. chathamensis 
    P. u. exsul     P. u. exsul     P. u. exsul     P. u. exsul 
    P. u. coppingeri     P. u. coppingeri     P. u. coppingeri     P. u. coppingeri 
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Appendix 2.2: Taxonomic list of Procellariiformes used for sampling.  

 
Family: Diomedeidae 
Phoebastria irrorata 
Phoebastria nigripes  
Phoebastria immutabilis 
Phoebastria albatrus 
Diomedea exulans 
Diomedea antipodensis antipodensis 
Diomedea antipodensis gibsoni 
Diomedea amsterdamensis 
Diomedea dabbenena 
Diomedea epomophora 
Diomedea sanfordi 
Phoebetria fusca 
Phoebetria palpebrata 
Thalassarche melanophris  
Thalassarche impavida  
Thalassarche cauta cauta 
Thalassarche cauta steadi 
Thalassarche eremita 
Thalassarche salvini 
Thalassarche chrysostoma  
Thalassarche chlororhynchos 
Thalassarche carteri 
Thalassarche bulleri bulleri 
Thalassarche bulleri platei 
 
Family: Oceanitidae 
Oceanites oceanicus oceanicus 
Oceanites oceanicus exasperatus 
Oceanites oceanicus chilensis 
Oceanites gracilis gracilis  
Oceanites gracilis galapagoensis 
Oceanites pincoyae 
Garrodia nereis  
Pelagodroma marina marina 
Pelagodroma marina hypoleuca 
Pelagodroma marina eadesorum 
Pelagodroma marina dulciae  
Pelagodroma marina maoriana  
Pelagodroma marina albiclunis 
Fregetta grallaria grallaria 
Fregetta grallaria leucogaster  
Fregetta grallaria segethi  
Fregetta grallaria titan 
Fregetta tropica tropica 
Fregetta tropica melanoleuca 
Fregetta lineata 
Fregetta maoriana 
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Nesofregetta fuliginosa 
 
Family: Hydrobatidae 
Hydrobates pelagicus pelagicus 
Hydrobates pelagicus melitensis 
Oceanodroma furcatus furcatus 
Oceanodroma furcatus plumbeus 
Oceanodroma hornbyi 
Oceanodroma monorhis 
Oceanodroma matsudairae 
Oceanodroma leucorhous leucorhous 
Oceanodroma leucorhous chapmani 
Oceanodroma socorroensis 
Oceanodroma cheimomnestes 
Oceanodroma homochroa 
Oceanodroma castro 
Oceanodroma monteiroi 
Oceanodroma jabejabe 
Oceanodroma tethys tethys 
Oceanodroma tethys kelsalli 
Oceanodroma melania 
Oceanodroma markhami 
Oceanodroma tristrami 
Oceanodroma microsoma 
 
Family: Procellariidae 
Macronectes giganteus 
Macronectes halli 
Fulmarus glacialis glacialis 
Fulmarus glacialis auduboni 
Fulmarus glacialis rodgersii 
Fulmarus glacialoides 
Thalassoica antarctica 
Daption capense capense 
Daption capense australe 
Pagodroma nivea nivea 
Pagodroma nivea major 
Halobaena caerulea 
Pachyptila vittata 
Pachyptila salvini 
Pachyptila macgillivrayi 
Pachyptila desolata desolata 
Pachyptila desolata banksi 
Pachyptila belcheri 
Pachyptila turtur turtur 
Pachyptila turtur eatoni 
Pachyptila turtur subantarctica 
Pachyptila crassirostris crassirostris 
Pachyptila crassirostris pyramidalis 
Pachyptila crassirostris flemingi 
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Aphrodroma brevirostris 
Pterodroma macroptera 
Pterodroma gouldi 
Pterodroma lessonii 
Pterodroma incerta 
Pterodroma solandri 
Pterodroma magentae 
Pterodroma ultima 
Pterodroma mollis 
Pterodroma madeira 
Pterodroma feae 
Pterodroma deserta 
Pterodroma cahow 
Pterodroma hasitata 
Pterodroma externa 
Pterodroma neglecta neglecta 
Pterodroma neglecta juana 
Pterodroma arminjoniana 
Pterodroma heraldica 
Pterodroma atrata 
Pterodroma alba 
Pterodroma baraui 
Pterodroma sandwichensis 
Pterodroma phaeopygia 
Pterodroma inexpectata 
Pterodroma cervicalis 
Pterodroma occulta 
Pterodroma nigripennis 
Pterodroma axillaris 
Pterodroma hypoleuca 
Pterodroma leucoptera leucoptera 
Pterodroma leucoptera caledonica 
Pterodroma brevipes brevipes 
Pterodroma brevipes magnificens  
Pterodroma cookii 
Pterodroma defilippiana 
Pterodroma longirostris 
Pterodroma pycrofti 
Bulweria bulwerii 
Bulweria fallax 
Pseudobulweria aterrima 
Pseudobulweria rostrata rostrata 
Pseudobulweria rostrata trouessarti 
Pseudobulweria becki 
Pseudobulweria macgillivrayi 
Procellaria cinerea 
Procellaria aequinoctialis aequinoctialis 
Procellaria aequinoctialis steadi 
Procellaria conspicillata 
Procellaria parkinsoni 
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Procellaria westlandica 
Calonectris leucomelas 
Calonectris diomedea 
Calonectris borealis 
Calonectris edwardsii 
Ardenna pacifica pacifica  
Ardenna pacifica chlororhyncha 
Ardenna bulleri 
Ardenna grisea 
Ardenna tenuirostris 
Ardenna creatopus 
Ardenna carneipes 
Ardenna gravis 
Puffinus nativitatis 
Puffinus puffinus puffinus 
Puffinus puffinus canariensis 
Puffinus yelkouan 
Puffinus mauretanicus 
Puffinus bryani 
Puffinus opisthomelas 
Puffinus auricularis 
Puffinus newelli 
Puffinus myrtae 
Puffinus gavia 
Puffinus huttoni 
Puffinus lherminieri lherminieri 
Puffinus lherminieri loyemilleri 
Puffinus baroli 
Puffinus boydi 
Puffinus bailloni bailloni 
Puffinus bailloni nicolae 
Puffinus bailloni colstoni 
Puffinus bailloni dichrous 
Puffinus bailloni gunax 
Puffinus bannermani 
Puffinus persicus persicus 
Puffinus persicus temptator 
Puffinus subalaris 
Puffinus heinrothi 
Puffinus assimilis assimilis 
Puffinus assimilis haurakiensis 
Puffinus assimilis kermadecensis 
Puffinus assimilis tunneyi 
Puffinus elegans 
Pelecanoides garnotii  
Pelecanoides magellani 
Pelecanoides georgicus georgicus 
Pelecanoides georgicus whenuahouensis 
Pelecanoides urinatrix urinatrix 
Pelecanoides urinatrix dacunhae 
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Pelecanoides urinatrix berard 
Pelecanoides urinatrix chathamensis 
Pelecanoides urinatrix exsul 
Pelecanoides urinatrix coppingeri 
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Appendix 2.3: List of sequenced samples. Taxon reference numbers match those used in 

figures. Museum abbreviations are given in Chapter 2 section 2.2.2.  

Taxon and reference number Museum/collector and sample number Collecting locality 

Aphrodroma brevirostris 1 Gary Nunn KGP-1 Gough Island 

Aphrodroma brevirostris 2 UWBM 61673 South Georgia 

Ardenna bulleri 1 USNM 613921 North Pacific Ocean 

Ardenna bulleri 2 UWBM 82792 Northland, New Zealand 

Ardenna carneipes 1 AMNH DOT-17805 Ocean off Albany, Western Australia 

Ardenna carneipes 2 UWBM 82812 Off Great Barrier Island, New Zealand 

Ardenna carneipes 3 UWBM 85403 North Pacific Ocean 

Ardenna carneipes 4 Yves Cherel FFSH01 St. Paul Island, French Southern and Antarctic 
Lands  

Ardenna creatopus 1 AMNH DOT-3131 Santa Clara, Juan Fernandez Islands, Chile 

Ardenna creatopus 2 UWBM 61948 North Pacific Ocean 

Ardenna gravis 1 Gary Nunn GS-6 Gough Island 

Ardenna gravis 2 Jeremy Austin/Spanish AGraJ1 Gough Island 

Ardenna grisea 1 Jeremy Austin/Spanish Agri2 Kidney island, Falkland Islands 

Ardenna grisea 2 USNM 621351 Johnston Atoll 

Ardenna pacifica chlororhyncha 1 Jeremy Austin/Spanish Apac76 Sand Island, Johnston Atoll 

Ardenna pacifica chlororhyncha 2 USNM 643456 Kauai, Hawaii, USA 

Ardenna tenuirostris 1 Jeremy Austin/Spanish ATenJ2 Woolamai, Victoria, Australia 

Ardenna tenuirostris 2 UWBM 51646 Magadan, Russia 

Bulweria bulwerii 1 Vincent Bretagnolle E006980 Madeira 

Bulweria bulwerii 2 USNM 631387 Johnston Atoll 

Calonectris borealis 1 Jeremy Austin/Spanish CBor533 Montaña Clara, Lanzarote, Canary Islands, Spain 

Calonectris borealis 2 Jeremy Austin/Spanish CBor542 Montaña Clara, Lanzarote, Canary Islands, Spain 

Calonectris diomedea 1 Jeremy Austin/Spanish CDio669 Menorca, Balearic Islands, Spain 

Calonectris diomedea 2 USNM 620710 Off Cape Hatteras National Seashore, North 
Carolina, USA 

Calonectris edwardsii 1 Jeremy Austin/Spanish CEdw105 Curral Velho, Cape Verde 

Calonectris edwardsii 2 Jeremy Austin/Spanish CEdw660 Curral Velho, Cape Verde 

Calonectris leucomelas 1 LSUMZ 16967 Mikura Island, Seven Islands of Izu, Japan 

Calonectris leucomelas 2 Jeremy Austin/Spanish CLeu13 Mikura Islands, Japan 

Ciconia maguari 1 USNM 614527 Estancia El Tala, Near Puerto Constanza, Entre 
Rios, Argentina 

Daption capense capense 1 BMNH 109516443 South Georgia 

Daption capense capense 2 KU 21827 Muriwai Beach, North Island, New Zealand 

Diomedea amsterdamensis 1 Yves Cherel AA10 Amsterdam Island, French Southern and Antarctic 
Lands  

Diomedea amsterdamensis 2 Yves Cherel AA15 Amsterdam Island, French Southern and Antarctic 
Lands  

Diomedea amsterdamensis 3 Yves Cherel AA3 Amsterdam Island, French Southern and Antarctic 
Lands  

Diomedea antipodensis antipodensis 1 Theresa Burg DeAn9917 Antipodes Islands, New Zealand 

Diomedea antipodensis antipodensis 2 Theresa Burg DeAn9918 Antipodes Islands, New Zealand 
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Diomedea antipodensis antipodensis 3 UWBM 81028 Southeast of Cape Kidnappers, New Zealand 

Diomedea antipodensis gibsoni 1 Theresa Burg DeAd9932 Adams Island, Auckland Islands, New Zealand 

Diomedea antipodensis gibsoni 2 Theresa Burg DeAd9933 Adams Island, Auckland Islands, New Zealand 

Diomedea antipodensis gibsoni 3 UWBM 81027 100 km north-northeast of East Cape; New Zealand 

Diomedea dabbenena 1 Gary Nunn WA-4 Gough Island 

Diomedea dabbenena 2 Gary Nunn WA-3 Gough Island 

Diomedea epomophora 1 NMV 50490 Unknown 

Diomedea exulans 1 Richard Phillips A1 Bird Island, South Georgia 

Diomedea exulans 2 Richard Phillips A2 Bird Island, South Georgia 

Diomedea exulans 3 Theresa Burg DIEXPM012 Pointe Morne, Kerguelen Islands, French Southern 
and Antarctic Lands  

Diomedea exulans 4 Theresa Burg DIEXPM013 Pointe Morne, Kerguelen Islands, French Southern 
and Antarctic Lands  

Diomedea sanfordi 1 Paul Scofield AV19580 South Bay, Kaikoura, New Zealand 

Fregetta grallaria grallaria 1 AM 76074 Lord Howe Island, New South Wales, Australia 

Fregetta grallaria grallaria 2 AM 76583 Lord Howe Island, New South Wales, Australia 

Fregetta grallaria leucogaster 1 Gary Nunn WBSP-2 Gough Island 

Fregetta grallaria leucogaster 2 Yves Cherel WBSP04 St. Paul Island, French Southern and Antarctic 
Lands  

Fregetta grallaria leucogaster 3 Yves Cherel WBSP05 St. Paul Island, French Southern and Antarctic 
Lands  

Fregetta grallaria segethi 1 AMNH DOT-3126 1 km N Vaqueria, Isla Robinson Crusoe, Chile 

Fregetta grallaria titan 1 Alice Cibois & Jean-Claude Thibault 2019-23 South Pacific Ocean 

Fregetta grallaria titan 2 Alice Cibois & Jean-Claude Thibault 2019-24 South Pacific Ocean 

Fregetta tropica tropica 1 NHMO BI-42935  Bouvet Island 

Fregetta tropica tropica 2 Petra Quillfeldt BBSP-Ker-AS22 Kerguelen Islands, French Southern and Antarctic 
Lands  

Fregetta tropica tropica 3 Petra Quillfeldt BBSP-KGI-18 King George Island, South Shetland Islands 

Fregetta tropica tropica 4 Richard Phillips H5 Bird Island, South Georgia 

Fulmarus glacialis auduboni 1 USNM 623297 North of Keflavik, Iceland 

Fulmarus glacialis glacialis 1 Hallvard Strom 4214435 Svalbard, Norway 

Fulmarus glacialis glacialis 2 Hallvard Strom 4214658 Svalbard, Norway 

Fulmarus glacialis rodgersii 1 Theresa Burg SB113 North Saanich, Vancouver Island, Canada 

Fulmarus glacialis rodgersii 2 USNM 638827 Aleutians West Census Area, Alaska, USA 

Fulmarus glacialoides 1 AMNH DOT-3210 Puerto Williams, Navarino Island, Chile 

Fulmarus glacialoides 2 LSUMZ 13541 Scotia Confluence, South Atlantic Ocean 

Garrodia nereis 1 BMNH 109516428 Falkland Islands 

Garrodia nereis 2 Gary Nunn GBSP-3 Gough Island 

Garrodia nereis 3 Richard Phillips RP20 Bird Island, South Georgia 

Halobaena caerulea 1 KU 98793 Victoria, Australia 

Halobaena caerulea 2 Richard Phillips C7 Bird Island, South Georgia 

Halobaena caerulea 3 UWBM 61675 South Georgia 

Hydrobates pelagicus melitensis 1 Vincent Bretagnolle MSP-1 Malta 

Hydrobates pelagicus pelagicus 1 ZMUC P740 Nolsoy, Faroe Islands 

Macronectes giganteus 1 Gary Nunn SPG-G-1 Gough Island 

Macronectes giganteus 2 Gary Nunn SPG-G-2 Gough Island 
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Macronectes giganteus 3 Richard Phillips C1 Bird Island, South Georgia 

Macronectes halli 1 Richard Phillips A9 Bird Island, South Georgia 

Macronectes halli 2 UWBM 80999 Bounty Platform, New Zealand 

Nesofregetta fuliginosa 1 Alice Cibois & Jean-Claude Thibault 2019-115 South Pacific Ocean 

Nesofregetta fuliginosa 2 Alice Cibois & Jean-Claude Thibault 2019-117 South Pacific Ocean 

Nesofregetta fuliginosa 3 USNM 614206 South Pacific 

Oceanites gracilis gracilis 1 Heraldo Norambuena 0G04 Isla Chungungo, Coquimbo, Chile 

Oceanites gracilis gracilis 2 Heraldo Norambuena 0G06 Isla Chungungo, Coquimbo, Chile 

Oceanites gracilis gracilis 3 ZMUC FS2-20.6.92 Punta Santa Elena, Ecuador 

Oceanites oceanicus chilensis 1 AMNH DOT-3175 San Antonia, V Region de Valparaiso, Chile 

Oceanites oceanicus chilensis 2 Heraldo Norambuena OOC06 Cordillera Santiago, Metropolitana, Chile 

Oceanites oceanicus chilensis 3 Heraldo Norambuena OOC07 Cordillera Santiago, Metropolitana, Chile 

Oceanites oceanicus exasperatus 1 Petra Quillfeldt WSP-KGI-02 King George Island, South Shetland Islands 

Oceanites oceanicus exasperatus 2 UAM 35626 Vicinity of Palmer Station, Antarctica 

Oceanites oceanicus oceanicus 1 BMNH 109516427 Falkland Islands 

Oceanites oceanicus oceanicus 2 Petra Quillfeldt WSP-Mayes-42 Kerguelen Islands, French Southern and Antarctic 
Lands  

Oceanodroma castro 1 LSUMZ 41542 Louisiana, USA 

Oceanodroma castro 2 Max Levy 8J Ilheu de Praia, Azores, Portugal 

Oceanodroma castro 3 USNM 602013 Nelson, Virginia, USA 

Oceanodroma castro 4 ZMUC P1042 Isla Grande, Selvagem, Madeira  

Oceanodroma cheimomnestes 1 Yuliana Bedolla AISP60 Guadalupe Island, Mexico 

Oceanodroma cheimomnestes 2 Yuliana Bedolla AISP65 Guadalupe Island, Mexico 

Oceanodroma furcatus furcatus 1 USNM 638711 Alaska, USA 

Oceanodroma furcatus plumbeus 1 SDNHM 51719 Torrey Pines State Reserve, San Diego, California, 
USA 

Oceanodroma homochroa 1 SDNHM 50480 San Diego, California, USA 

Oceanodroma homochroa 2 SDNHM 51572 Spring Valley, San Diego County, California, USA 

Oceanodroma homochroa 3 Yuliana Bedolla ASSP36 Todos Santos Sur Island, Mexico 

Oceanodroma hornbyi 1 Heraldo Norambuena HH03 Pampa Indio Muerto, Atacama, Chile 

Oceanodroma hornbyi 2 Heraldo Norambuena HH04 Pampa Indio Muerto, Atacama, Chile 

Oceanodroma jabejabe 1 Jacob González-Solís 2801380 Icima, Cape Verde 

Oceanodroma jabejabe 2 Jacob González-Solís 2801399 Icima, Cape Verde 

Oceanodroma jabejabe 3 Jacob González-Solís 2801894 Icima, Cape Verde 

Oceanodroma leucorhous chapmani 1 SDNHM 50807 North Pacific Ocean, off Baja California Sur, 
Mexico 

Oceanodroma leucorhous leucorhous 1 LSUMZ 49240 Florida, USA 

Oceanodroma leucorhous leucorhous 2 USNM 639040 Unalga Pass, East of Dutch Harbor, Alaska, USA 

Oceanodroma markhami 1 Heraldo Norambuena HM31 Salar Grande, Tarapacá, Chile 

Oceanodroma markhami 2 Heraldo Norambuena HM33 Salar Grande, Tarapacá, Chile 

Oceanodroma matsudairae 1 YIO 1999-0221 Saitama, Honshu, Japan 

Oceanodroma matsudairae 2 YIO 2005-0015 Hahajima, Ogasawara islands, Japan 

Oceanodroma melania 1 KU 9119 South of Puerto Triunfo, Usulutan, El Salvador 

Oceanodroma melania 2 SDNHM 50481 Balboa Park, San Diego, California, USA 
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Oceanodroma microsoma 1 LSUMZ 26377 Bay of Panama, Panama 

Oceanodroma microsoma 2 LSUMZ 6363 California, USA 

Oceanodroma monorhis 1 BMNH 109516461 Verhovsky Island, Russia 

Oceanodroma monorhis 2 Jacob González-Solís 2801913 Icima, Cape Verde 

Oceanodroma monorhis 3 UWBM 76000 Vladivostok, Russia 

Oceanodroma monteiroi 1 Max Levy 2J Ilheu de Praia, Azores, Portugal 

Oceanodroma monteiroi 2 Max Levy 7J Ilheu de Praia, Azores, Portugal 

Oceanodroma monteiroi 3 Vincent Bretagnolle D52648 Ilheu de Praia, Azores, Portugal 

Oceanodroma monteiroi 4 Vincent Bretagnolle D53066 Ilheu de Praia, Azores, Portugal 

Oceanodroma socorroensis 1 Yuliana Bedolla TOSP140 Guadalupe Island, Mexico 

Oceanodroma tethys kelsalli 1 Heraldo Norambuena OT04 Aduana Loa, Antofagasta, Chile 

Oceanodroma tethys kelsalli 2 Heraldo Norambuena OT05 Aduana Loa, Antofagasta, Chile 

Oceanodroma tethys tethys 1 LSUMZ 15454 Galapagos Islands, Ecuador 

Oceanodroma tristrami 1 UWBM 89754 French Frigate Shoals, Northwestern Islands, 
Hawaii, USA 

Oceanodroma tristrami 2 UWBM 91496 French Frigate Shoals, Northwestern Islands, 
Hawaii, USA 

Pachyptila belcheri 1 KU 14900 Aukland airport, Aukland, North Island, New 
Zealand 

Pachyptila belcheri 2 UWBM 120281 New Island, Falkland Islands 

Pachyptila crassirostris flemingi 1 NMV 42149 25 miles NE of Heard Island 

Pachyptila crassirostris pyramidalis 1 AMNH DOT-2581 Fourty-Fours Island, Chatham Islands, New 
Zealand 

Pachyptila desolata banksi 1 AMNH DOT-14758 South Atlantic, between South Georgia and South 
Sandwich Island 

Pachyptila desolata banksi 2 NMV 43153 Atlas Cove, Heard Island 

Pachyptila desolata banksi 3 Richard Phillips E1 Bird Island, South Georgia 

Pachyptila desolata desolata 1 Yves Cherel AP01 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pachyptila desolata desolata 2 Yves Cherel AP02 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pachyptila desolata ssp. 1 NHMO BI-35405  Bouvet Island 

Pachyptila macgillivrayi 1 Yves Cherel MGPR2 St. Paul Island, French Southern and Antarctic 
Lands  

Pachyptila macgillivrayi 2 Yves Cherel MGPR3 St. Paul Island, French Southern and Antarctic 
Lands  

Pachyptila salvini 1 NMV 34760 Marion Island 

Pachyptila salvini 2 SAM 2773 Jack Point, Coorong, South Australia 

Pachyptila turtur eatoni 1 Yves Cherel FPR02 St. Paul Island, French Southern and Antarctic 
Lands  

Pachyptila turtur eatoni 2 Yves Cherel FPR03 St. Paul Island, French Southern and Antarctic 
Lands  

Pachyptila turtur subantarctica 1 Paul Scofield AV1208b Antipodes Islands, New Zealand 

Pachyptila turtur turtur 1 AMNH DOT-2580 Little Sister Island, Chatham Islands, New Zealand 

Pachyptila turtur turtur 2 UWBM 81011 Southwest of Cape Foulwind, New Zealand 

Pachyptila vittata 1 AMNH DOT-2586 Toru Inlet, Snares Island, New Zealand 

Pagodroma nivea nivea 1 LSUMZ 13547 Atlantic Ocean 

Pagodroma nivea nivea 2 Richard Phillips RP19 South Georgia waters 

Pagodroma nivea nivea 3 UWBM 61674 South Georgia 

Pagodroma nivea ssp. 1 Yves Cherel SPP04 Adélie Land, Antarctica 

Pelagodroma marina dulciae 1 SAM 2962 Wedge Island, South Australia 
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Pelagodroma marina eadesorum 1 Jacob González-Solís 4202232 Ipassaros, Cape Verde 

Pelagodroma marina eadesorum 2 Jacob González-Solís 4202233 Ipassaros, Cape Verde 

Pelagodroma marina hypoleuca 1 Vincent Bretagnolle E006973 Madeira 

Pelagodroma marina maoriana 1 USNM 614205 North Pacific Ocean 

Pelagodroma marina marina 1 Gary Nunn WSP-5 Gough Island 

Pelecanoides georgicus 1 NMV 44270 Atlas Cove, Heard Island 

Pelecanoides georgicus 2 Yves Cherel SGDP24 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pelecanoides georgicus 3 Yves Cherel SGDP26 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pelecanoides magellani 1 AMNH DOT-3211 Puerto Williams, Navarino Island, Chile 

Pelecanoides magellani 2 AMNH DOT-3214 Puerto Williams, Navarino Island, Chile 

Pelecanoides urinatrix berard 1 UWBM 70887 South Jason Island, Falkland Islands 

Pelecanoides urinatrix chathamensis 1 AMNH DOT-2583 Snares Island, New Zealand 

Pelecanoides urinatrix dacunhae 1 Gary Nunn CDP-6 Gough Island 

Pelecanoides urinatrix exsul 1 NMV 44247 Atlas Cove, Heard Island 

Pelecanoides urinatrix exsul 2 UWBM 60517 Annenkov Island, South Georgia 

Pelecanoides urinatrix exsul 3 Yves Cherel CDP10 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pelecanoides urinatrix exsul 4 Yves Cherel CDP12 Kerguelen Islands, French Southern and Antarctic 
Lands  

Pelecanoides urinatrix urinatrix 1 AMNH DOT-11052 North Brother island, New Zealand 

Phoebastria albatrus 1 UWBM 55909 Aleutian Islands, Alaska, USA 

Phoebastria albatrus 2 UWBM 82972 Oregon, USA 

Phoebastria immutabilis 1 USNM 643358 Hawaii, USA 

Phoebastria immutabilis 2 UWBM 65680 North Pacific 

Phoebastria irrorata 1 Kate Huyvaert 5017 Galapagos Islands, Ecuador 

Phoebastria irrorata 2 Kate Huyvaert 703 Galapagos Islands, Ecuador 

Phoebastria irrorata 3 Kate Huyvaert 704 Galapagos Islands, Ecuador 

Phoebastria nigripes 1 USNM 630958 North Pacific Ocean 

Phoebastria nigripes 2 UWBM 84471 Chichagof Island, Alaska, USA 

Phoebetria fusca 1 Gary Nunn SA-1 Gough Island 

Phoebetria fusca 2 Gary Nunn SA-3 Gough Island 

Phoebetria palpebrata 1 BMNH 109516416 South Georgia 

Procellaria aequinoctialis aequinoctialis 1 AMNH DOT-14762 South Atlantic, between South Georgia & South 
Sandwich Islands 

Procellaria aequinoctialis aequinoctialis 2 Richard Phillips A7 Bird Island, South Georgia 

Procellaria aequinoctialis steadi 1 UWBM 82806 North of Auckland Islands, New Zealand 

Procellaria cinerea 1 Gary Nunn GYP-2 Gough Island 

Procellaria cinerea 2 UWBM 82802 150 km east of Tolaga Bay, New Zealand 

Procellaria conspicillata 1 MCNB 1490-T Namibia 

Procellaria conspicillata 2 MCNB 1506-T Namibia 

Procellaria conspicillata 3 MCNB 1527-T Namibia 

Procellaria westlandica 1 UWBM 82803 120 km off East Cape, New Zealand 

Procellaria westlandica 2 ZMUC P770 Punakaiki, South Island, New Zealand  

Pseudobulweria aterrima 1 Vincent Bretagnolle 10.36/1995.1 Reunion, France 



 134 

Pseudobulweria becki 1 Vincent Bretagnolle beckiS1 Unknown 

Pseudobulweria macgillivrayi 1 KU 22549 Fiji 

Pseudobulweria macgillivrayi 2 Vincent Bretagnolle 10-53/BI26 Gau Island, Fiji 

Pseudobulweria rostrata rostrata 1 NZP 7491 American Samoa 

Pseudobulweria rostrata trouessarti 1 Vincent Bretagnolle FS79049 New Caledonia 

Pterodroma alba 1 USNM 613206 North Pacific Ocean 

Pterodroma alba 2 USNM 613853 Pacific Ocean 

Pterodroma atrata 1 Vincent Bretagnolle 22/07/11 Henderson Island, Pitcairn Islands 

Pterodroma atrata 2 Vincent Bretagnolle 31/07/11 Henderson Island, Pitcairn Islands 

Pterodroma atrata 3 USNM 542141 Pitcairn, Pitcairn Islands 

Pterodroma baraui 1 Vincent Bretagnolle 2599/26-2E Mer St Gilles, Reunion, France 

Pterodroma baraui 2 Vincent Bretagnolle 2604/26-2G R. St Etienne, Reunion, France 

Pterodroma brevipes brevipes 1 Vincent Bretagnolle ERO11B Erromango, Vanuatu 

Pterodroma brevipes magnificens 1 Vincent Bretagnolle M5 Vanua Lava, Vanuatu 

Pterodroma cahow 1 BMNH 109516437 Bermuda 

Pterodroma cervicalis 1 AM 72269 Yamba, New South Wales, Australia 

Pterodroma cervicalis 2 Paul Scofield AV1304 Kermadec Islands, New Zealand 

Pterodroma cookii 1 UWBM 70582 Grayland, Washington, USA 

Pterodroma cookii 2 UWBM 82808 Northland, New Zealand 

Pterodroma deserta 1 Vincent Bretagnolle 1005245-1 Bugio, Desertas Islands, Madeira 

Pterodroma deserta 2 Vincent Bretagnolle 1009930-5 Bugio, Desertas Islands, Madeira 

Pterodroma externa 1 AMNH DOT-3106 Mas Afuera, Juan Fernandez Islands, Chile 

Pterodroma externa 2 USNM 613868 North Pacific Ocean 

Pterodroma feae 1 Vincent Bretagnolle 5500301-1 Fogo, Cape Verde 

Pterodroma feae 2 Vincent Bretagnolle 5500302-2 Fogo, Cape Verde 

Pterodroma gouldi 1 UWBM 80997 North of Raoul Island, New Zealand 

Pterodroma gouldi 2 UWBM 82768 Off Coromandel Peninsula, New Zealand 

Pterodroma hasitata 1 Jacob González-Solís 5501064 Sant Antao, Cape Verde 

Pterodroma hasitata 2 USNM 596792 Verona, Virginia, USA 

Pterodroma hasitata 3 USNM 621363 St Michaels, Miles River, Maryland, USA 

Pterodroma heraldica 1 USNM 562780 Pitcairn, Pitcairn Islands 

Pterodroma hypoleuca 1 UMMZ 234724 Iwo Jima, Japan 

Pterodroma hypoleuca 2 UWBM 55680 North Pacific Ocean 

Pterodroma incerta 1 Gary Nunn ATP-1 Gough Island 

Pterodroma incerta 2 Gary Nunn ATP-3 Gough Island 

Pterodroma inexpectata 1 UWBM 61906 North Pacific Ocean 

Pterodroma inexpectata 2 UWBM 61907 North Pacific Ocean 

Pterodroma lessonii 1 KU 10639 Toukley, New South Wales, Australia 

Pterodroma lessonii 2 UWBM 82791 Northland, New Zealand 

Pterodroma leucoptera caledonica 1 USNM 613225 North Pacific Ocean 

Pterodroma leucoptera leucoptera 1 Vincent Bretagnolle 42540 Cabbage Tree Island, Australia 

Pterodroma longirostris 1 USNM 613899 North Pacific Ocean 
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Pterodroma longirostris 2 UWBM 55679 North Pacific Ocean 

Pterodroma longirostris 3 YIO 2010-0352 Okayama, Honshu, Japan 

Pterodroma macroptera 1 AMNH DOT-17854 Cheynes Beach, Albany, Western Australia 

Pterodroma macroptera 2 AMNH DOT-17705 Goode Beach, Albany, Western Australia 

Pterodroma madeira 1 Vincent Bretagnolle PM0106 Manga Grande, Madeira 

Pterodroma madeira 2 Vincent Bretagnolle PM0274-1 Madeira 

Pterodroma mollis 1 Gary Nunn SPP-1 Gough Island 

Pterodroma mollis 2 Gary Nunn SPP-4 Gough Island 

Pterodroma neglecta juana 1 AMNH DOT-3124 Morro Juanango, Isla Robinson Crusoe, Chile 

Pterodroma neglecta neglecta 1 USNM 562779 Pitcairn, Pitcairn Islands 

Pterodroma nigripennis 1 Vincent Bretagnolle PEAN12 New Caledonia 

Pterodroma nigripennis 2 USNM 607570 North Pacific Ocean 

Pterodroma occulta 1 Vincent Bretagnolle O3 Vanua Lava, Vanuata 

Pterodroma occulta 2 Vincent Bretagnolle O4 Vanua Lava, Vanuata 

Pterodroma sandwichensis 1 NZP SOSHAPE1 Kauai, Hawaii, USA 

Pterodroma sandwichensis 2 NZP HAPE21298 Maui, Hawaii, USA 

Pterodroma solandri 1 UWBM 55582 North Pacific Ocean 

Pterodroma ultima 1 USNM 562778 Pitcairn, Pitcairn Islands 

Puffinus assimilis haurakiensis 1 Jacob González-Solís 131 Hauraki Gulf, New Zealand 

Puffinus assimilis haurakiensis 2 Jacob González-Solís 98 Hauraki Gulf, New Zealand 

Puffinus assimilis kermadecensis 1 Paul Scofield AV20400 Raoul Island, Kermadec Islands, New Zealand 

Puffinus assimilis tunneyi 1 AMNH DOT-17846 Western Australia, Australia 

Puffinus auricularis 1 Yuliana Bedolla TOSH3 Socorro Island, Mexico 

Puffinus auricularis 2 Yuliana Bedolla TOSH4 Socorro Island, Mexico 

Puffinus bailloni bailloni 1 Vincent Bretagnolle Pufflhe14/2182 Reunion, France 

Puffinus bailloni bailloni 2 Vincent Bretagnolle Pufflhe14/2259 Reunion, France 

Puffinus bailloni colstoni 1 Vincent Bretagnolle ALDABRASHEAR Aldabra, Seychelles 

Puffinus bailloni dichrous 1 Alice Cibois & Jean-Claude Thibault 2019-93 South Pacific Ocean 

Puffinus bailloni dichrous 2 Alice Cibois & Jean-Claude Thibault 2019-96 South Pacific Ocean 

Puffinus bailloni dichrous 3 Alice Cibois & Jean-Claude Thibault 2019-97 South Pacific Ocean 

Puffinus bailloni dichrous 4 Vincent Bretagnolle PlherUapouVII-98-2 Marquesas Islands, French Polynesia 

Puffinus bailloni nicolae 1 Vincent Bretagnolle GE5074 Seychelles 

Puffinus bailloni nicolae 2 Vincent Bretagnolle GE50901 Seychelles 

Puffinus bannermani 1 Kazuto Kawakami 11275 Ogasawara Islands, Japan  

Puffinus bannermani 2 Kazuto Kawakami 11491 Ogasawara Islands, Japan  

Puffinus bannermani 3 YIO 2001-0128 Hahajima, Ogasawara Islands, Japan  

Puffinus bannermani 4 YIO 2003-0104 Chichijima, Ogasawara islands, Japan  

Puffinus baroli 1 Jeremy Austin/Spanish PAAs91 Tenerife, Canary Islands, Spain 

Puffinus baroli 2 Jeremy Austin/Spanish PLBaJ2 Vila, Azores, Portugal 

Puffinus baroli 3 Jeremy Austin/Spanish PLBaJ4 Vila, Azores, Portugal 

Puffinus boydi 1 Jeremy Austin/Spanish PLBoJ2 Raso, Cape Verde 

Puffinus boydi 2 Jeremy Austin/Spanish PLBoJX Raso, Cape Verde 
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Puffinus elegans 1 Gary Nunn LS-2 Gough Island 

Puffinus elegans 2 Yves Cherel LISH01 St. Paul Island, French Southern and Antarctic 
Lands  

Puffinus gavia 1 KU 14876 Near Raglon, Ruapuke Beach, North Island, New 
Zealand 

Puffinus gavia 2 UWBM 82796 Off Coromandel Peninsula, New Zealand 

Puffinus huttoni 1 LSUMZ 23388 Marlborough, Kaikoura Ranges, New Zealand 

Puffinus huttoni 2 LSUMZ 23389 Marlborough, Kaikoura Ranges, New Zealand 

Puffinus lherminieri lherminieri 1 Jeremy Austin/Spanish PLLh20918 Near Oregon Inlet, USA 

Puffinus lherminieri lherminieri 2 USNM 620721 North Carolina, USA 

Puffinus lherminieri loyemilleri 1 USNM 607632 Tiger Rocks, Off Peninsula Valiente, Panama 

Puffinus mauretanicus 1 Jeremy Austin/Spanish PMau15 Sa Conillera, Ibiza, Balearic Islands, Spain 

Puffinus mauretanicus 2 Jeremy Austin/Spanish PMau18 Sa Conillera, Ibiza, Balearic Islands, Spain 

Puffinus myrtae 1 Alice Cibois & Jean-Claude Thibault 2019-27 South Pacific Ocean 

Puffinus myrtae 2 Alice Cibois & Jean-Claude Thibault 2019-28 South Pacific Ocean 

Puffinus nativitatis 1 Jeremy Austin/Spanish PNat85 Sand Island, Johnston Atoll 

Puffinus nativitatis 2 USNM 613922 North Pacific Ocean 

Puffinus newelli 1 NZP NESHMI67 Kauai, Hawaii, USA 

Puffinus newelli 2 NZP NESH10250 Hawaii 

Puffinus opisthomelas 1 LSUMZ 16802 Ventura County, California, USA 

Puffinus opisthomelas 2 LSUMZ 19402 Los Angeles County, California, USA 

Puffinus puffinus 1 Jeremy Austin/Spanish PPufJ4 Heimaey island, Iceland 

Puffinus puffinus 2 UWBM 80168 Bay Center, Washington, USA 

Puffinus subalaris 1 LACM 114638 Off Panama, North Pacific Ocean 

Puffinus yelkouan 1 Jeremy Austin/Spanish PYelJ1 Port-Cros, France 

Puffinus yelkouan 2 Jeremy Austin/Spanish PYelJ2 Port-Cros, France 

Spheniscus demersus 1 USNM 631252 Captive 

Sula leucogaster 1 USNM 622596 Johnston Atoll 

Thalassarche bulleri bulleri 1 AMNH DOT-2582 Big Solanders Island, New Zealand 

Thalassarche bulleri platei 1 UWBM 80961 Chatham Islands, New Zealand 

Thalassarche carteri 1 Theresa Burg 3696 Amsterdam Island, French Southern and Antarctic 
Lands  

Thalassarche carteri 2 Theresa Burg 3734 Amsterdam Island, French Southern and Antarctic 
Lands  

Thalassarche cauta cauta 1 AAD AI100 Albatross Island, Tasmania, Australia 

Thalassarche cauta cauta 2 Theresa Burg 3668 South Africa bycatch 

Thalassarche cauta steadi 1 AAD F36 Disappointment Island, Aukland Islands, New 
Zealand 

Thalassarche cauta steadi 2 Theresa Burg 662 South Africa bycatch 

Thalassarche cauta steadi 3 UWBM 82770 Between Snares and Aukland Islands, New Zealand 

Thalassarche chlororhynchos 1 Gary Nunn YNA6 Gough Island 

Thalassarche chlororhynchos 2 Gary Nunn YNA7 Gough Island 

Thalassarche chrysostoma 1 AMNH DOT-2584 Diego Ramirez, Chile 

Thalassarche chrysostoma 2 Richard Phillips A3 Bird Island, South Georgia 

Thalassarche impavida 1 Theresa Burg A100001 Campbell Island bycatch, New Zealand 

Thalassarche impavida 2 UWBM 80981 Campbell Island, New Zealand 
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Thalassarche impavida 3 UWBM 82777 100 km east of Tolaga Bay, New Zealand 

Thalassarche melanophris 1 BMNH 109516419 Falkland Islands 

Thalassarche melanophris 2 Richard Phillips A5 Bird Island, South Georgia 

Thalassarche melanophris 3 Theresa Burg 1149 South Africa bycatch 

Thalassarche melanophris 4 Theresa Burg 21 Bird Island, South Georgia 

Thalassarche melanophris 5 UWBM 80962 Chatham Islands, New Zealand 

Thalassarche melanophris 6 Yves Cherel BBA-SN-A13-P16 Kerguelen Islands, French Southern and Antarctic 
Lands  

Thalassarche salvini 1 UWBM 81006 Bounty Platform, New Zealand 

Thalassarche salvini 2 UWBM 81018 Chatham Islands, New Zealand 

Thalassoica antarctica 1 LSUMZ 13536 Scotia Confluence, South Atlantic Ocean 

Thalassoica antarctica 2 UWBM 81012 East of Balleny Islands (north of Cape Adare), New 
Zealand 
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