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You know my methods, Watson. There was not one of 

them which I did not apply to the inquiry. And it ended 

by my discovering traces, but very different ones from 

those which I had expected. 

The Memoirs of Sherlock Holmes 

 

 

 

 

There is nothing more deceptive than an obvious fact. 

The Boscombe Valley Mystery 

 

 

 

 

Education never ends, Watson. It is a series of lessons, 

with the greatest for the last. 

His Last Bow 

 

 

 

 

 

 

Arthur Conan Doyle 
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SUMMARY 

Operating on higher temporal and taxonomic scales, macroevolution 

seeks to understand the biodiversity of the world through the lens of 

great change. Phylogenetic diversity, morphological disparity and 

niche adaptation are core tenets of macroevolution, and their 

interactions are of great interest. In the 21st Century, analytical 

methodologies and high-dimensional datasets have become the 

leading macroevolutionary approaches and allow researchers to 

return to fundamental hypotheses posited in the years since Darwin. 

Seabirds are a highly diverse and speciose group that occupy ranges 

that span from the equator to the poles. By leveraging the latest 

methodologies and techniques, I return to the core tenets of 

macroevolution to shed new light on old problems using seabirds. 

Gentoo penguins have a circumpolar distribution and have been 

reported to have significant morphological and genetic variation 

across this range. Here I show that four distinct populations of gentoo 

penguins (Iles Kerguelen, Falkland Islands, South Georgia, South 

Shetlands/Western Antarctic Peninsula) are genetically and 

morphologically distinct from one another and update the taxonomy 

to reflect these divergences. The results further highlight the importance 

of reassessing species boundaries as methodological advances are 

made, particularly for taxa of conservation concern. Alongside several 

wing adaptations, albatrosses and other Procellariiformes have 

augmented rhamphothecas constructed of several jointed keratinous 

plates rather than a single structure. Using 3D reconstructions of upper 

bills, I investigated the range of morphologies present within twelve 

species of albatross and the relative predictive strength of intrinsic (size 

& species assignment) and extrinsic (diet) factors. Species are 

separated both in shape and size reducing niche overlap and simple 

dietary classifications can distinguish bill shapes. Size is relatively 
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unimportant when allometry models are considered with species 

assignment accounting for ten times more variation in bill shape. The 

results show that both intrinsic and extrinsic factors should be 

considered when understanding morphological evolution. Diving as a 

foraging behaviour is displayed across waterbirds but the history of the 

trait has rarely been investigated in a phylogenetic context. I find that 

diving has evolved numerous times but the transition to diving is 

irreversible. The transition to diving is accompanied by a shift in disparity 

as diving forms evolve towards a heavier body mass, while concurrently 

occupying new diversification regimes that exhibit increased extinction 

rates. Our findings highlight the vulnerability of highly specialised 

lineages during the ongoing sixth mass extinction.  

 

Jointly, these analyses show that there is considerable interaction 

between the different elements comprising macroevolution and that 

these linkages are complex, even when viewed through simple 

questions. Only by considering all aspects of macroevolution and 

utilising the latest techniques can we start to comprehend the patterns 

and trends in biodiversity.  



Phylogenetic Diversity, Morphological Disparity and Niche Adaptation in Seabirds 
 

 6 

TABLE OF CONTENTS 

DECLARATION OF AUTHORSHIP ................................................................... 2 

COPYRIGHT NOTICE ......................................................................................... 2 

DECLARATION OF ANY PREVIOUS SUBMISSION OF THE WORK .................................. 2 

DECLARATION OF AUTHORSHIP ......................................................................... 2 

ACKNOWLEDGEMENTS ................................................................................ 3 

SUMMARY ..................................................................................................... 4 

TABLE OF CONTENTS ..................................................................................... 6 

1 INTRODUCTION ...................................................................................... 9 

1.1 MACROEVOLUTIONARY TENETS ................................................................ 10 

1.1.1 Phylogenetic Diversity .............................................................. 10 

1.1.2 Morphological Disparity ........................................................... 11 

1.1.3 Niche Adaptation ..................................................................... 12 

1.1.4 Understanding the coupled nature of Diversity, Disparity and 

Niche 13 

1.2 R AS A TOOL FOR MACROEVOLUTIONARY STUDIES ...................................... 16 

1.3 TAXONOMIC FOCUS – SEABIRDS .............................................................. 16 

1.4 OBJECTIVES AND OUTLINE ....................................................................... 19 

2 MORPHOMETRIC AND GENETIC EVIDENCE FOR FOUR SPECIES OF 

GENTOO PENGUIN ..................................................................................... 21 

2.1 OPENING REMARKS ................................................................................ 21 

2.2 AUTHORSHIP AND PERMISSIONS ................................................................ 22 

2.3 MANUSCRIPT: MORPHOMETRIC AND GENETIC EVIDENCE FOR FOUR SPECIES OF 

GENTOO PENGUIN ......................................................................................... 23 

2.3.1 Abstract ..................................................................................... 23 

2.3.2 Introduction ............................................................................... 23 

2.3.3 Materials and Methods ............................................................ 28 

2.3.4 Results ......................................................................................... 32 



Table of Contents 

7 

2.3.5 Discussion ................................................................................... 38 

2.3.6 Concluding remarks ................................................................. 44 

2.3.7 Data Accessibility Statement .................................................. 44 

2.4 POST-COMMENTARY .............................................................................. 45 

3 INTRINSIC & EXTRINSIC DRIVERS OF SHAPE VARIATION IN THE 

ALBATROSS COMPOUND BILL .................................................................... 46 

3.1 OPENING REMARKS ................................................................................ 46 

3.2 AUTHORSHIP AND PERMISSIONS ................................................................ 47 

3.3 MANUSCRIPT: INTRINSIC & EXTRINSIC DRIVERS OF SHAPE VARIATION IN THE 

ALBATROSS COMPOUND BILL ........................................................................... 48 

3.3.1 Abstract ..................................................................................... 48 

3.3.2 Introduction ............................................................................... 48 

3.3.3 Materials and Methods ............................................................ 54 

3.3.4 Results ......................................................................................... 57 

3.3.5 Discussion ................................................................................... 65 

3.3.6 Conclusion ................................................................................. 69 

3.3.7 Data Accessibility Statement .................................................. 69 

3.3.8 Acknowledgements ................................................................. 70 

3.3.9 Supplementary Material .......................................................... 70 

3.4 POST-COMMENTARY .............................................................................. 71 

4 DIVING INTO A DEAD-END: ASYMMETRIC EVOLUTION OF DIVING 

DRIVES DIVERSITY AND DISPARITY SHIFTS IN WATERBIRDS ....................... 72 

4.1 OPENING REMARKS ................................................................................ 72 

4.2 AUTHORSHIP AND PERMISSIONS ................................................................ 73 

4.3 MANUSCRIPT: DIVING INTO A DEAD-END: ASYMMETRIC EVOLUTION OF DIVING 

DRIVES DISPARITY SHIFTS IN WATERBIRDS ............................................................ 74 

4.3.1 Abstract ..................................................................................... 74 

4.3.2 Introduction ............................................................................... 74 

4.3.3 Materials & Methods ................................................................. 77 

4.3.4 Results ......................................................................................... 83 



Phylogenetic Diversity, Morphological Disparity and Niche Adaptation in Seabirds 
 

 8 

4.3.5 Discussion ................................................................................... 92 

4.3.6 Conclusion ................................................................................. 95 

4.3.7 Data Accessibility Statement .................................................. 95 

4.3.8 Supplementary Material .......................................................... 95 

4.4 POST-COMMENTARY .............................................................................. 97 

5 DISCUSSION ......................................................................................... 98 

5.1 CHAPTER SYNTHESES ............................................................................... 98 

5.2 CAN WE UNTANGLE THE MACROEVOLUTIONARY TENETS? ............................. 99 

5.3 LIMITATIONS & FUTURE WORK ................................................................ 100 

5.3.1 Phylogenetic hypotheses ...................................................... 100 

5.3.2 Morphometric and niche datasets ...................................... 101 

5.3.3 The Fossil Record ..................................................................... 102 

5.4 CONCLUSION ...................................................................................... 102 

REFERENCES .............................................................................................. 104 

APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 .................... 135 

APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 .................... 138 

APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 .................... 154 

 



Introduction 

9 

1 INTRODUCTION 

The study of biodiversity sits at the heart of evolutionary biology. 

Fundamentally, biodiversity is the framework within which we measure 

the variety of life on our planet and species represent the building 

blocks. Operating on larger temporal and taxonomic scales, 

macroevolution seeks to understand the biodiversity of the world 

through the lens of great change (D. Jablonski, 2017a, 2017b). Within 

macroevolution, there are three core biological questions: 1) how 

many different species there are, 2) how they are different from one 

another and 3) how they interact with each other and the environment. 

These questions relate directly to the fields of phylogenetic diversity, 

morphological disparity, and niche adaptation, each of which is a core 

tenet of macroevolution. This thesis will explore these themes and their 

interactions using the latest analytical techniques with an application 

to seabird evolution. This study of macroevolution in seabirds aims to 

provide a richer and more detailed understanding of the biodiversity, 

adaptation, and survival strategies of these important marine species.  

 

 
Figure 1.1: Macroevolutionary Tenets and their relationships. Coupled 

regions identified by A, B, C & D. 

Phylogenetic 
Diversity

Niche 
Adaptation

Morphological 
Disparity

A B 

C 

D 
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1.1 Macroevolutionary Tenets 

1.1.1 Phylogenetic Diversity 
What is a species and why does the definition and number seem to 

change through time? Under the Linnean system of classification, 

species are the principal taxonomic unit when discussing phylogenetic 

diversity (von Linnaeus, 1735). Species concepts therefore represent 

how we delimit species and when a group of organisms can be 

recognised as a species. It is the varied application of different species 

concept that has resulted in the total number of species being in 

constant flux (Stankowski & Ravinet, 2021). Classically, the Biological 

Species Concept (BSC) has been employed across ornithology, 

defining species based on reproductive isolation (Ripley & Mayr, 1943). 

In practical terms, testing reproductive isolation in the real world is 

difficult; if taxa are not occupying the same geographic areas, then we 

cannot know if they are truly reproductively isolated in the biological 

sense. In recent years there has been a noticeable shift towards the use 

of the Phylogenetic Species Concept (PSC), defining a species as the 

smallest diagnosable cluster of individuals sharing ancestry and 

descent (Cracraft, 1983). There are, however, a plethora of other 

concepts that each carry their own merits and issues (De Queiroz, 2007).  

 

One of the main drivers for understanding phylogenetic diversity from a 

taxon counting standpoint is conservation. Many international 

conservation organisations operate at the species level, therefore any 

distinct populations or subspecies will not be assessed or actively 

protected despite potentially harbouring hidden biodiversity (BirdLife 

International, 2018; IUCN, 2021). The total number of species changes 

not only when a new species is discovered but also when scientists 

revise species lists through taxonomic lumping and splitting. Lumping 

refers to the combination of several species into a single species, often 

aligning with the themes of the BSC and reproductive arguments, whilst 

splitting involves the designation of several recognised species from a 
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single species, invoking diagnosable cluster arguments of the PSC. 

These processes constantly shift the overall number of species, leading 

to potential over- or under-estimates of phylogenetic diversity. 

 

1.1.2 Morphological Disparity 
Morphological disparity is a result of the “quantification of 

morphological variation at a set taxonomic level” (Hopkins & Gerber, 

2021). This could be within a population, between species or even 

across entire clades like birds, tetrapods, or vertebrates. Quantification 

of morphological disparity is based on variation in homologous features 

between individuals. Morphometric analyses fall broadly into two 

categories: those based on discrete characters (e.g., 

presence/absence, fixed forms, etc) and those based on continuous 

measures (e.g., length of bone, area of wing, coordinates of landmarks 

etc). These datasets can be used to construct a functional space or 

morphospace, depending on the traits used, from which shape 

relationships can be visualised, with distances in the spaces inferred as 

morphological disparity (Foote, 1997; Goswami et al., 2019; Guillerme, 

Cooper, et al., 2020; Guillerme, Puttick, et al., 2020; Hopkins & Gerber, 

2021).  

 

Morphospaces can be used in conjunction with other data types (e.g., 

ecological data, phylogenetic trees etc) to answer key questions in 

relation to shape, i.e., how has disparity evolved over time, how does 

disparity relate to ecology, are phylogenetic diversity and 

morphological disparity coupled? Several studies have attempted to 

answer these questions in relation to the avian tree. Applications of 3D 

geometric morphometrics to huge swathes of the bird phylogeny have 

helped to understand the range of avian bill and skull morphologies. 

Large scale phylogenetic analyses have also been performed to 

predict ancestral morphological states and to estimate rates of 

morphological evolution (Cooney et al., 2017; Felice & Goswami, 2018). 
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By utilising linear morphometrics, it is possible to include far more species 

within analyses and the importance of different morphological features 

can be quantified across birds as a whole (Pigot et al., 2020), in 

particular in relation to overarching convergence between bird 

families.  

 

1.1.3 Niche Adaptation 
Niches are fundamentally a description of the position a species 

occupies within an ecological system, both in terms of the abiotic 

environment and biological species interactions. For over a century, 

ecologists and evolutionary biologists have been grappling with how to 

define niches: from Grinnellian discussions on habitat, Eltonian 

ponderings on foraging strategies and Hutchinsonian mathematical 

abstractions through the definitions of adaptive zones of Van Valen, to 

more recent approaches combining mathematical and applied 

approaches (Elton, 2001; Grinnell, 1917; Holt, 2009; Hutchinson, 1957; 

Soberón, 2007; Valen, 1971).  

 

Niche adaptation for the purposes of this thesis primarily describes form-

function relationships and the correlations and covariations of shape, 

habitat, diet, geographic overlap, and phylogenetic relatedness. 

Studies have repeatedly sought to find the relationship between shape 

and diet or foraging strategy and found that the strength of that 

relationship depends on the phylogenetic scale used and the 

particular skeletal elements analysed (Bright et al., 2016; Felice et al., 

2019; Pigot et al., 2020). These studies and approaches combine the 

various definitions of niche to further elucidate the macroevolutionary 

patterns present. 
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1.1.4 Understanding the coupled nature of Diversity, Disparity and 
Niche 

Figure 1.1 presents one simplified perspective on the nature of 

Macroevolution. Whilst the three tenets described previously can be 

thought of in isolation, they can be thought of in conjunction, leading 

to investigations into the strength of their correlation and the biological 

implications of their relationship. 

 

1.1.4.1 Diversity & Disparity (Region A) 
Do new species need new forms? Do more species-rich clades occupy 

wider arrays of morphological forms? Are more distantly related species 

proportionally disparate? These questions test the coupled nature of 

diversity and disparity.  

 

When we model the evolution of morphological traits on phylogenies, 

a null hypothesis often chosen is that of Brownian Motion, implying that 

the expected difference in phenotype is proportional to the 

divergence time of the species (Hansen, 1997; Hansen & Martins, 1996). 

In fact, the majority of evolutionary models, bar those that are 

phylogenetically independent, are inherently making assumptions 

about the relationship between diversity and disparity, collectively 

known as Phylogenetic Comparative Methods (PCMs) (Adams & 

Collyer, 2018; Cornwell & Nakagawa, 2017; Garamszegi, 2014; Uyeda 

et al., 2018). These methodologies connect hypotheses of species 

relationships with investigations into the distributions and ranges of 

morphological traits. Studies have consistently shown that the 

morphological disparity of clades is influenced by their respective 

diversities  (Clavel & Morlon, 2017; Cooney et al., 2017; Marx & Fordyce, 

2015; Schweizer et al., 2014; Wang & Clarke, 2014).  

 

From a conservation perspective, understanding whether efforts should 

be focussed on preserving phylogenetic diversity and/or 
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morphological disparity, is a particularly vibrant area of discussion 

(Faith, 1992; Hughes et al., 2022; Lean & Maclaurin, 2016; Minelli, 2019). 

Basing conservation on phylogenetic diversity ensures that the greatest 

range of evolutionary history and potential for adaptation is maintained 

whilst focussing on morphological disparity can often simultaneously 

preserve ecosystem functions which may avoid system collapses 

(Cadotte et al., 2011, 2012; Devictor et al., 2010; Srivastava et al., 2012; 

M. Winter et al., 2013). The conservation theme is explored throughout 

the thesis but particularly in Chapters 2 & 4. 

 

1.1.4.2 Diversity & Niche (Region B) 
There are several modes of speciation, ranging from sympatric 

(geographically overlapping) to allopatric (geographically separated) 

and scenarios in between (Fitzpatrick et al., 2009). In sympatry, niche 

partitioning between species is invoked to reduce competitive 

interactions (Clarke et al., 2017; Coyne, 2007; Jonathan Davies et al., 

2007; Kleynhans et al., 2011; Petalas et al., 2021). Niche adaptation is 

often the driving force in sympatric speciation and therefore 

phylogenetic diversity is a measurable outcome of the process. How 

similar do we expect sister taxa to be in their niches and does it depend 

on their range overlap? Do more speciose clades partition niches on a 

finer scale? Are environments with a greater range of available niches 

necessarily filled with a greater number of species? To appreciate the 

distribution of species across the tree of life, we need a corresponding 

understanding of the environments within which they exist, which 

fundamentally defines their niche. 

 

1.1.4.3 Disparity & Niche (Region C) 
One area where Disparity & Niche overlap considerably is form-function 

relationships. Darwin originally wrote about beneficial traits that would 

allow organisms to be successful in their environments and therefore 

increase survival (Darwin, 1859). Since then, evolutionary biologists have 
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focussed on understanding how morphological traits can predict 

function, and vice-versa. Numerous studies of vertebrates have 

investigated correlations between diet and feeding apparatus (Bright 

et al., 2016; Gómez & Lois-Milevicich, 2021; Marugán-Lobón et al., 2022; 

Pigot et al., 2020), limb morphologies and locomotor & foraging 

strategies (Baumgart et al., 2021; Dickson & Pierce, 2019; Lowi-Merri et 

al., 2021; Nations et al., 2019, 2021; Rothier et al., 2023; Sheard et al., 

2020; Steell et al., 2023) and other combinations of traits and the species 

environments (Burress & Muñoz, 2022; Burton et al., 2023; de Brito et al., 

2022; Dickson et al., 2017; Navalón et al., 2022). 

 

The strength of form-function relationships and their variation across the 

tree of life speaks to an interesting conundrum within evolutionary 

biology: to what extent are these relationships predictable and how are 

they connected to deterministic or contingent processes? Studies on 

convergent evolution have found connections between disparity and 

niche, with repeatedly evolved shapes & structures performing the 

same function (Gómez & Lois-Milevicich, 2021; Goswami et al., 2011; 

McCurry et al., 2017; Pigot et al., 2020; Zelditch et al., 2017). Despite this 

apparent predictability functionally (e.g., the flight function in bats, 

birds and insects using wings), the actual anatomical structures used 

are biologically different (Anderson & Ruxton, 2020; Gleiss et al., 2011; 

Losos, 2011). The focus within this thesis is on the evolution of seabirds 

which, while morphologically alike, provides an excellent opportunity 

to study the repeated convergence on an array of foraging strategies 

and diets. 

 

1.1.4.4 Diversity, Disparity & Niche (Region D) 
The central region of Figure 1.1 represents the overtly linked nature of 

macroevolution. One example question that straddles all three areas 

could be: do new species need new forms to occupy new niches? 

Several studies have aimed to understand this triple dynamic by looking 
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at each of the overlapping regions in an integrative manner (Cooney 

et al., 2017; Pigot et al., 2020; Watanabe et al., 2019). They each find 

that the level to which these tenets are correlated is scale dependent, 

highlighting a theme that is repeated throughout the analysis chapters 

here. Hypotheses & questions can be represented as points in the Venn 

diagram of Macroevolution. This thesis takes an approach that explores 

the regions of Venn diagram by asking a variety of questions and 

attempts to map the theoretical landscape of the tenets and ascertain 

whether they can be navigated independently or if they are truly 

linked. 

 

1.2 R as a tool for Macroevolutionary Studies 

R is an open-source programming language used for statistical analysis 

pipelines and visualisation (R Core Team, 2022). It has enormous utility 

within evolutionary biology and supports a vast collection of packages 

for analysing common datasets (e.g., phylogenies, trait measures, 

geospatial data etc)(Gearty et al., 2022). By using these cutting-edge 

techniques and packages, it provides the ability to manipulate huge 

new datasets and streamline analytical pipelines to answer novel 

questions. Within this thesis, R is used for nearly all the analysis, from data 

cleaning through statistical testing and modelling to visualisations and 

graphs. One key reason behind this is the perpetuation of open science 

and data sharing, on which the analyses herein are grounded. Within 

the supplementary material, all the analysis code is available freely, 

alongside all the datasets required to recreate all the results and 

graphs. 

 

1.3 Taxonomic Focus – Seabirds 

Seabirds are bird species that are adapted to marine environments. In 

this thesis, I focus on the seabirds within the waterbird (Aequorlitornithes) 

clade (Prum et al., 2015; Sangster & Mayr, 2021), therefore excluding 
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the members of the family Anatidae, which includes some marine 

ducks (Howell & Zufelt, 2019; Parkes & Austin, 1962). This distinction was 

made to allow PCMs to be more readily implemented, given the 

phylogenetic distance between the various clades under the seabird 

designation (Ericson et al., 2006; Hackett et al., 2008; Kear, 2005; Prum 

et al., 2015).  

 

There are many reasons why seabirds make for an exciting focus. 

Primarily, they show huge variety in species density between clades 

(Figure 1.2), important ranges of morphologies between species 

including wing morphologies, bills and hind-limb forms, and broad diets 

given differing foraging niches and global marine ranges (Baumgart et 

al., 2021; Sausner et al., 2016; Van Oordt et al., 2018; Wang & Clarke, 

2014). These characteristics are epitomised by Penguins (Spheniscidae) 

and Albatross (Diomedeidae), both of which exhibit extreme 

morphological and behavioural adaptations to the marine 

environment (Ksepka et al., 2006; Piro, 2022; Wang & Clarke, 2014; 

Warham, 1977; Watanuki et al., 2006). By choosing groups that span the 

macroevolutionary spectrum in terms of their diversity, disparity & niche, 

and have a rich research history, I have been able to ask novel 

questions which led to surprising results. 
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Figure 1.2: Phylogenetic relationships between seabirds. Avian Orders 

shown around edge. Red dots indicate MRCA for each of the 11 orders.  

Based on composite tree constructed from (Hackett et al., 2008; Jetz et 

al., 2012; Prum et al., 2015) 

 

Seabird conservation, particularly of those with polar distributions (e.g., 

albatross, petrels & penguins), is of utmost importance given the 

currently estimated extinction risks (Dias et al., 2019; Hickcox et al., 2019; 

IUCN, 2021). Of the 727 waterbird species considered across the 

analyses of this thesis, over 20% (156 species) are listed by the IUCN as 

Vulnerable, Endangered or Critically Endangered (IUCN, 2021). Given 

the rapidly changing climate impacting seabird habitats globally, 

understanding their speciation processes, morphological adaptability 

and niche selection will be vital to predict their future adaptation and 
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likelihood of survival (Bestley et al., 2020; Clucas et al., 2014; Friesen, 

2015; McMahon et al., 2019; Sauve et al., 2019). 

 

1.4 Objectives and Outline 

The objective of this thesis is to explore the interconnected nature of 

macroevolutionary ideas through the lens of seabirds and modern 

computational techniques. Moreover, it seeks to provide deeper 

insights into the evolutionary history of seabirds that led to their current 

biodiversity and how future changes my manifest. Specifically, I have 

considered each of the three areas outlined in the introduction 

(phylogenetic diversity, morphological disparity, and niche 

adaptation) and explore their interactions.  

 

Chapter 2 models phylogenetic diversity in the context of hidden and 

cryptic species within Gentoo penguins. By using evidence from 

morphology and ecology, I aimed to estimate the association of 

disparity & niche with diversity. 

 

Chapter 3 uses Albatross to understand the relationships between form 

and function, a facet of morphological disparity. Here, I employed 3D 

geometric morphometric techniques to capture shape variation. I then 

examined how different species & diets affect the evolution of the bill 

structure across the clade. 

 

Chapter 4 has a broader taxonomic remit including all 727 species of 

waterbird and uses mathematical modelling tools to reconstruct the 

evolution of the diving niche across the entire clade. The ancestral state 

predictions are then used to assess the influence of diversity (in this case 

speciation & diversification rate) and disparity (body mass as a key trait) 

on this specialist niche adaptation. 
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Chapter 5 closes the thesis with a discussion on the tangled nature of 

macroevolutionary tenets and a broader assessment on limitations and 

future work.   
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2 MORPHOMETRIC AND GENETIC 
EVIDENCE FOR FOUR SPECIES OF GENTOO 
PENGUIN 

2.1 Opening Remarks 

In the Introduction chapter, I explored the topic of phylogenetic 

diversity and how species are the building blocks of biodiversity. Beyond 

the philosophical and academic implications of the definition of a 

species, there are also more practical considerations. Conservation 

initiatives aiming to protect biodiversity often consider species as a 

whole rather than the particulars of individual populations (IUCN, 2021). 

Biological variation can be overlooked by initiatives and that 

biodiversity could then be lost if hidden species have not been 

recognised by science. A recent example was seen in giraffes, where 

the traditionally single species (Giraffa camelopardalis) was found to 

be four distinct groups with species level diversity (Fennessy et al., 2013, 

2016; S. Winter et al., 2018).  

 

Penguins are a long explored and iconic group, both scientifically and 

to the wider public audience. In particular, the gentoo penguin has 

been repeatedly studied and while datasets about Southern Ocean 

populations have continued to grow, there had been no integrative 

studies bringing all the disparate data together to assess whether there 

was indeed hidden and cryptic diversity. By using an integrative 

taxonomic framework combining morphometrics, genetics and 

ecological data, I provide credible evidence of species level diversity 

within Gentoo penguins and that four species should be recognised. 
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2.3 Manuscript: Morphometric and genetic evidence for four 
species of gentoo penguin 

2.3.1 Abstract 
Gentoo penguins (Pygoscelis papua) are found across the Southern 

Ocean with a circumpolar distribution and notable genetic and 

morphological variation across their geographic range. Whether this 

geographic variation represents species-level diversity has yet to be 

investigated in an integrative taxonomic framework. Here we show that 

four distinct populations of gentoo penguins (Iles Kerguelen, Falkland 

Islands, South Georgia, South Shetlands/Western Antarctic Peninsula) 

are genetically and morphologically distinct from one another. We 

present here a revised taxonomic treatment including formal 

nomenclatural changes. We suggest the designation of four species of 

gentoo penguin: P. papua in the Falkland Islands, P. ellsworthi in the 

South Shetland Islands/Western Antarctic Peninsula, P. taeniata in Iles 

Kerguelen, and a new gentoo species P. poncetii, described herein, in 

South Georgia. These findings of cryptic diversity add to many other 

such findings across the avian tree of life in recent years. Our results 

further highlight the importance of reassessing species boundaries as 

methodological advances are made, particularly for taxa of 

conservation concern. We recommend reassessment by the IUCN of 

each species, particularly P. taeniata and P. poncetii, which both show 

evidence of decline. 

 

2.3.2 Introduction 
A recent investigation into global species diversity of birds proposed 

that the number of species may be underestimated by as much as a 

factor of two when unrecognised species are accounted for 

(Barrowclough et al., 2016). This discrepancy exists in part due to the 

historical application of the Biological Species Concept (BSC) in 

ornithology. The BSC defines a species as a “group of actually or 

potentially interbreeding natural populations, which are reproductively 
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isolated from other such groups” (Ripley & Mayr, 1943). Whilst generally 

applicable, the BSC is complicated in ornithology by the ability of birds 

to hybridise with deeply divergent relatives (Prager & Wilson, 1975). It is 

also often impossible to test for reproductive isolation in wildlife taxa 

that do not have overlapping ranges. As a result, the widespread 

application of the BSC led to an underestimation of avian species 

diversity. The Phylogenetic Species Concept (PSC), conceived by 

Cracraft (1983) and applied in Barrowclough et al (2016), defines a 

species as “the smallest diagnosable cluster of individual organisms 

within which there is a parental pattern of ancestry and descent” or 

more simply as “a group of organisms that have a unique and shared 

evolutionary history (i.e., monophyletic)”. This definition allows for 

species delimitation without the need to invoke reproductive isolation. 

Another factor leading to the recognition of greater avian species 

diversity is the advancement of species delimitation tools, including 

genomic sequencing and multivariate morphometrics. Unrecognised 

(or hidden) species are distinguishable using physical characters but 

were not previously recognised as full species due to either limitations 

in analytical methods or historical interpretations of the species 

concept. Cryptic species, on the other hand, refers to taxa that cannot 

be readily identified using physical characters, but can be discerned 

using genetic and/or ecological evidence (Hosner et al., 2018). Cryptic 

and hidden diversity in birds has been uncovered across the world in 

recent years by using the PSC in conjunction with integrative taxonomic 

approaches combining genomics and morphometrics, particularly in 

biodiversity hotspots such as the old-world tropics and neotropics 

(Hosner et al., 2018; Pulido-Santacruz et al., 2018; Singh et al., 2020; 

Younger et al., 2018, 2019). To manage conservation priorities in light of 

ongoing environmental change, it is vital to understand the true 

number of species that exist and their range-limits, rather than relying 

on historic estimates.  
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Given their large geographic range and already noted genetic and 

morphological differences (Clucas et al., 2018; Stonehouse, 1970), 

gentoo penguins could be strong candidates for harbouring hidden 

species-level biodiversity. First described by Forster (1781), the gentoo 

penguin (Pygoscelis papua) is the largest of the three Pygoscelis 

species and identifiable by its charismatic, red-toned bill, black head, 

and two contrasting white patches on the face. Gentoos have a 

circumpolar distribution spanning the Antarctic Convergence between 

65°16’ S and 46°00’S, ranging from the Antarctic Peninsula to the Crozet 

Islands (Figure 2.1) (Forster, 1781; H. J. Lynch et al., 2012; Woehler, 1994). 

Given this geographic spread and the considerable heterogeneity in 

environmental conditions among extant populations, it is important to 

understand not only global trends in gentoo penguin numbers, but also 

how each of the individual populations are faring in the rapidly 

changing Antarctic climate. Individual populations may also provide 

evidence for how gentoo penguins adapt to specific environmental 

conditions which could be missed when generalising over the polytypic 

species. 

 

The global population size of gentoo penguins has increased 6-fold 

over the past 40 years, despite a changing ecological landscape due 

to climate change (McMahon et al., 2019). Newly established colonies 

on the southern extent of the gentoo range seem to be growing due to 

the increasing breeding habitat brought about by receding sea ice 

(Juáres et al., 2020; H. J. Lynch et al., 2012). Established populations, 

however, show varying patterns of success, with populations at Port 

Lockroy, Kerguelen Island and Macquarie Island seeing 1.4%, 2.3% and 

1.8% per annum decreases respectively based on multi-decadal 

studies (Bingham, 1998; Dunn et al., 2016, 2019; Juáres et al., 2020; 

Lescroël & Bost, 2006; Pascoe et al., 2020). 
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Figure 2.1: Geographic range of gentoo penguins. Grey zones show existing 

gentoo penguin colonies whilst coloured triangles show populations included 

in this study. FALK, Falklands; SGI, South Georgia Island; SSHWAP, South 

Shetland Islands & Western Antarctic Peninsula; KERG, Kerguelen. 

 

Several subspecies of gentoo penguin have been proposed over the 

past century, however, subspecies limits have differed depending on 

the author. These have been based on measurable phenotypic 

variation as there are no noted plumage differences among proposed 

taxa. The nominate subspecies, Pygoscelis papua papua, was part of 

the original species description by Forster (1781). Mathews (1927) 

described P. p. taeniata, which included populations on Marion, 

Crozet, Heard, Kerguelen & the Falkland Islands. These subspecies were 

redefined by Peters (1935) who designated the populations of 

Macquarie, Heard, Kerguelen and Marion Islands as taeniata whilst 

gentoos from the Falklands, South Orkney, South Shetland, South 

Georgia and the Western Antarctic Peninsula were assigned to papua. 

The next update to the taxonomy was by Murphy (1947), who 

designated the subspecies P. p. ellsworthi for the populations on the 
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South Shetland Islands and Western Antarctic Peninsula. Stonehouse 

(1970) then investigated the subspecies boundaries, focusing on 

morphological variation. Stonehouse focused on the  classic hypothesis 

that revolved around the influence of the Antarctic Polar Front and the 

extent of pack ice on geographic variation in gentoos, and thus split P. 

papua into a northern (P. p. papua) and southern subspecies (P. p. 

ellsworthi), found north and south of 60°S respectively, whilst discounting 

Mathews' or Peters' claim for an eastern subspecies P. papua taeniata 

(Mathews, 1927; Murphy, 1947; Peters, 1935; Stonehouse, 1970). The 

analysis used a univariate approach based on six measures (culmen 

length, foot length, flipper length, flipper area, dorsal plumage, ventral 

plumage) and confirmed a north/south gentoo split in line with the 

Antarctic Polar Front hypothesis, with the South Georgia Island 

population belonging to the northern subspecies. Individuals measured 

from Kerguelen and Macquarie Islands were found to be statistically 

indistinguishable in this study and were different only slightly from those 

from South Georgia and the Falkland Islands, and therefore were also 

included in the nominate northern subspecies P. p. papua (Stonehouse, 

1970). A recent study found support for a new clade in the sub-

Antarctic Indian Ocean based on morphological analyses but was not 

formally assigned to a new sub-species (de Dinechin et al., 2012) whilst 

investigations into geographic variation in gentoo vocalisations found 

no patterns connected with regions or subspecies (M. A. Lynch & Lynch, 

2017). 

 

Recent genetic analyses from across the penguin family have 

uncovered significant genetic divergence among populations across 

the Southern Ocean (Clucas et al., 2018; Frugone et al., 2019; Levy et 

al., 2016; Pertierra et al., 2020; Vianna et al., 2017). These studies, in 

combination with documented regional heterogeneity in population 

responses to climate change, highlight the importance of interrogating 
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traditional ideas of subspecies limits within gentoo penguins (Levy et al., 

2016; Vianna et al., 2017). Both Clucas et al., 2018 & Pertierra et al., 2020 

suggested that cryptic species of gentoo penguins exist based on 

genetic methodology. Using an integrative taxonomic framework 

combining contemporary multivariate morphological analyses with 

previous genomics results, we aim to test whether the four genetic 

lineages of gentoo penguins described in Clucas et al., 

(2018)(Kerguelen, Falklands, South Georgia, South Shetlands/Western 

Antarctic Peninsula) are morphologically distinct, and therefore 

warrant recognition as distinct species under the Phylogenetic Species 

Concept. We then take the next step of formally describing distinct 

species so they will be included in assessment frameworks such as the 

IUCN Red List and conservation plans.  

 

2.3.3 Materials and Methods 
2.3.3.1 Taxon sampling 
Our geographic sampling within gentoo penguins (Figure 2.1) includes 

representatives from Kerguelen, the Falkland Islands, South Georgia, 

South Shetland Islands, and the West Antarctic Peninsula. This sampling 

spans the two currently recognised subspecies, namely the northern 

gentoo (the nominate subspecies, Pygoscelis papua papua (Forster, 

1781)) distributed north of 60°S; and the southern gentoo (Pygoscelis 

papua ellsworthi), distributed on the Antarctic Peninsula and maritime 

Antarctic islands south of 60°S (Clements et al., 2019; Murphy, 1947; 

Stonehouse, 1970). Additionally, we include the putative Indian Ocean 

subspecies (de Dinechin et al., 2012),which is still classified as P. p. 

papua (Clements et al., 2019), and the South Georgia population, also 

classified as P. p. papua, but which multiple genetic studies show to be 

more closely related to P. p. ellsworthi (Clucas et al., 2014, 2018; Levy et 

al., 2016). Previous work has shown that gentoo penguin colonies on the 

South Shetlands and West Antarctic Peninsula are not reciprocally 

monophyletic in phylogenetic analyses (Clucas et al., 2018; Vianna et 



Morphometric and genetic evidence for four species of gentoo penguin 

29 

al., 2017), therefore, here we group these populations into one unit for 

the purposes of this species delimitation study. There are therefore four 

putative species to be assessed: South Shetlands and the West 

Antarctic Peninsula (SSHWAP); Kerguelen (KERG); South Georgia (SGI), 

and the Falklands (FALK).  

 

For genetic analyses, we used a published dataset  (Clucas et al., 2018) 

of RAD-Seq generated single nucleotide polymorphisms (SNPs). The 

dataset consists of 10,108 neutral SNPs for 69 gentoo penguins, with a 

median SNP coverage of 27X and a mean minor allele frequency (MAF) 

of 0.091 (SD 0.11). For morphometric comparisons, we measured all 

study skins of adult gentoo penguins from Kerguelen, the Falkland 

Islands, South Georgia, South Shetlands and West Antarctic Peninsula 

available in the Natural History Museum (Tring, UK) and American 

Museum of Natural History (New York, USA) collections, totalling 39 

individuals (Supplementary Table A). Birds with evidence of juvenile 

plumage were excluded.  

 

2.3.3.2 Genetic variation 
We used Genodive (Meirmans & Van Tienderen, 2004) to calculate the 

Weir and Cockerham unbiased weighted FST estimator (Weir & 

Cockerham, 1984) between all pairs of populations, with significance 

calculated using 10,000 permutations of the data. Expected 

heterozygosity (HS) was also calculated for each population using 

Genodive. Principal components analysis (PCA) was used to visualise 

genetic variation among all individuals, using the adegenet package 

(Jombart, 2008; Jombart & Ahmed, 2011) in R. Allele frequencies were 

scaled and centred, and missing values replaced with the mean allele 

frequency using the scaleGen function. PCA was computed with the 

dudi.pca function from the ade4 v1.7-11 package.  
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We previously carried out maximum likelihood (ML) phylogenetic 

analysis and Bayes factor species delimitation for the gentoo penguin 

SNP dataset (Clucas et al., 2018). In brief, we used RAxML v8.2.7 

(Stamatakis, 2014) to infer an ML phylogeny with a SNP ascertainment 

bias correction applied to the likelihood calculations. 20 independent 

ML tree inferences were carried out using the GTRGAMMA model and 

then the best scoring topology identified and annotated with bootstrap 

supports from 1,000 replicates. Coalescent-based, Bayes factor species 

delimitation was carried out using the BFD* method (Leaché et al., 

2014) as implemented within the SNAPP package (Bryant et al., 2012) 

of BEAST 2.4.3 (Bouckaert et al., 2014). The BFD* method estimates 

marginal likelihoods for competing species delimitation models using 

path sampling. We used four representative individuals for each 

lineage (KERG, FALK, SGI, SSHWAP) and tested four models: 1) the 

current taxonomy (P. p. papua vs. P. p. ellsworthi); 2) the three-taxa 

model suggested by mitochondrial DNA studies (Clucas et al., 2018; 

Vianna et al., 2017), wherein SGI and SSHWAP are grouped together; 3) 

the four-taxa model (FALK, KERG, SSHWAP, SGI); 4) a two-taxa model 

with all colonies grouped except for Kerguelen, which is the most 

divergent according to our other analyses. For expanded details of 

these analyses, please refer to (Clucas et al., 2018). 

 

2.3.3.3 Morphological variation 
To determine if genetic lineages are morphologically distinct, one of us 

(JY) took nine linear measurements from each museum study skin, 

representing key morphological traits of both the crania and post-

crania (Baldwin et al., 1931): culmen length (CL; taken along the medial 

line), bill width at the base (BWB), bill height at gonys angle (BH), bill 

width at gonys angle (BWG), flipper width (FW; shortest distance from 

anterior surface of flipper above the radiale to the posterior side of the 

flipper), radius length (RL), manus length (ML; indent at 

radiale/radius/ulna to distal wing tip), tarsus length (TML; anterior 
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surface), and middle toe length (MTL; digit I11 excluding nail). 

Measurements were taken with Mitutoyo Digital Callipers to an 

accuracy of 0.01 mm. All measurements were repeated three times, 

checked for outliers (by confirming that all measurements were within 

one standard deviation), and then averaged. The summary statistics of 

these measurements for each of the four clades are given in 

Supplementary Table A. All measures were log-transformed before the 

analyses. To identify traits that significantly differed between sexes, we 

carried out an analysis of variance (ANOVA) of sex within lineage for 

each trait (Supplementary Table B). Our testing found that only Flipper 

Width had a statistically significant difference between sexes (p = 

0.024). This trait was therefore excluded from subsequent analyses to 

remove any potential bias introduced by uneven sampling of sexes.  

 

Both univariate and multivariate analyses were used to investigate 

morphological differentiation between lineages. We carried out 

pairwise ANOVAs to determine whether any individual traits differed 

among lineages, and pairwise multivariate analysis of variance 

(MANOVA) on the combined trait dataset to assess overall 

morphological differentiation, using the F statistic for significance 

testing. These analyses were performed using base R (R Core Team, 

2022). Principal components analysis (PCA) and linear discriminant 

analysis (LDA) were used as dimension-reduction methods to aid with 

visualisation and prediction, with lineage as a grouping variable using 

the fviz_pca_biplot function in factoextra and lda function in MASS in R 

(Kassambara & Mundt, 2020; Kemp, 2003; R Core Team, 2022). 

Confusion matrices and cross-validation tests were constructed and 

performed using predict function in the MASS package in R (Kemp, 

2003)  
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2.3.4 Results 
2.3.4.1 Genetic variation 
All our genetic analyses show the four lineages (FALK, KERG, SGI, 

SSHWAP) to be significantly genetically distinct. Pairwise FST values 

among the four groups ranged from 0.130 to 0.341 and were all highly 

significant (p < 0.001, Table 2.1). Genetic diversity of the four lineages 

were all significantly different (Figure 2.2). Our PCA clearly differentiates 

the four lineages, with no evidence of overlap among the visible 

clusters (Figure 2.3). The ML phylogeny (Figure 2.4) resolved each 

lineage as 100% supported, with no well-supported (>70%) splits within 

any of the four lineages. Our coalescent-based species delimitation 

supported the four-taxa model over all other models. The comparison 

of marginal likelihoods gave a Bayes factor of 17,595 for the four-taxa 

model compared to the current taxonomy, and of 1,231 over the next 

most supported model (the three-taxa model) (Table 2.2). Note that a 

Bayes factor of 10 is considered decisive (Kass & Raftery, 1995). The 

currently accepted taxonomy had the lowest marginal likelihood 

estimate.  

 

 
Figure 2.2: Heterozygosity. Genetic diversity (expected heterozygosity, Hs) of 

gentoo penguin lineage, with statistically significant differences indicated 

with asterisks. 
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Figure 2.3: Principal Components Analysis based on genetic data.  The 

amount of variance explained by each principal component (PC) is 

displayed on the inset bar graphs and on the axes, and the number of PCs 

retained is indicated in black. 

 
Figure 2.4: Best Scoring maximum likelihood phylogeny based on 10,108 

neutral SNPs. Support values shown for branches that received >90% 

bootstrap support. 
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Table 2.1. Pairwise FST values between all gentoo penguin populations. FST 

values are below the diagonal with p values above. No correction for multiple 

tests was performed as the range of the p-values was too small. 

  FALK KERG SGI SSHWAP 

FALK *** <0.001 <0.001 <0.001 

KERG 0.26 *** <0.001 <0.001 

SGI 0.247 0.265 *** <0.001 

SSHWAP 0.281 0.341 0.13 *** 

 

 

Table 2.2. Path sampling results for four species delimitation models. All Bayes 

factor (BF) calculations are made against the most strongly supported model. 

MLE = Marginal likelihood estimate. 

Rank Model  

Numbe

r of taxa MLE BF 

1 four nuclear clades 4 -83455.94 - 

2 

mitochondrial DNA 

hypothesis 3 -84071.77 1231.67 

3 

Kerguelen vs. all 

others 2 -87197.45 7483.02 

4 current taxonomy 2 -92253.54 17595.2 

 

 

2.3.4.2 Morphological variation 
Our pairwise MANOVA tests determined that all genetically distinct 

populations are significantly morphologically distinct from each other 

overall (p < 0.05; Table 2.3). Our PC and LD analyses show some overlap 

in morphospace among the four lineages (Figures 2.5-2.6). In the PC 

analysis, PC1 explains 64.4% of the overall variation and is dominated 

by a size signal, with all traits increasing in size with increasingly negative 

PC1 scores. PC2 accounts for 13.3% of the variation and shows a split 

between cranial and post-cranial measures, with all limb measures 
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excluding tarsus length increasing with negative PC2 scores and all bill 

measures increasing with increasingly positive scores. On visual 

inspection of the LDA, the lineages are predominantly separate, with a 

small number of specimens occupying positions closer to other 

lineages. This is supported by the confusion matrices which found an 

error rate of 10.2% for the whole dataset and 35.9% with cross-validation 

(Supplementary Table C). 

 

Our pairwise ANOVA testing of traits showed that several individual traits 

enable discrimination of all four lineages (Table 2.4). The South 

Shetlands/West Antarctic Peninsula lineage is smaller than all other 

lineages and can be differentiated from South Georgia, the most 

closely related lineage in our genetic analyses, by its significantly 

smaller Culmen Length, Radius Length, Manus Length, Tarsus Length, 

and Middle Toe Length. The Falklands Islands birds are significantly 

larger than the other lineages for the majority of our measured traits. 

The Kerguelen and South Georgia lineages are intermediate in size and 

most similar to each other in our morphometric comparisons but can 

be differentiated by the significantly larger Manus Length and Middle 

Toe Length of the South Georgia lineage.  
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Figure 2.5: Principal Components Analysis of linear morphometrics. Acronyms: 

CL – culmen length; BWB – bill width at base; BH – bill height; BWG – bill width 

at gonys angle; RL – radius length; ML – manus length; TML – tarsus length; MTL 

– middle toe length. 
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Figure 2.6: Linear Discriminant Analysis of linear morphometrics. Circles 

represent individual specimens with triangles showing the lineage mean.  

 

 

Table 2.3. Pairwise MANOVA results between all gentoo penguin populations 

for linear traits. Approx. F values are below the diagonal with p values above. 

p values below .05 are indicated in bold. FALK – Falkland Islands, KERG – 

Kerguelen Island, SGI – South Georgia Island, SSHWAP – South 

Shetlands/Western Antarctic Peninsula. 
 

FALK KERG SGI SSHWAP 

FALK *** 0.0446 0.0328 0.0017 

KERG 3.5921 *** 0.0008 0.0381 

SGI 3.1375 7.9891 *** 0.0003 

SSHWAP 9.0501 3.8098 9.0188 *** 
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Table 2.4. ANOVA p-values between all gentoo penguin populations for 

individual traits. p values below 0.05 are indicated in bold. FALK – Falkland 

Islands, KERG – Kerguelen Island, SGI – South Georgia Island, SSHWAP – South 

Shetlands/Western Antarctic Peninsula. Culmen length (CL; taken along the 

medial line), bill width at the base (BWB), bill height at gonys angle (BH), bill 

width at gonys angle (BWG), flipper width (FW; shortest distance from anterior 

surface of flipper above the radiale to the posterior side of the flipper), radius 

length (RL), manus length (ML; indent at radiale/radius/ulna to distal wing tip), 

tarsus length (TML; anterior surface), and middle toe length (MTL; digit I11 

excluding nail). 

Lineage Trait 

A B CL BWB BH BWG RL ML TML MTL 

FALK KERG 0.0818 0.0186 0.0046 0.0259 0.0063 0.0032 0.0011 0.0088 

FALK SGI 0.0894 0.1339 0.0208 0.2493 0.0003 0.0292 0.0242 0.1997 

FALK SSHWAP 0.0001 0.0528 0.0031 0.0384 0.0000 0.0000 0.0001 0.0006 

KERG SGI 0.9107 0.1126 0.9795 0.1377 0.6134 0.0232 0.1164 0.0286 

KERG SSHWAP 0.0005 0.3824 0.3615 0.4174 0.0056 0.0020 0.5032 0.6737 

SGI SSHWAP 0.0045 0.4127 0.4413 0.2631 0.0039 0.0000 0.0233 0.0024 

 

 

2.3.5 Discussion 
Our integrative taxonomic approach has revealed four deeply 

divergent lineages within gentoo penguins. These lineages are 

associated with different regions in the Southern Ocean, formed 

reciprocally monophyletic clades and genetic clusters in all our 

analyses, and are morphologically distinct. The clusters found here 

differ slightly from those found in other recent studies. (Pertierra et al., 

2020) studied individuals from three of the four lineages presented here 

alongside further island populations. Although they lacked samples 

from South Georgia and the South Sandwich Islands, they proposed a 

single Antarctic clade, grouping the Antarctic Peninsula, South 

Georgia, South Orkney Islands and South Sandwich Islands.  This study 

finds that there is cryptic diversity within this clade, with the Antarctic 

Peninsula and South Georgia being both morphologically and 
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genetically distinct from each other. Interestingly, when studying the 

usefulness of cranial versus postcranial traits in separating lineages, 

postcranial ANOVA tests produce far more significant results (19 out of 

24, p<0.05) and are able to separate all pairwise lineages in comparison 

to the cranial trait tests (9 out of 24) which all failed to significantly 

separate the Kerguelen and South Georgia lineages. This strengthens 

the argument of not limiting analyses to only beak measures and 

instead including traits from the whole body. Given the evidence 

presented here, and the need to account for all species-level diversity 

in conservation planning, we recommend that the Pygoscelis genus be 

revised to include four species of gentoo penguin.  

 

There are currently two recognised subspecies of gentoo penguin: P. 

papua papua and P. papua ellsworthi, representing the classic 

north/south split within gentoos (Stonehouse, 1970).  Other subspecies 

of P. papua have been previously proposed, including P. papua 

taeniata, which has included various combinations of island 

populations since its inception in 1927 (Mathews, 1927; Peters, 1935). The 

Falkland Islands lineage will retain the name P. papua, given that P. 

papua was originally described from the Falkland Islands (Forster, 1781). 

The South Shetland Islands and Western Antarctic Peninsula lineage are 

currently considered as subspecies P. p. ellsworthi, therefore we 

propose that this lineage be elevated to a full species named P. 

ellsworthi. Based on previous genetic work, we conclude that the South 

Orkney Islands gentoos also belong to the P. ellsworthi lineage (Pertierra 

et al., 2020). The Kerguelen lineage was previously described as the 

subspecies P. p. taeniata (Mathews, 1927; Peters, 1935), which fell out 

of usage in the 1970s (Stonehouse, 1970), following which the Kerguelen 

gentoos have been classified as P. p. papua. We suggest the Kerguelen 

lineage now be designated as P. taeniata accordingly. We note that 

Mathews (1927) and Peters (1934) grouped Macquarie Island, Heard 
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Island, and Marion Island gentoos in P. p. taeniata with those from 

Kerguelen based on morphology. A genome-wide SNP study by 

Pertierra et al. (2020) showed that gentoos from Crozet and Marion 

Islands are effectively a single lineage, and Kerguelen Island gentoos 

are a distinct sister lineage. Analysis of Macquarie Islands gentoos is 

limited to mitochondrial DNA but shows this lineage to be sister to 

Crozet/Marion gentoos (Pertierra et al., 2020). At this stage we suggest 

that Crozet, Macquarie, and Marion Island gentoos are better 

considered as P. taeniata along with Kerguelen gentoos, rather than 

their current designation as P. papua, given the available evidence. 

However, this is subject to change pending detailed investigation with 

integrative taxonomic methods. Individuals from the South Orkneys, 

South Sandwich Islands, Price Edward Islands and Heard & Macdonald 

Islands should be assigned once further morphological and genome-

wide studies are conducted given their geographical proximity to 

multiple lineages. The South Georgia lineage is currently classified as P. 

p. papua and, to our knowledge, there have been no previous 

subspecies or species suggested for South Georgian gentoos. We 

therefore describe this for the first time as   

 

Pygoscelis poncetii sp. nov. 

 

Common Name. South Georgia gentoo penguin 

 

Zoobank Registry: urn:lsid:zoobank.org:pub:0DADF56F-ADD6-4A4C-

A1DF-C18187700EF2 

 

Holotype. American Natural History Museum (AMNH) 132462.  Adult 

male collected by Robert C. Murphy at South Georgia, South Atlantic 

Ocean on 11th March 1913. The specimen was prepared as a museum 

flat skin and was used in the morphological analysis. 
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Paratypes. Specimens used in the morphological analyses. AMNH 

132463, AMNH 132464, AMNH 132465: Adult males collected by Robert 

C. Murphy at South Georgia, South Atlantic Ocean on 11th March 1913. 

AMNH 269638: Adult female collected by Robert C. Murphy at 

Possession Bay, South Georgia, South Atlantic Ocean on 12th March 

1913. AMNH 435821, AMNH 435822, AMNH 435823: Adults collected by 

Robert C. Murphy at Possession Bay, South Georgia, South Atlantic 

Ocean on 13th March 1913. AMNH 525826, AMNH 525827: Collected on 

South Georgia Island. Tring 1914_3_8_6, Tring 1914_3_8_7, Tring 

1914_3_8_8: Adult males & female collected by P. Stammwitz at King 

Edward Point, South Georgia, South Atlantic Ocean in November 1913. 

 

Etymology. Pygoscelis poncetii is named after Sally Poncet, whose body 

of work has significantly influenced the field of polar biology, 

particularly in relation to South Georgia. 

 

Diagnosis. Morphologically, P. poncetii can be differentiated from all 

other species of gentoo by its manus length (mean length = 130.49 

mm), being significantly smaller than P. papua (mean length = 135.08 

mm, p = 0.0292) and significantly larger than both P. ellsworthi and P. 

taeniata (mean lengths = 115.38 mm and 125.27 mm, p < 0.0001 and p 

= 0.0232, respectively). Radius length differentiates P. poncetii (mean 

length = 52.68 mm) from the larger P. papua (mean length = 58.11 mm, 

p = 0.0003) and smaller P. ellsworthi  

(mean length = 48.90 mm, p = 0.0039).  Genetic comparative 

techniques (Pairwise FST, heterozygosity, clustering methods) found 

significant differences among all four species of gentoo penguin with 

the maximum likelihood phylogeny resolving each species as 100% 

supported. There are no discernible differences in plumage patterns 

among the four species.  
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Description of holotype. Black head with white band over the crown 

from eyebrow to eyebrow. Back dark blue grey with white on the 

ventral side between breasts and vent. Flippers dark blue grey edged 

with white.  Black tipped orange bill. Orange/pink feet. 

 

Measurements of the holotype. Culmen length: 59.85 mm, bill width at 

base: 18.27 mm, bill height at gonys angle: 17.07 mm, bill width at gonys 

angle: 9.88 mm, flipper width: 54.53 mm, radius length: 55.48 mm, 

manus length: 139.50 mm, tarsus length: 36.75 mm, middle toe length: 

77.24 mm 

 

Description of paratypes.  No discernible variation in coloration was 

found in the proposed species, with all matching the description given 

for the holotype. Summarised as follows: Black head with white band 

over the crown from eyebrow to eyebrow. Back dark blue grey with 

white on the ventral side between breasts and vent. Flippers dark blue 

grey edged with white.  Black tipped orange bill. Orange/pink feet. 

 

Comparisons. The principal components analysis shows that size is the 

key delimiter among all species, with P. ellsworthi representing the 

smallest gentoo followed by P. taeniata, P. poncetii and P. papua. The 

separation of all species is supported by the significant pairwise 

MANOVAs across the full morphological dataset (Table 2.3).  The 

individual pairwise ANOVAs of the univariate measures show that the 

new P. poncetii can be distinguished from all other species by its manus 

length (mean = 130.49 mm, range = 124.79-139.50 mm), with P. papua 

exhibiting a larger size (mean = 135.08 mm, range = 124.47-144.46 mm, 

p = 0.0292) whilst P. ellsworthi (mean = 115.38 mm, range = 110.07-126.72 

mm) and P. taeniata (mean = 125.27 mm, range = 114.15-133.40 mm) 

are significantly smaller (p < 0.0001, and p = 0.0232 respectively). These 
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morphological results show broad agreement with the univariate 

testing performed by (Stonehouse, 1970) but are now confirmed with 

modern multivariate methods. 

 

In addition to morphology and genetics, there are notable ecological 

differences among the lineages. These include breeding habitat, which 

splits the flat beach and tussock grass nests of South Georgia and the 

Falkland Islands (Croxall & Prince, 1980; Reilly & Kerle, 1981) from the 

low-lying gravel beaches and dry moraines of the South Shetlands and 

West Antarctic Peninsula (B. Jablonski, 1984; Volkman & Trivelpiece, 

1981). Lineages also differ in diet, particularly the proportions of 

crustaceans, fish, and squid consumed (Ratcliffe & Trathan, 2012). It has 

been observed that there is a trend of decreasing dietary variability 

and increasing krill consumption at higher latitudes (Bost & Jouventin, 

1990). Importantly, several recent studies of gentoo penguin population 

sizes have reported very different trends, reinforcing the need to 

understand the risks to specific populations.  Increases of 3.5% and 3.1% 

per annum have been recorded on the South Orkney Islands (P. 

ellsworthi) and South Shetland Islands (P. ellsworthi) respectively, whilst 

there has been a marked decrease of 1.4% and 2.3% per annum at Port 

Lockroy (a colony within P. ellsworthi) and across Kerguelen (P. 

taeniata), respectively, (Bingham, 1998; Dunn et al., 2016, 2019; Juáres 

et al., 2020; Lescroël & Bost, 2006). 

 

Gentoo penguins are currently listed as “Least Concern” on the IUCN 

Red List, with their last assessment in 2018 (BirdLife International, 2018). 

In order to be listed as Vulnerable, a species must exhibit one or more 

risk criteria e.g., population size reduction greater than 30%, a limited 

geographic range, small population size, or evidence of likely extinction 

in the next 100 years (IUCN, 2021). Here we have shown that P. papua 

should be considered as at least four distinct species. While P. papua in 
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the Falkland Islands and P. ellsworthi appear to be stable or increasing, 

(Baylis et al., 2012; Crofts & Stanworth, 2019; Dunn et al., 2016; Juáres et 

al., 2020), P. taeniata experienced a 30% reduction in numbers 

between 1987 and 2004 (Lescroël & Bost, 2006). P. poncetii may also be 

declining at South Georgia (Woehler et al., 2001). These two species 

should therefore be high priority for reassessment by the IUCN. 

 

2.3.6 Concluding remarks 
In this paper, we highlight hidden biodiversity within the species P. 

papua using genetic and morphometric methods, in keeping with 

recent assessments of hidden species diversity in birds. Our results 

clearly support the division of gentoo penguins into at least four species. 

We name a new species of gentoo, P. poncetii, and recommend 

elevation of three subspecies to species level (P. taeniata, P. papua, 

and P. ellsworthi). Our results show the importance of reassessing 

species boundaries as methodological advances are made. These 

findings have implications for the threat status of these species, and we 

urge that this diversity is considered in conservation planning for the 

Southern Ocean. 

 

2.3.7 Data Accessibility Statement 
Gentoo morphological data is provided in Supplementary Table A 

alongside accession numbers and location. Additional material is 

available from the Dryad Digital Repository: 

https://doi.org/10.5061/dryad.bs30388 for gentoo SNP data sets 

(Adapted from Clucas et al (2018) https://doi.org/10.1111/mec.14896). 
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2.4 Post-Commentary 

If the argument for defining a species is that it represents an identifiable 

& evolutionarily unique set of organisms, the application of the 

phylogenetic species concept (Cracraft, 1983) seems to be the way 

forward, particularly in relation to the conservation implications of 

isolated populations for which reproductive isolation cannot be tested, 

as for Gentoo penguins. To discern hidden or cryptic species, an 

integrative approach should be taken, combining as many data 

sources as possible. There is a split between the theoretical and the 

practical when deciding on a species concept. Conservationists would 

argue that they are trying to protect the largest amount of biodiversity 

possible. As outlined in the manuscript, conservation initiatives are often 

focussed on protecting species level rather than population level 

diversity. Recognising cryptic species therefore enables accurate 

conservation assessments to be undertaken and strategies updated. 

Evolutionary Biologists may be less attuned to these problems and may 

be more interested in determining if a population is diagnostically 

distinct. Future collaborations between conservation organisations and 

evolutionary biologist should focus on organismal groups that show 

signs of cryptic speciation.  
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3 INTRINSIC & EXTRINSIC DRIVERS OF 
SHAPE VARIATION IN THE ALBATROSS 
COMPOUND BILL 

3.1 Opening Remarks 

Studies of morphological disparity at their heart are often answering 

two questions: 1) what is the phenotypic variation in the dataset as 

described by morphometrics? & 2) how do the measures of variation 

correlate with other data? In the context of the coupled nature of 

macroevolutionary tenets, the second question is of particular interest. 

Datasets containing information on phylogenetic diversity and niche 

adaptation are key in uncovering the drivers of morphological disparity. 

In evolutionary biology, these drivers or predictors of morphological 

disparity can be broadly split into two categories, intrinsic and extrinsic 

factors. Intrinsic factors are inherently organism specific like size and 

species relatedness (connecting to phylogenetic diversity) being 

predictors in shape analyses. Extrinsic drivers are measurable external 

datasets like climatic or dietary data relating to how the organism 

interacts with its surroundings, both relating to niche adaptation.  

 

Studies on morphological disparity are having a renaissance through 

advancements in data collection and analysis pipelines. Not only can 

we now collect 3D data using high-throughput photogrammetry, 

surface scanning or medical scanning, there are new software 

approaches that allow automation in measuring and landmarking for 

geometric morphometrics (Baken et al., 2021; Bardua et al., 2019; 

Cooney et al., 2017; Felice et al., 2019; Goswami et al., 2019; Pigot et 

al., 2020). Museum collections allow for morphological studies that 

would be extremely difficult to achieve in the field. Seabirds, for 

example, have extremely large range sizes, and it would be near 

impossible to collect 3D data safely from living individuals. In this 
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chapter, I use high-dimension morphological data, applying a 3D 

geometric morphometric framework to museum specimens, to answer 

key morphological questions about an iconic group of seabirds, 

Albatross. 
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3.3 Manuscript: Intrinsic & extrinsic drivers of shape variation in 
the Albatross compound bill 

3.3.1 Abstract 
Albatross are the largest seabirds on earth and have a suite of 

adaptations for their pelagic lifestyle. Rather than having a bill made of 

a single piece of keratin, Procellariiformes have a compound 

rhamphotheca, made of several joined plates. Drivers of the shape of 

the albatross bill have not been explored. Here we use 3D scans of 61 

upper bills from 12 species of albatross to understand whether intrinsic 

(species assignment & size) or extrinsic (diet) factors predict bill shape. 

Diet is a significant predictor of bill shape with coarse dietary categories 

providing higher R2 values than dietary proportion data. We also find 

that of the intrinsic factors, species assignment accounts for ten times 

more variation than size (72% vs 6.8%) and that there is a common 

allometric vector of shape change between all species.  When 

considering species averages in a phylogenetic framework, there are 

significant Blomberg’s K results for both shape and size (K= 0.29 & 1.10) 

with the first axis of variation having a much higher K value (K=1.9), 

reflecting the split in shape at the root of the tree. The influence of size 

on bill shape is limited, with species assignment and diet predicting far 

more of the variation. The results show that both intrinsic and extrinsic 

factors are needed to understand morphological evolution. 

 

3.3.2 Introduction 
Albatross (Diomedeidae) are the largest flying birds on earth. They are 

pelagic specialists, with several adaptations across their morphology 

including extreme wingspans and complex bill structures (Billerman et 

al., 2023; Brooke, 2004; Howell & Zufelt, 2019). Their wingspans and high 

wing aspect ratio provide the ability for highly efficient soaring, allowing 

them to easily travel large distances from their colonies and avoid 

intense competition with other marine predators, whilst their 

charismatic tubenoses are used to filter seawater for drinking (Brooke, 
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2004; Howell and Zufelt, 2019; Billerman et al., 2023).  These adaptations 

allow albatross to spend years on the open ocean without making 

landfall (Brooke, 2004; Howell and Zufelt, 2019; Billerman et al., 2023). 

Albatross, along with other members of the seabird order 

Procellariiformes, have a unique overarching bill structure. Rather than 

having a single piece of keratin forming the rhamphotheca as in the 

vast majority of bird species (Figure 3.1A), it is constructed out of several 

plates of keratin to form a compound bill (Figure 3.1B) (Hieronymus & 

Witmer, 2010; Lönnberg, 1904; Piro, 2022).  

 

Despite their highly specialised pelagic niches, albatross do show inter-

specific variation across the anatomy, including differences in their bill 

shape (Figure 3.2) (Howell and Zufelt, 2019; Billerman et al., 2023). Body 

size is clearly an important factor in aerodynamics and therefore the 

evolution of the albatross body plan, but its influence on more specific 

anatomical structures, such as bill shape, has been often overlooked 

(Piro, 2022; Wang & Clarke, 2014; Warham, 1977). Allometry describes 

the relationship between changes in a measurable trait with changes 

in size and is an inherently intrinsic driver of variation. The presence of a 

strong allometric signal can be an indicator that the bill structure is 

experiencing evolutionary constraints limiting variation within species, 

whilst a lack of allometry could point towards more extrinsic drivers of 

shape (Yamasaki et al., 2018). We are interested in the relationship of 

size and bill shape both within species (ontogenetic allometry) and 

between species (evolutionary allometry) to understand the relative 

importance of intrinsic factors at different taxonomic levels 

(Klingenberg, 2016).  
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Figure 3.1: Compound Bill Morphology & Landmark Configuration. A) Bill 

morphology of European herring gull (Larus argentatus) B) Bill morphology of 

Wandering Albatross (Diomedea exulans) C) Landmarks 1-5 and 6-10 are 

paired (right-left) and landmarks 11-13 are found on the midline (see Table 3.1 

for descriptions). Specimen B5348 (Campbell Albatross Thalassarche 

impavida). Abbreviations for A & B: max maxilla, man mandible, na naricorn, 

cu culminicorn, la latericorn, pn premaxillary nail, ra ramicorn, mn mandibular 

nail.  
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Figure 3.2: Albatross Study Species. Cladogram showing the twelve species 

included in the analyses alongside dorsal and lateral images of representative 

specimens. Green colouration due to image processing. Original specimen 

labels for TMAG B4827 & TMAG B5854 listed Diomedea bulleri and Diomedea 

nigripes respectively. 
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Table 3.1: Landmark descriptions. Landmarks 1-5 and 6-10 are paired (right-

left) and landmarks 11-13 are found on the midline. See Figure 1C for visual. 

# 
 

Description 

1 Posterior of latericorn along functional surface (right) 

2 Anterior tip of latericorn (right) 

3 Premaxillary nail, latericorn & culminicorn suture point on 

culminolabial groove (right) 

4 Naricorn extreme (right) 

5 Posterior of nasiolabial groove (right) 

6 Posterior of latericorn along functional surface (left) 

7 Anterior tip of latericorn (left) 

8 Premaxillary nail, latericorn & culminicorn suture point on 

culminolabial groove (left) 

9 Naricorn extreme (left) 

10 Posterior of nasiolabial groove (left) 

11 Posterior of culminicorn (Central) 

12 Culminiolabial groove (Central) 

13 Distal tip of premaxillary nail (Central) 

 

The foraging ecology of many albatross species is closely monitored 

given their conservation risk (Billerman et al., 2023; Dias et al., 2019). 

During the breeding season, they operate as central place foragers but 

during the non-breeding season, this restriction is lifted and the foraging 

ranges for albatross species grow to almost oceanwide, with many 

species’ ranges overlapping geographically (Hindell et al., 2020; 

Wakefield et al., 2009, 2014; Weimerskirch et al., 1988). Albatross diets 

cover a range of prey including cephalopods, fish, crustaceans, 

jellyfish, and other invertebrates, all found within the upper metres of 

the ocean surface, with some observations of opportunistic feeding on 

carrion (Cherel & Klages, 1998; McInnes et al., 2016, 2017). Variation in 

avian bill shape has been found to relate to divisions in foraging 

strategy in many taxa (Felice et al., 2019; Pigot et al., 2020; Tobias et al., 

2022), therefore, understanding how albatross species are segregating 
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in diet to avoid inter-specific competition may provide helpful insight 

into differences in phenotype, particularly in relation to bill shape. This 

raises the question of whether albatross bills and their associated 

keratinous plates are shaped through intrinsic constraints following 

allometric relationships or driven by extrinsic factors like diet and 

foraging ecology. Is the variation purely a function of body size 

differences or do they represent eco-morphological adaptations to 

minimise inter-specific competition?   

 

Species identification and assignment in albatross is a complex 

challenge, especially for birds caught as fisheries bycatch far from their 

breeding colonies (Abbott et al., 2006). Over the last few decades, 

several studies have sought to clump and split species as advances in 

integrative taxonomic frameworks have evolved (Burg & Croxall, 2001, 

2004; Nunn et al., 1996; Penhallurick, 2012; Penhallurick & Wink, 2004; 

Robertson, 1998). There are currently between 13 and 24 recognised 

species across four genera, with varying levels of sub-species 

assignment depending on the bird checklist (Billerman et al., 2023; 

Clements et al., 2019; Gill et al., 2021; Howard et al., 1991). Species 

identifications of wild albatross can be extremely difficult, with plumage 

colouration and size being key areas of evidence. In museum 

collections, this can be further complicated by preservation methods 

and historic species assignments. Shape and size variation in the bill 

could therefore be a useful tool for species identification, if species form 

discrete groups in the trait space. 

 

In this study, we use 3D scans of albatross bills to assess patterns and 

drivers of shape variation. In particular, we address the following 

questions: (i) What are the key shape differences between albatross 

species, and can they be used for species delimitation? (ii) Do extrinsic 

and intrinsic factors like diet and size drive shape variation? (iii) What 
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influence does phylogeny have in partitioning the morphospace of 

albatross bills? 

 

3.3.3 Materials and Methods 
3.3.3.1 Data collection & photogrammetry of museum specimens 
Using specimens from the zoological collection at the Tasmanian 

Museum and Art Gallery, we sampled 61 individuals from 12 species of 

albatross covering all 4 genera, predominantly targeting Southern 

Ocean species (Figure 3.2). These included the Antipodean Albatross 

(Diomedea antipodensis, n=1), Southern Royal Albatross (Diomedea 

epomophora, n=3), Wandering Albatross (Diomedea exulans, n=10), 

Black-footed albatross (Phoebastria nigripes, n=1), Sooty Albatross 

(Phoebetria fusca, n=4), Light-mantled Albatross (Phoebetria 

palpebrata, n=4), Buller’s Albatross (Thalassarche bulleri, n=2), Shy 

Albatross (Thalassarche cauta, n=6), Yellow-nosed Albatross 

(Thalassarche chlororhynchos, n=8), Grey-headed albatross 

(Thalassarche chrysostoma, n=8), Campbell Albatross (Thalassarche 

impavida, n=5) and Black-browed Albatross (Thalassarche 

melanophris, n=9). Whilst we have included most Southern Ocean taxa, 

we recognise that we have a much smaller sample of the North Pacific 

species, with only one of the four Phoebastria species included. The 

results are therefore focussed on Southern Ocean interpretations. For 

each individual, the upper bill was photographed as a representation 

of the functional surface of the bill. Each specimen was placed on a 

turntable within a lightbox, set one metre away from the camera 

(Canon SX70HS, resolution: 20.3 MP). A minimum of 62 images (4 

concentric rings of 18 photos) were then taken by rotating the 

specimen 20° and photographing from four different heights 

(perpendicular to the specimen and 30°, 60° and 75° from the 

horizontal). Additional photographs were taken of the bill tip when the 

original 62 did not provide adequate coverage. This allowed the entire 

bill surface to be imaged with overlap between every photograph (i.e., 
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every location on the bill appears in at least 2 photos to act as a tie-

point in the photogrammetric reconstruction).  A scaled 3D model was 

constructed within Agisoft Metashape, with each textured model being 

decimated to approximately 50,000 vertices for consistency (Agisoft, 

2022). Models were then scaled to the nearest millimetre based on 

scales present in the images. The sample included a range of sizes for 

each species to reflect the change in size associated with ontogeny. 

All relevant permissions for handling the specimens were sought from 

the Tasmanian Museum and Art Gallery and granted.  

 

3.3.3.2 Geometric morphometric analysis 
Each scaled 3D model was imported into Slicer3D (Kikinis et al., 2014) 

and 13 type-I landmarks were applied (Figure 3.1C, Table 3.1). All 

subsequent analysis was conducted within R (R Core Team, 2022) using 

the “geomorph” & “RRPP” packages (Adams & Otárola-Castillo, 2013; 

Collyer & Adams, 2018, 2019). Once all specimens were landmarked, a 

generalised Procrustes alignment (GPA) was implemented using the 

“gpagen” function and the symmetric component of shape was 

retained for further analyses (symmetric shape=92% total variation; 

fluctuating asymmetry=8% total variation). Principal components 

analysis (PCA) was used to construct a bill morphospace for all 

specimens using the “gm.prcomp” function and all axes were retained 

for analysis. 3D warped meshes and wireframes were constructed to 

visualise the shape variation along PC axes using the plotRefToTarget 

function (Supplementary Material B).  

 

3.3.3.3 Testing association between bill shape, ecology & size 
To test for relationships between bill shape and ecology & size, we 

utilised the “procD.lm” function to perform Procrustes ANOVAs and 

MANOVAs. Diet data was collated from the EltonTraits database 

(Wilman et al., 2014) and includes a breakdown of proportion of 

invertebrates, proportion of fish and proportion of scavenging in the 
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diet for each species. These proportions are then collated into one of 

three categories: Invertivore (66%+ invertebrates) or Vertebrate-Fish-

Scavenging (66%+ fish & scavenging) or Omnivore (<66% in all 

categories). Only the Black-footed albatross is observed utilising 

scavenging in the data, with the remaining species consuming a mix of 

invertebrates or fish in inverse proportions. In the subsequent analyses, 

we therefore only use invertebrate proportion to reduce redundancy. 

Centroid size was extracted from the landmark data and was log-

transformed for use in further analyses. We produced a size-shape PCA 

using the “plotAllometry” function with the “size.shape” method which 

combines the landmark data and centroid size data into a single matrix 

and performs a PCA, thereby reintroducing the size variable that was 

removed via the GPA. To test patterns in evolutionary and ontogenetic 

allometry, we fit 3 different linear models: 1) A Simple Allometric 

Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒) where all taxa follow the same allometry 

vector, 2) A Common Allometric Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒 +

𝑠𝑝𝑒𝑐𝑖𝑒𝑠) where the vectors of shape change are parallel and the mean 

predictions are different (i.e. there is no interaction term with each 

species sharing the same gradient but having different intercepts), and 

3) A Unique Allometric Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒 + 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 +

𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒 ∗ 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) where the gradients and intercepts for each 

species are different (i.e. inclusion of an interaction parameter). We 

used the homogeneity of slopes (HOS) test, using the “anova.lm.rrpp” 

function, to compare the 3 different models with a significant result 

indicating that the allometric relationship is not the same for at least 

one species, either in terms of the species mean or the gradient of the 

regression line. In this case, we tested models sequentially in order of 

increasing complexity to test the inclusion of species means, excluding 

and then including the interaction term (i.e., Simple vs Common, then 

Common Vs Unique). The associated regressions, visualised in Figure 3.6, 

show if the individuals sat on the regression lines with no residuals. In this 
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case, the y-axis is the first axis of a PCA on the expected fitted values of 

each individual (i.e., the model was a perfect fit).  We also ran the 

simple allometry model for subsets of the data including for each 

species and for each genus.  

 

3.3.3.4 Species averaging & phylogenetic analyses 
To understand the influence of phylogeny, we averaged the landmark 

configurations of all specimens per species (excluding those that were 

identified as chicks) and then produced a new PCA onto which we 

mapped the phylogeny. The phylogenetic relationships were taken 

from the maximum clade credibility (MCC) tree of the Hackett 

backbone (Hackett et al., 2008) where the total bird tree was pruned 

to only the 12 species included in the analyses. To understand the 

phylogenetic signal, we used the “physignal” function to calculate 

Blomberg’s K (Adams, 2014; Münkemüller et al., 2012) for both species 

shape and size. K=1 suggests that the signal strength is equal to that 

expected under Brownian Motion. Larger values mean that the taxa 

are more alike than expected under Brownian Motion with the opposite 

being true for K<1. For shape, the value of K was calculated for all axes 

of the phylogenetically aligned components analysis and also for each 

increasing dimension (K by p: i.e., 1, 1:2, 1:3) to understand how the 

addition of each dimension affects the signal.  

 

3.3.4 Results 
3.3.4.1 Shape variation in albatross bills 
Variation across the albatross bill is split across several key axes of 

variation. The first principal component (47.59%) separates the 

Thalassarche genus from the Diomedea, Phoebetria & Phoebastria 

genera, with individuals from wandering & shy albatross representing 

the extreme positions. The axis is dominated by variation at the anterior 

and posterior of the bill, in particular the relative contribution of the 

latericorn and culminicorn to the overall caudal thickness. Individuals 
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with more negative PC1 scores have thinner latericorns & thicker 

culminicorns caudally and a more upright premaxillary nail sutures 

versus individuals with positive scores having much thicker latericorns, 

thinner culminicorns and elongate premaxillary nail sutures. The 

variation caudally also has an impact on the relative position of the 

nares, being more dorsal & posterior at negative scores and more 

centred at positive scores.  The second principal component (17.46%) 

describes the relative elongation of both the latericorn and culminicorn 

and more broadly a change in the aspect ratio. The plates are 

proportionally longer & thinner for individuals with positive PC2 scores 

and shorter & thicker for those with negative scores (Figure 3.3A, Figure 

3.4, Supplementary Material B). In this case, there are no obvious 

taxonomic splits, instead the extremes are occupied by a range of 

species. PC3 & PC4 account for smaller amounts of the overall variation 

(11.00% & 8.19% respectively; Figure 3.3B, Supplementary Material B). 

PC3 relates to the relative curvature of various sutures whilst PC4 is 

dominated the relative proportion of the premaxillary nail. This fourth 

axis is dominated by a single individual outlier at the positive extreme 

which represents a Diomedea exulans chick. Most taxa are well 

differentiated in the PC1-PC2 morphospace (Figure 3.3A), but that 

separation is lost in the PC3-PC4 morphospace (Figure 3.3B). Bill size falls 

into 3 clusters, split at the genera level, with Diomedea being the 

largest, Phoebetria & Phoebastria being the smallest and Thalassarche 

occupying an intermediate range (Figure 3.3C). 
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Figure 3.3: Shape and Size. A) Morphospace of first two principal components 

with convex hulls around species B) Morphospace of the third and fourth 

principal components with convex hulls around species C) Boxplot showing 

ranges of bill centroid size (key symbols used to identify bars where n=1 or n=2) 

D) First two axes of the Size-Shape morphospace based on the 13 landmarks 

and centroid size data.  

 

When both size and shape are accounted for, all genera are clearly 

partitioned in morphospace (Figure 3.3D). Procrustes MANOVAs of 

shape and size against Species are both highly significant, with species 

means accounting for 90% of the variation in size and 79% of the 

variation in shape (p=0.001 for both tests, Figure 3.3A, B, C). 

Supplementary Material C contains the pairwise comparisons between 

species for both shape and size.  
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Figure 3.4: Relative Warps. Specimen B5348 (Campbell Albatross Thalassarche 

impavida) warped to the average shape and then to the extremes of 

Principal Component 1 & 2. 

 
 
3.3.4.2 Evolution of bill shape in relation to ecology 
Each Albatross species was assigned to one of three broad dietary 

categories: Omnivore, Invertivore & Vertebrate Fish Scavenger. Figure 

3.5A shows these categorisations mapped onto the first two axes of the 

Principal Component space. Omnivores occupy positive PC1 space 

with both the more specialist diets (invertivores & fish-scavengers) 

occupying negative PC1 space. Both Omnivores and Invertivores are 

fully spread across PC2 with the Fish eating Phoebastria in the lower left 

quadrant. 
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Figure 3.5: Diet. Both plots present first two PCA axes matching figure 4A with 

corresponding shapes mapping to Genera (Circle – Diomedea, Diamond – 

Phoebastria, Square – Phoebetria, Triangle – Thalassarche). A) Morphospace 

showing three discrete dietary categories: Invertivore, Omnivore, Fish & 

Scavenging B) Proportion of invertebrates in diet as given by the EltonTraits 

database  

 

Overall, bill size and shape differ significantly among the three diet 

classes. Procrustes ANOVAs for shape and regular ANOVAs for size were 

both significant (shape: F= 18.092, p= 0.001, R2= 0.38418; size: F= 5.6404, 

p=0.006, R2= 0.16283). Pairwise comparisons of bill shape were all 

significant (Invertebrate:Omnivore p=0.001, Invertebrate:VertFishScav 

p=0.015, Omnivore:VertFishScav p=0.001); as were most pairwise 

comparisons of bill size (Invertebrate:Omnivore p=0.014, 

Invertebrate:VertFishScav p=0.010), with the exception of Omnivores 

and Fish Scavengers which did not differ significantly in size (p=0.172). 

When the proportions of diet are used, we find that bill shape and 

invertebrate diet proportion are significantly correlated based on an 

ANOVA test (F=20.235, p= 0.001, R2=0.2553, Figure 3.5B), but has lower 

R2 values than the coarse diet categorisation. 
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Figure 3.6: Comparison of three proposed allometric models predicting 

albatross bill shape. To test which allometric model best describes variation 

observed within albatross, three potential models (A-C). X-axis plots centroid 

size and y-axis plots Principal Component 1 of the fitted values of predicted 

shape (i.e., excluding the residuals) from the proposed regression. These 

panels are the equivalent of an R2 equal to 1. A) Simple Allometric 

Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒) where all taxa follow the same allometry vector 

B) Common Allometric Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒 + 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) where the 

gradients of shape change are the same but the means are different (i.e. 

each species shares the same gradient but have different intercepts) C) 

Unique Allometric Model (𝑠ℎ𝑎𝑝𝑒~𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑	𝑆𝑖𝑧𝑒 ∗ 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) where the gradients 

and intercepts for each species are different (i.e. inclusion of an interaction 

parameter) D) Legend for plots A-C 
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3.3.4.3 Allometric patterns within and between species 
Allometry in geometric morphometrics uses linear models to predict 

shapes & construct shape change vectors using size and other 

covariates. In the simplest case, the predicted shape of an individual 

bill is dependent only on its size (Simple Allometric Model) whilst more 

complex models include predictions based on species assignment 

(Common Allometric Model) and allow interactions between 

covariates to produce different shape change vectors (Unique 

Allometric Model). We compared these three models, incorporating 

species means and associated interaction parameters alongside size, 

using a Homogeneity of Slopes test (described in the Methods and 

Materials and visualised in Figure 3.6). Positive and negative gradients 

in this context translate to having a certain vector of shape change 

associated with size and the steeper the gradient, the greater the 

shape variation with a unit change in size. We found that the Common 

Allometric Model (Figure 3.6B) produced a significant result when 

compared to the Simple Allometric Model (Figure 3.6A), yet there was 

not significant support to accept the Unique model (Figure 3.6C) 

(Simple vs Common; p=0.001 & Common vs Unique; p=0.266) 

(Supplementary Material D). This result translates to each species 

having a different predicted mean shape at a given centroid size, but 

the vector of shape change is common across all species with respect 

to size. The Common model accounts for ~80% of the variation with 

differences between species mean shapes explaining 10 time more 

than the size component (species: F=15.432, p= 0.001, R2=0.726; size: 

F=15.926, p=0.001, R2=0.068) (Supplementary Material D). The gradients 

of allometric shape change in the Common model are also very 

shallow indicating very small shape changes across the size ranges 

occupied by the albatross bills, approaching isometric growth (i.e., no 

shape change vector associated with size). Each species was subset 

and tested for significant allometry and only 2 species returned 
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significant results (Thalassarche impavida - R2= 0.527, p= 0.017, & 

Thalassarche chrysostoma - R2= 0.328, p= 0.048). The test was repeated 

at the Genera level and both Phoebetria & Thalassarche have 

significant results (Phoebetria - R2= 0.373, p= 0.013, & Thalassarche - R2= 

0.190, p= 0.001). In all of the significant results, the goodness of fit values 

were higher than in the Common model fit (R2=0.068).  

 

 

 
Figure 3.7: Phylogeny & Phylomorphospace. A) Scaled Albatross phylogeny 

used for analysis B) Phylomorphospace based on PCA analyses of species 

average bill shape. Colours and shapes match Figure 3. 

 

3.3.4.4 Phylogenetic signal in species average shape 
By averaging the bill shape for each species, we were able to 

understand the relative importance of phylogeny (Figure 3.7A) in 

driving the shape and size variation. Fitting Blomberg's K to both shape 

and size data returned statistically significant results for both (K= 0.29 & 

1.10, p=0.001 & p=0.001, respectively). This implies that there is greater 

divergence in bill shape phylogenetically (compared to expectations 
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under Brownian Motion), whereas bill size varies phylogenetically 

approximately as expected under Brownian Motion, i.e., more closely 

related taxa have relatively similarly sized bills, but greater than 

expected differences in shape. Another interpretation of the signal in 

shape is that the variance is found more within clades than between 

them. The K by p sequence shows that the first axis of shape has a 

remarkably high K value for that axis alone (K=1.9) but that is greatly 

reduced by the addition of subsequent axes (Table 3.2).  

 

Table 3.2: K by p values. For each additional dimension, K is recalculated (K 

by p: i.e., 1, 1:2, 1:3) until all dimensions are included which matches the 

overall K value calculation. 

 

# of axes K Value 

1 1.907207 

2 0.601233 

3 0.474638 

4 0.427955 

5 0.389136 

6 0.354779 

7 0.344101 

8 0.339541 

9 0.338771 

10 0.297675 

11 0.29136 

12 0.29136 

 

3.3.5 Discussion 
3.3.5.1 Albatross bill size and shape variation 
Here we show that albatross species are phenotypically divergent in 

both the shape and size of their bills. The majority of species and genera 

are clearly delineated by the first two principal components of the bill 

shape morphospace (Figure 3.3A), which together explain over 65% of 
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bill shape variation. The bills of Thalassarche impavida (Campbell’s 

albatross) and Thalassarche melanophris (Black-browed albatross) 

have complete overlap in both the shape and size-shape 

morphospaces (Figure 3.3A, 3.3C). Thalassarche impavida was 

historically considered a subspecies of Thalassarche melanophris, until 

it was elevated to a full species following genetic analyses (Burg & 

Croxall, 2001). Our finding reinforces the phenotypic similarity of the two 

taxa and is unsurprising given their shallow phylogenetic divergence 

(Burg & Croxall, 2001). Both the Phoebetria species (Sooty and Light-

mantled albatross) overlap with Diomedea exulans (Wandering 

albatross) in shape morphospace. However, the inclusion of size into the 

morphospace (Figure 3.3D) completely separates the Phoebetria 

species from the Diomedea species, suggesting convergence in bill 

shape but divergence in size to occupy different foraging niches. This is 

achieved by eating proportionally sized prey, despite their dietary and 

range overlap in the South Atlantic and South Indian sections of the 

Southern Ocean between 40° and 60° South (Supplementary Material 

E) (Billerman et al., 2023; Ridoux, 1995; Xavier et al., 2003; Xavier & 

Croxall, 2007). This is reinforced by the results of the pairwise 

comparisons of shape and size between species. Phoebetria 

palpebrata is not statistically different in shape from any of the 

Diomedea species (p>0.11) but is significantly different in size (p<0.01) 

(Figure 3.3C, Supplementary Material C). The use of the bill for species 

identification seems well founded, with 50 of the 66 pairwise 

comparisons recovering a statistically significant difference in either 

shape or size or both. Of the comparisons that were non-significant, 10 

included species that only had one or two individuals in the dataset. 

Where sample sizes were high, species were readily discernible by one 

or both features.  
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3.3.5.2 Diet as an explanatory factor for bill shape 
We found that both extrinsic (diet) and intrinsic (size) factors are found 

to play a role in driving upper bill shape variation. Species, diet, and size 

are all statistically significant predictors of an individual’s bill shape, with 

species the strongest predictor. Diet was also found to be a significant 

predictor of bill shape, particularly in the case of the differences 

between omnivores and invertivores.  

 

Specialist invertivores and fish-scavengers dominate the negative PC1 

region of the morphospace, with the generalist omnivores occupying 

the positive PC1 region (Figure 3.5A). When we break down the 

“generalist omnivore” category to consider the specific dietary 

proportions a slightly different pattern emerges. Taxa that consume a 

50:50 split of invertebrates and fish sit in a valley between increasing 

invertebrate proportion; Diomedea & Phoebetria both consume high 

(90%) proportions of invertebrates at the negative PC1 extreme whilst T. 

chrysostoma & T. cauta show a much smaller increase (60%) in their 

invertebrate intake and occupy the lower right quadrant of the PC1-

PC2 morphospace. One oddity is the position of the Black-footed 

Albatross (Phoebastria nigripes), here represented by a single 

individual. The Black-footed Albatross is a North Pacific species, and its 

dietary contents are known from a small number of studies, all 

indicating that a large proportion of its diet consists of flying fish eggs 

(Gould et al., 1997; Harrison et al., 1983). Therefore, whilst its diet consists 

of high proportions of fish (Figure 3.5A, B), the actual material being 

ingested is very different from the whole fish consumed by the 

Thalassarche. The other prominent exception is the position of the 

invertivore Buller’s Albatross relative to the other invertivores. The 

morphospace shows a clear phylogenetic split between the 

Thalassarche genus and the other three included in the analyses. 

Therefore, the strength of phylogenetic conservatism may in this case 

be stronger than the extrinsic ecological pull to convergent 
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morphologies, which has been documented in other specific bird 

groups but appears to be rarer at larger scales (Bright et al., 2016; Felice 

et al., 2019; E. T. Miller et al., 2017; Pigot et al., 2020).  

 

3.3.5.3 Allometry 
The influence of size on bill shape seems dependent on the taxonomic 

level, with both evolutionary & ontogenetic allometry signals being 

weak or sparse throughout the group. The results reiterate that of the 

intrinsic factors analysed here, species assignment is far more predictive 

than size. At the family level, based on the Homogeneity of Slopes 

testing, the Common Allometric Model best predicts bill shape, which 

implies that the shape change vector is shared across all species. This 

model however found that the predictive power of size was 10 times 

smaller than species assignment so despite both being significant 

predictors, the size signal is relatively weak. More interesting are the 

results from lower taxonomic ranks which point towards differing 

allometric patterns across the phylogeny. Only two species, 

Thalassarche impavida & Thalassarche chrysostoma, returned a 

significant allometric signal when each species was examined 

individually but when considering the genera level, two of the three 

Southern Ocean clades (Thalassarche & Phoebetria) had significant 

signals. This lack of signal in Diomedea alongside the shallow gradients 

of shape change found in the linear models points towards a 

predominantly isometric model of growth ontogenetically in the Great 

Albatross. Moreover, the predictive power of size in the allometric 

models decreases as the overall centroid size of the genera increases 

(Phoebetria R2=0.373, Thalassarche R2=0.190, Diomedea R2=0.141 (non-

significant)), suggesting that allometric constraint is stronger at smaller 

sizes.  
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3.3.5.4 Phenotypic differences mirror phylogenetic relationships 
The strong phylogenetic patterns in Figure 3.7B and the K by p 

sequence point to deeper divergences in the past in terms of bill shape 

in Albatross. The large first K value in the sequence reflects the split at 

the root, seen in Figure 3.7B, delineating Genera on PC1. It suggests that 

the differences between genera are far more pronounced than those 

seen between species. Indeed, the Phylomorphospace (Figure 3.7B) 

shows how sister taxon are diverging in shape space, most likely through 

competitive displacement given range overlaps but other more distant 

related taxa are converging on common forms. This is most 

pronounced in between the Diomedea & Phoebetria species.  

 

3.3.6 Conclusion 
Here we have constructed one of the first 3D studies focussed on the 

Albatross compound bill. Despite being the largest seabirds, size is a 

relatively unimportant factor in the evolution of the albatross bill. 

Species means and coarse diet categorisation explain far more of the 

variation, as indicated by the ANOVA and Homogeneity of Slopes 

testing. We do find however that albatross species are indeed 

partitioning through differing shape and size to utilise similar resources, 

in this case invertivore specialists, whilst avoiding direct competition. 

The results show that both intrinsic and extrinsic factors should be 

considered when understanding morphological evolution. 3D data 

collection on at risk birds will be vital to understand their morphological 

adaptations and particularly in Albatross where the notion of a species 

is more complex. 

 

3.3.7 Data Accessibility Statement 
All data is available in the Supplementary Material A. 
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3.3.9 Supplementary Material 
Supplementary Material A: Classifiers and Covariates for each albatross 

individual. 

Supplementary Material B: 3D Warped Mesh showcasing the shape 

variation on the first 4 principal components of Figure 3.3A & Figure 3.3B. 

Supplementary Material C: Pairwise differences in bill shape and size 

between species. Upper half gives p-values from 1000 permutations in 

species assignment, with bold indicating significance. Lower half gives 

distance between species means. 

Supplementary Material D: Homogeneity of Slopes and Procrustes 

ANOVA tests. p-values from 1000 permutations, with bold indicating 

significance.  

Supplementary Material E: eBird Range Maps for Wandering, Sooty and 

Light-mantled Albatross.  



Intrinsic & extrinsic drivers of shape variation in the Albatross compound bill 

71 

3.4 Post-Commentary 

This chapter adds to the growing literature surrounding morphological 

disparity that finds that there are several statistically significant 

covariates with shape, both intrinsic and extrinsic, across the avian 

clade (Bright et al., 2016; Cooney et al., 2017; Felice et al., 2019; Frӧhlich 

et al., 2023; Navalón et al., 2019; Pigot et al., 2020). The difference here 

is that the homology of the bill can be studied in much greater detail 

thanks to the structure of the compound bill. While other studies with 

wider taxonomic scope have relied on landmark curves and meshes, 

here we are able to use the suture lines of the keratin plates to place 

type-I landmarks given the larger sample of homologous points, shown 

in Figure 3.1 of the manuscript.  

 

Morphometric studies where shape is compared with different factors, 

either discrete categorisations or continuous measures, are inherently 

trying to measure the predictability of phenotypic evolution. The 

regressions performed in this chapter result in R2 values, which measure 

the variation in shape explained by the independent factors. In a world 

where form-function relationships were infallible, diet could 

conceivably describe the entire variation in bill shape. Given that isn’t 

the case, studies should endeavour to look at a range of intrinsic and 

extrinsic drivers of variation to ask questions about the contingent or 

deterministic nature of morphological disparity.  
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4 DIVING INTO A DEAD-END: 
ASYMMETRIC EVOLUTION OF DIVING 
DRIVES DIVERSITY AND DISPARITY SHIFTS IN 
WATERBIRDS 

4.1 Opening Remarks 

Evolution is fundamentally a stochastic process, but the resulting 

biodiversity seems to follow several patterns that would challenge that 

imperative. It could be argued that the finer the scale, the stronger the 

irreversibility; intrinsic features, such as genetic mutations, seem almost 

impossible to replicate completely in distantly related species (Dollo, 

1893). Extrinsic features seem to reappear in a predicable fashion 

across macroevolutionary timescales, such as the evolution of the wing 

(Gleiss et al., 2011) or convergence in body shape & foraging strategies 

in secondarily marine tetrapods (Gutarra & Rahman, 2022; Kelley & 

Motani, 2015; Lindgren et al., 2010).  

 

To complete the trifecta of macroevolutionary tenets, understanding 

niche adaptation is the most challenging, in part due to its slightly 

nebulous definition. Trying to characterise the ways in which organisms 

interact with the biotic and abiotic environment requires considerable 

amounts of data and thinking. By returning to the Venn diagram of 

Chapter 1 and investigating the overlapping regions between niche 

adaptation and its sister tenets, diversity, and disparity, so many 

intriguing questions can be asked, and we can assess the ways in which 

they are truly coupled.  

 

Here, the focus is on a relatively qualifiable niche trait – diving. I 

considered the patterns of the evolution of diving across the entire 

Aequorlitornithes clade and whilst the categorisations are broad, the 

resolution of the signals found across waterbirds are striking. I then 
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sought to understand diving’s relative importance in driving 

phylogenetic diversity and morphological disparity. The overarching 

theme of this chapter is predictability: do traits evolve in a predictable 

fashion, does species diversification change in predictable ways and 

can we predict morphological traits from simple niche categorisations? 
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4.3 Manuscript: Diving into a dead-end: Asymmetric evolution of 
diving drives disparity shifts in Waterbirds 

4.3.1 Abstract 
Diving is a relatively uncommon and highly specialised foraging 

strategy in birds, mostly observed within the Aequorlitornithes 

(waterbirds) by groups such as penguins, cormorants, and alcids. Three 

key diving techniques are employed within waterbirds: wing-propelled 

pursuit diving (e.g., penguins), foot-propelled pursuit diving (e.g., 

cormorants), and plunge diving (e.g., gannets). How many times diving 

evolved within waterbirds, whether plunge diving is an intermediate 

state between aerial foraging and submarine diving, and whether the 

transition to a diving niche is reversible are not known. Here we 

elucidate the evolutionary history of diving in waterbirds. We show that 

diving has been acquired independently at least fourteen times within 

waterbirds and this acquisition is apparently irreversible, in a striking 

example of asymmetric evolution. All three modes of diving have 

evolved independently, with no evidence for plunge diving as an 

intermediate evolutionary state. Net diversification rates differ 

significantly between diving vs. non-diving lineages, with some diving 

clades apparently prone to extinction. We find that body mass is 

evolving under multiple macroevolutionary regimes, with unique 

optima for each diving type with varying degrees of constraint. Our 

findings highlight the vulnerability of highly specialised lineages during 

the ongoing sixth mass extinction. 

 

4.3.2 Introduction 
The emergence of new foraging niches via key innovations can 

increase both diversity and disparity by releasing taxa from former 

constraints. Innovations that have opened new ecological 

opportunities have often resulted in adaptive radiations, for example in 

Darwin’s finches in the Galapagos (T. Bell et al., 2012; Navalón et al., 

2020), cichlid fishes in East African lakes (Ronco et al., 2021; Seehausen, 
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2006) and within both placental and marsupial mammals throughout 

their evolution (Couzens & Prideaux, 2018; Grossnickle et al., 2019). Yet, 

there is inherent directionality in niche shifts resulting from key 

innovations (Heard & Hauser, 1995; A. H. Miller & Stroud, 2022). This 

dichotomy is a key theme in macroevolution. Dollo’s law of irreversibility 

(Dollo, 1893), Cope’s rule on body size (Rensch, 1948) and Ratchet 

mechanisms in macroevolution (M. A. Balisi & van Valkenburgh, 2020; 

Brocklehurst, 2019; D. Jablonski, 2020) are all examples of asymmetry in 

evolution, where the trajectories of trait evolution appear irreversible 

and directional over various time scales, from generations to epochs. 

 

Given the new evolutionary pressures being applied to the world’s 

biodiversity by climate change (IUCN, 2021), understanding if highly 

specialised taxa are evolutionarily “trapped” in their current niches is of 

great interest. Taxa with adaptive plasticity may be able to “weather 

the storm” of change, whilst those specialised taxa evolving under 

macroevolutionary ratchets may face higher risk due to their lower 

capacity for change. One example is within penguins where this 

scenario is already playing out, with generalist foraging gentoo 

penguins faring better than the sympatric krill-specialist chinstraps in 

terms of population size (H. J. Lynch et al., 2012). Moreover, the success 

of gentoos has translated into expansions of their range and recently 

posited speciation events (Clucas et al., 2014; Herman et al., 2020; H. J. 

Lynch et al., 2012; Tyler et al., 2020).  

 

Aequorlitornithes are a group of waterbirds, covering 727 species across 

11 avian orders. Whilst the higher-order taxonomic placement of these 

species has fluctuated in previous phylogenetic studies (Ericson et al., 

2006; Hackett et al., 2008; Jetz et al., 2012), they were recovered as a 

single monophyletic clade in more recent analyses (Prum et al., 2015). 

They have a near global distribution and utilise habitats across the 
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continents and oceans(Parkes & Austin, 1962). The group includes 

Charadiiformes (Shorebirds, Gulls, Terns, Woodcocks etc., n=369), 

Ciconiiformes (Storks & Openbills, n=19), Eurypygiformes (Sunbittern & 

Kagu, n=2), Gaviiformes (Loons, n=5), Pelecaniformes (Herons, Pelicans, 

Ibis, Bitterns etc, n=106), Phaethontiformes (Tropicbirds, n=3), 

Phoenicopteriformes (Flamingos, n=6), Podicipediformes (Grebes, 

n=19), Procellariiformes (Albatross, Petrels, Shearwaters etc, n=128), 

Sphenisciformes (Penguins, n=18) and Suliformes (Cormorants, Shags, 

Boobies etc, n=52)(Prum et al., 2015). Aequorlitornithes represents the 

largest clade of aquatic species within Aves, with other aquatic species 

appearing primarily within Anseriformes (Waterfowl), Gruiformes (Rails, 

Cranes, Moorhens etc.) and Coraciiformes (Kingfishers)(Parkes & Austin, 

1962; Prum et al., 2015). Most of the Aequorlitornithes forage in marine, 

coastal, or freshwater environments, taking a range of prey from insects 

to fish. Several clades within Aequorlitornithes have evolved the ability 

to dive to target underwater prey.  

 

Diving is a trait reliant on a suite of highly specialised morphological 

adaptations (Butler & Jones, 1997; Eliason et al., 2020; Felice & 

O’Connor, 2014; Pabst et al., 2016). As such, diving may represent a key 

innovation responsible for opening new ecological opportunity, while 

simultaneously underpinning an evolutionary ratchet dooming diving 

clades to decline. Diving as a foraging strategy in birds is relatively 

uncommon and several studies have focused on the evolution of the 

strategy in specific taxonomic groups (e.g. penguins (Cole et al., 2022), 

Charadriiformes (Smith & Clarke, 2012), loons & grebes(Clifton et al., 

2018), dippers (Smith et al., 2022), kingfishers (Crandell et al., 2019), 

Hesperornithiformes (A. Bell & Chiappe, 2022)). Many of these groups 

are found within Aequorlitornithes and several different diving 

techniques have evolved, including pursuit diving (wing and foot 
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propelled) and plunge diving, with other taxa occupying various non-

diving niches. 

 

Here, we used recent high-resolution phylogenies and trait simulation 

techniques to explore the evolution of diving across all waterbirds. 

Specifically, we address the following hypotheses:  1) That the evolution 

of diving in waterbirds is asymmetric and transitions and reversions are 

rare; 2) Diving represents a key innovation resulting in higher rates of 

speciation and diversification; and 3) Diving represents a release from 

former ecological constraints and results in shifts in body mass. 

 

4.3.3 Materials & Methods 
4.3.3.1 Phylogenetic framework 
The analyses are based on a composite tree of all birds with 100% 

species coverage, following the process implemented in Cooney et al 

(2017), in which the family-level genomic backbone of Prum et al (2015) 

and the within-family topologies of the maximum clade credibility 

(MCC) tree of the Hackett backbone (Hackett et al., 2008; Jetz et al., 

2012) are combined producing a younger branching topology than 

previous hypotheses (Ericson et al., 2006; Hackett et al., 2008; Jetz et al., 

2012). This composite tree was used as it returns a monophyletic clade 

of waterbirds, Aequorlitornithes, comprising 727 species. The composite 

tree was trimmed to this clade using the extract.clade function in ape 

(Paradis et al., 2004), which was then used in subsequent analyses.  

 

4.3.3.2 Trait assignments and covariates 
Taxa were assigned to a broad foraging niche (non-diving or diving, 

herein the 2-state system) and a detailed foraging niche (non-diving, 

plunge diving, pursuit foot diving or pursuit wing diving, herein the 4-

state system). These assignments represent the foraging strategy 

primarily utilised by each species and were based on the foraging 

niches provided in Pigot et al (2020). Here, we take any species listed 



Phylogenetic Diversity, Morphological Disparity and Niche Adaptation in Seabirds 
 

 78 

as using the “Aquatic plunge” or “Aquatic dive” foraging niche to be 

diving in the 2-state system. These were then classified into plunge 

diving, pursuit foot diving and pursuit wing diving in the 4-state system. 

Cases where small numbers of species were listed as “Aquatic surface” 

or “Aquatic aerial” within primarily “Aquatic plunge” clades were 

checked individually in Birds of the World (Parkes & Austin, 1962) to 

determine if plunge diving was also utilised by these taxa, and those 

taxa that fully submerge from plunge diving were recategorized. Any 

“Generalists” of the families Laridae & Procellaridae that fully submerge 

from plunging were also re-assigned to the plunge diving category. All 

assignments can be found in Supplementary Material B which includes 

the 2-state, 4-state and original Pigot foraging niches. IUCN extinction 

risk categories were obtained from the IUCN Redlist (IUCN, 2021), to 

investigate correlations with extinction risk. Primary dietary 

categorisation (Plant/Seed, Omnivore, Invertebrate, and 

Vertebrate/Fish/Scavenging) and body mass (log10 scaled from original 

measurement in grams) for each taxon were taken from the EltonTraits 

1.0 database (Wilman et al., 2014). 

 

4.3.3.3 Model support using the Akaike information criterion (AIC) 
To determine the best model from each model set in the subsequent 

elements of analysis, we use the Akaike information criterion in order to 

rank models based on fit (Burnham et al., 2011). The AIC score is 

calculated as: 

𝐴𝐼𝐶 = 	−2 ln(𝐿) + 2𝐾 

where L is the likelihood, given as the probability of the data given the 

model, and K is the number of free parameters.  

 

To measure the relative support for each model i, we calculated the 

ΔAIC value: 

∆𝐴𝐼𝐶 = 𝐴𝐼𝐶! − 𝐴𝐼𝐶"!# 
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where AICmin is the smallest AIC score. Models that have a ΔAIC of less 

than 2 should be considered as having substantial support, those 

between 2 & 7 have minimal support and those greater than 7 have no 

support. All models with ΔAIC < 2 are reported and interpreted. 

 
We finally calculated the AIC weight based on the AIC scores: 

𝑤! =
exp	(−12∆𝐴𝐼𝐶!)

∑ exp	(−12∆𝐴𝐼𝐶$)
%
$&'

 

where J is the number of models being assessed. AIC weights sum to 1 

and models with higher support have larger values.  

 

4.3.3.4 Ancestral states of foraging niche 
We estimated ancestral states of foraging niche using stochastic trait 

mapping as implemented in phytools in R (Bollback, 2006; R Core Team, 

2022; Revell, 2012). To ascertain the best transition rate model, we used 

the fitMK function within phytools for a range of Markov models with 

differing patterns of discrete trait evolution. For the 2-state system, three 

models were compared: “equal rates” (where the transition rate 

between the two states are identical, “ER”), “all rates differ” (where the 

transition rate can vary dependent on direction, “ARD”) and “no 

reversion” (where the transition rate from diving to non-diving is explicitly 

set at zero).  

 

Seven models were compared for the evolution of the 4-state system; 

three allowed transitions among all four states (“equal rates”, 

“symmetric”, “all rates differ”); a further three set the transition rate from 

any diving state to non-diving as zero (“no reversion equal rates”, “no 

reversion symmetric”, “no reversion all rates differ”); and a final model 

(“no reversions all”) where only transitions from non-diving to the diving 

states were allowed.  
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Predictive performance of the models was assessed using Akaike 

Information Criterion (AIC) weights. The best performing models for the 

2-state and 4-state systems were then simulated using the 

make.simmap function in phytools with 100 replications. These trait 

maps were then summarised to generate a posterior estimate of the 

foraging niche state at each node, and to estimate the mean number 

of transitions between each state. 

 

4.3.3.5 Influence of traits on speciation rate 
Speciation rates (expected number of speciation events in the next 

time unit, in this case millions of years) were calculated for each taxon 

(i) on the phylogeny using tip-associated rates with the following 

equation:  

𝐷𝑅! = (H𝑙$
1

2$('

)!

$&'

)(' 

where Ni = number of edges on path from species i to the root and lj = 

length of edge j (Jetz et al., 2012; Title & Rabosky, 2019). This metric 

represents the inverse of its mean equal splits measure for each species 

i, which is a measure of the expected waiting time per-lineage before 

another speciation event occurs. The DR statistic was chosen as the 

primary measure of speciation given its state independence, model-

free nature, and ease for comparison across many categorisations(Title 

& Rabosky, 2019).  

 

To examine the correlation of foraging niche and diet with speciation 

rate (DR) we carried out a phylogenetic ANOVA test (phylANOVA in 

phytools) with posthoc Holm correction for multiple comparisons and 

eta squared (η2) measures for effect size.  

 

4.3.3.6 Influence of traits on net diversification rate 
To test trait-dependence of the net diversification rate across the 

phylogeny, we applied binary state speciation and extinction (BiSSE 
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(Fitzjohn et al., 2009)) and hidden state speciation and extinction (HiSSE 

(Beaulieu & O’Meara, 2016)) methods. The BiSSE framework is a model-

based approach to estimate the influence of a single binary trait on 

diversification rate, whereas the HiSSE framework is a BiSSE extension 

that can also account for hidden states (i.e., unmeasured traits). We 

modelled seven scenarios, based on the 2-state (diving vs. non-diving) 

system: 1. a dull null where net diversification rate is equal across the 

tree; 2. a BiSSE model where the net diversification rate is dependent 

solely on the diving state; 3. a model where the net diversification rate 

is only dependent on the hidden state (a null model for the BiSSE), 4. a 

HiSSE model including the diving state and a hidden state where net 

diversification is dependent on both states (i.e. 4 regimes); 5. a HiSSE 

model including the diving state and a hidden state only for non-diving 

(i.e. 3 regimes); 6. a HiSSE model including the diving state and a hidden 

state only for diving (i.e. 3 regimes) and 7. a null version of model 4 

where the parameters are estimated only for hidden states (i.e. 4 

regimes) . In all models, we allowed both turnover and extinction 

fraction to be estimated per regime and set all transitions between 

hidden states to equal probabilities. The model fits were assessed using 

AIC weights. State assignment probabilities for the best fitting model are 

given in Supplementary Material C for each taxon.  

 

4.3.3.7 Modelling continuous trait evolution 
Body mass distribution comparisons with foraging strategy used a 

phylogenetic ANOVA test (phylANOVA in phytools) with posthoc Holm 

correction for multiple comparisons and eta squared (η2) measures for 

effect size. 

 

To test if the tempo and mode of body size evolution was influenced by 

diving, we fit a series of macroevolutionary diffusion models to the 

comparative body mass dataset mapped onto the SIMMAP niche trees 

based on the ancestral state reconstructions for both the 2- & 4-state 
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systems (Bollback, 2006; Felsenstein, 1973, 1985; Hansen, 1997; Revell, 

2012). In total 14 models were fit using the fitContinuous and OUwie 

functions from the GEIGER and OUwie R packages (Beaulieu et al., 

2012; Harmon et al., 2008): four regime independent models (BM1, OU1, 

EB, Trend) and five regime dependent models (BMS, OUM, OUMA, 

OUMV, OUMVA) which were run for both the 2-state and 4-state 

systems.  Relative support for each model was assessed using the 

associated AIC weights Phylogenetic half-life was calculated by 

dividing log(2) by the calculated alpha parameter and indicated the 

amount of time for the trait value to decay half the distance towards 

the trait optima (Beaulieu et al., 2012). To test if flightless taxa were 

having an impact on the results, we also ran the 5 regime dependent 

models again with flightless taxa in their own regime (i.e., non-diving, 

diving, flightless). Included taxa were all species within family 

Spheniscidae, Nannopterum harrisi, Podiceps taczanowskii, and 

Rollandia microptera.  

 
Figure 4.1: Transition Rate Models for the evolution of diving. Results from the 

fitMK models for a) 2-state system (No Reversion Model) and b) 4-state system 

(No Reversion Model). Values on arrows indicate transition rates. Both best fit 

models are asymmetric & unidirectional, with a transition rate of zero for diving 

to non-diving. 
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4.3.4 Results 
4.3.4.1 Asymmetry of the evolution of diving 
To assess whether the evolution of diving in waterbirds is asymmetric, 

we estimated the number of transitions to/from a diving niche. The 727 

species of waterbird were each assigned to one of four diving traits (4-

state system): non-diving, plunge diving, pursuit foot diving, and pursuit 

wing diving. These four states were also reduced to a binary system of 

non-diving vs. diving (2-state system). A suite of Markov models of 

discrete trait evolution were compared, ranging from equal transition 

rates among all traits to an All Rates Differ (ARD) model (Bollback, 2006; 

Revell, 2012).  

 

In the 2-state system, both the No Reversion & ARD models of evolution 

had high support based on AICc weight (0.71 & 0.26, Table 4.1) and 

converged on the same solution whereby the transition rate from diving 

to non-diving was zero, with a transition rate towards diving of 2.97x10-3 

(Figure 4.1a). Our ancestral state reconstructions recovered an 

average of 14 (95% HPD: 13-15) independent transitions to diving with 

no reversions (Figure 4.2).  

 

Table 4.1: Mk model fits for 2-state system. Ordered by AIC weight. Transition 

rate given per million years. 

Model 

Rank 

Model 

Name 

AIC 

Weight 

ΔAIC Non-Diving to 

Diving Rate 

Diving to Non-

Diving Rate 

1 NR 0.7075 0 2.97x10-3 0.00 

2 ARD 0.2603 2 2.97x10-3 0.00 

3 ER 0.0323 6.17 2.38 x10-3 2.38 x10-3 

 

In the 4-state system, the highest support (AIC weight 0.43, Table 4.2) 

was for a No Reversion All model which set the transition rate from diving 

states to non-diving and between diving states as zero. The remaining 

rates for transitions from non-diving to plunge diving, foot diving and 

wing diving were found to be 1.82 x10-3, 6.68 x10-4 and 6.60 x10-4 
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respectively (Figure 4.1b, Supplementary Material A). Under this model 

the Ancestral State reconstructions found an average of 14 transitions 

among diving states within waterbirds: 8 from non-diving to plunge 

diving (95% HPD: 8-9); 3 from non-diving to pursuit foot diving (95% HPD: 

3-3) and 3 from non-diving to pursuit wing diving (95% HPD: 3-4) (Figure 

4.3; Table 4.3). The No Reversion Equal Rates model is also well 

supported (AIC weight 0.37, ΔAIC=0.30). Both models do not allow 

reversions back to non-diving, but the latter model allows for transitions 

between diving forms. Under this second model, the Ancestral State 

reconstructions find that the average number of transitions from non-

diving to pursuit foot diving is unchanged (3; 95% HPD: 2-4), as is the 

number from non-diving to pursuit wing diving (3; 95% HPD: 2-4). The only 

difference in transitions between the two models is a reduction in non-

diving to plunge diving transitions from 8 to 7 (95% HPD: 7-9), and the 

introduction of a single transition from pursuit foot diving to plunge 

diving (95% HPD: 0-2). The total number of transitions remains the same 

between the two models. 

 

Table 4.2: Mk model fits for 4-state system. Ordered by AIC weight. Transition 

rates provided in Supplementary A. 

Model 

Rank 

Model Name AIC Weight ΔAIC Log-

likelihood 

1 NR ALL 0.4306 0 -82.94 

2 NR ER 0.3698 0.3045 -85.09 

3 ER 0.1386 2.2668 -86.07 

4 NR SYM 0.0430 4.6069 -82.24 

5 SYM 0.0153 6.6719 -83.27 

6 NR ARD 0.0025 10.2296 -82.05 

7 ARD 0.0001 16.2296 -82.05 
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Figure 4.2: Multiple, convergent acquisitions of diving within Aequorlitornithes. 

Ancestral state reconstructions for the 2-State System: diving (red) vs. non-

diving (blue). Our analyses recovered an average of 13.6 independent 

transitions to diving with no reversions, based on 100 simulations. Diving 

evolved convergently in 8 of the 11 Orders within Aequorlitornithes. Avian 

Orders are shown around circumference. 
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Figure 4.3: The evolution of diving niche in waterbirds. Ancestral state 

reconstruction for the 4-State System (non-diving, foot diving, wing diving, 

plunge diving) using the No Reversions All model. Pie charts on the internal 

nodes represent the proportion of assignment to each state over the 100 

simulations. Our analyses recovered an average of 8, 3 & 3 independent 

transitions to plunge diving, pursuit foot diving and pursuit wing diving 

respectively, based on 100 simulations. Avian Orders shown around 

circumference. 
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Table 4.3: Average number of transitions between foraging niches in the 4-

state system. Table reads row to column. Based on 100 SIMMAP simulations.  

from Non-diving  Plunge 

diving 

Foot diving Wing diving 

Non-diving NA 8.25 3.00 3.06 

Plunge 

diving 

0 NA 0 0 

Foot diving 0 0 NA 0 

Wing diving 0 0 0 NA 

 

 
Figure 4.4: Speciation rate (DR) comparisons between diving niches. Diving 

taxa had a slightly higher speciation rates on average compared to non-

diving taxa, but all phylogenetically corrected comparisons were statistically 

non-significant. Y-axis is truncated and 10 species with DR>2 are not shown for 

clarity (all within plunge diving niche). Taxon distribution: non-diving: 491, 

plunge diving: 130, pursuit foot diving: 61 & pursuit wing diving: 45. See Figure 

3 & Supplementary Material B for Foraging Niche classifications. 
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4.3.4.2 Net diversification rates are correlated with foraging traits.  
Speciation & diversification rates across the waterbird phylogeny were 

calculated to determine whether diving represents a key innovation 

facilitating a higher speciation or diversification rate. Tip rates (DR) were 

used as they provide a species-level metric that can be compared 

across the tree (Jetz et al., 2012; Title & Rabosky, 2019). We found that 

diving taxa have higher average speciation rates (DR) than non-diving 

taxa (diving: mean = 0.598, median = 0.245; non-diving: mean = 0.183, 

median = 0.145). This difference was significant based on a standard 

ANOVA, but non-significant using a phyloANOVA method (p=4.97 x10-

12 and p=0.219, η2=0.06), attributable to the clustered nature of the 

diving on the phylogeny within certain orders. Only the standard 

ANOVA across the 4-state system was highly significant (p=4.97 x10-12, 

η2=0.14) with the phylogenetic ANOVA and pairwise t-tests producing 

non-significant results (Figure 4.4). When comparing speciation 

between the four dietary categories (Plant/Seed, Omnivore, 

Invertebrate, and Vertebrate/Fish/Scavenging), there were no 

significant differences in DR using a phyloANOVA method with a Holm 

posthoc correction (p=1.00 for all corrected pairwise comparisons).  

 

HiSSE (Hidden State Speciation & Extinction) models allow for transitions 

between niches and net diversification rates within niches to be jointly 

estimated, providing a further method to understand the role of niche 

within speciation & extinction (Beaulieu & O’Meara, 2016; Fitzjohn et al., 

2009). Simulations find strong support for the HiSSE Full model (speciation 

rates & extinction rates depend on both the diving character and a 

hidden character) (AIC weights ~ 1) (Table 4.4). Of the four regimes 

recovered, both non-diving regimes have positive net diversification 

(0A: 1.06x10-1 & 0B: 4.69x10-3) whilst the diving regimes have a positive 

and a negative rate (1A: 1.06x10-1 &1B: -1.97x10-2) (Figure 4.5, See 

Supplementary Material B for hidden state assignment probabilities). 
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Figure 4.5: Net Diversification shifts between diving niches. Based on the HiSSE 

Full model (allowing for 2 defined states – non-diving (0) and diving (1); and 2 

hidden states - A & B), there are 4 regimes with an associated net 

diversification rate (given as speciation rate minus extinction rate). The non-

diving regimes both have positive rates (0A: 1.06x10-1 & 0B: 4.69x10-3) whilst the 

diving regimes have a positive and a negative rate (1A: 1.06x10-1 &1B: -1.97x10-

2). Avian Orders shown around circumference. 
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Table 4.4: HiSSE Model Results. Number of regimes corresponds to the sum of 

given and hidden states (i.e., for HiSSE Full there are two diving states, 0 & 1, 

and two hidden states, A & B).  

Model 

Rank 
Model Name # of regimes 

AIC 

Weight 
ΔAIC 

1 HiSSE Full 4 ~1 0 

2 HiSSE Null 4 0 178.6 

3 BiSSE Null 2 0 246.2 

4 HiSSE Non-Diving 3 0 568.8 

5 HiSSE Diving 3 0 1579.3 

6 BiSSE 2 0 2718.3 

7 Dull Null 1 0 2836.5 

 

 

4.3.4.3 Shifts in morphology following the evolution of diving 
Body mass is a key morphological character and has been shown to 

dominate disparity signals in birds (Pigot et al., 2020). In the 2-state 

system, the standard ANOVA, not phylogenetic ANOVA, testing finds 

highly significant differences in mass distributions (p=1.85x10-10 & 

p=0.219, η2=0.05) with diving birds occupying a heavier range. In the 4-

state system, pairwise t-tests find significant differences between 

several states (p-values: non-diving – foot diving: 4.3x10-12, non-diving – 

wing diving: 1.5x10-6, plunge diving – foot diving: 1.9x10-6, plunge diving 

– wing diving: 1.6x10-3) but non-significant results when phylogeny is 

considered (Figure 4.6).  
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Figure 4.6: Body size comparisons between diving niches. Values shown are 

log10(mass). Taxon distribution: non-diving: 491, plunge diving: 130, pursuit foot 

diving: 61 & pursuit wing diving: 45. See Figure 3 & Supplementary Material B 

for Foraging Niche classifications. 

 

We considered the evolution of body mass on the phylogeny using 

multiple diffusion models of continuous trait evolution (covering both 

Brownian Motion and Ornstein-Uhlenbeck processes), grouping taxa 

according to both the 2-state and 4-state systems (Beaulieu et al., 2012; 

Felsenstein, 1973, 1985; Hansen, 1997; Harmon et al., 2008). Using AIC 

weights, the best fitting models for body mass evolution is OUMVA using 

the 4-state system (AIC weight= 0.98). The OUMVA model fits differing 

optima, alpha and variance parameters to each regime. These results 

correspond to wing diving birds having the heaviest body mass optima 

(θ=4.58) followed by foot divers (θ=3.00), with non-divers and plunge-

divers having similarly small optima (θ=2.76 & 2.74, respectively). Both 

the alpha and variance parameters describe movement towards and 

around the trait optima. Plunge divers have the largest alpha and 
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smallest variance of the 4 regimes (0.103 & 4.48x10-6) with others having 

more intermediate values: non-diving: 0.025 & 0.024; foot diving: 0.044 

& 0.005; and wing diving: 0.015 & 0.019. The alpha parameter can be 

converted into the phylogenetic half-life which indicates the strength 

of decay towards the optima. Wing divers have the longest half-life 

(46.1 Ma), compared to non-diving (27.7 Ma), foot diving (15.8 Ma), 

and plunge diving (6.71 Ma) (See Supplementary Material C for full 

results). Simpler models where only certain parameters were free had 

significantly lower support. 

 

 
4.3.5 Discussion 
Here, we show that the evolution of diving is irreversible in waterbirds. 

Transitions from non-diving to diving have occurred multiple times within 

modern Aequorlitornithes, but according to our analyses this is always 

a unidirectional acquisition. The evolution of diving therefore represents 

a macroevolutionary ratchet, i.e., repeated evolution towards a 

specialism from which reversion is not predicted. These ratchet patterns 

have been repeatedly found in the evolution of mammalian 

carnivores(M. Balisi et al., 2018; M. A. Balisi & van Valkenburgh, 2020; 

Brocklehurst, 2019; Strathmann, 1978), but here we develop one of the 

first large scale examples in birds, using the case of diving in waterbirds. 

 

Furthermore, based on the most highly supported model of evolution 

(No Reversions All), we find that plunge diving is most likely not a 

required intermediate state between ariel and submarine flight, but 

rather all three modes of diving have evolved independently and 

convergently across the phylogeny. Diving has evolved in 8 of the 11 

Avian Orders within Aequorlitornithes, with 14 unique transition events. 

Five of these transitions occurred on stems leading to Orders 

(Podicipediformes, Suliformes, Sphenisciformes, Gaviiformes, 

Phaethontifomes), whilst the other nine transitions are deeply nested 
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within Orders (twice within Pelecaniformes, four times within 

Procellariiformes and three times within Charadriiformes). In the 

alternate model of evolution (No Reversions ER), all but 1 of the 14 

transitions are unambiguously an acquisition of diving by a non-diving 

ancestor. Our discrete trait modelling predicts a single transition 

between diving niches (pursuit foot diving to plunge diving, within the 

Suliformes), however, this transition is only predicted in 87% of 

simulations, with the remaining 13% favouring a non-diving ancestor. 

Given the paucity of Orders where multiple diving niches have evolved 

and the lack of other transitions among diving niches, the result within 

Suliformes should be viewed with some caution. 

 

We find evidence that the evolution of diving influences net 

diversification rather than speciation rates within Aequorlitornithes, yet 

diving does not appear to be a key innovation promoting speciation 

via ecological release (Heard & Hauser, 1995; A. H. Miller & Stroud, 

2022). This may be because, whilst diving provides birds with access to 

a new environment, the aquatic niche is already partially occupied, 

e.g., by marine mammal, reptile, and fish lineages(Bestley et al., 2020; 

Halsey et al., 2006). 

 

Our results indicate that some diving clades are experiencing negative 

net diversification (i.e., extinction rates larger than speciation rates). Of 

the 236 diving taxa included in the analysis, 75 (32%) were assigned to 

this negative diversification regime, including 72% of pursuit foot divers, 

40% of pursuit wing divers, and 10% of plunge divers. The results from our 

hidden state models support the idea that diving is a partial driver of 

diversification shifts, with the HiSSE model indicating that there are other 

traits underpinning diversification regimes within waterbirds. It appears 

that the interaction between the diving state and the hidden state is 

the key driver rather than diving alone. This is reinforced by all taxa in 
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hidden state A, irrespective of foraging strategy, having an equivalent 

diversification rate, which effectively reduces the four regimes to three, 

indicating that the hidden state is an important factor. Further studies 

incorporating wider behavioural, ecological, or environmental trait 

data may help elucidate these hidden drivers of speciation shifts in 

Aequorlitornithes. 

 

Our analysis of phenotypic patterns shows that pursuit diving taxa are 

evolving towards larger body masses, with different optima for each 

diving strategy, whilst plunge diving and non-diving taxa have a similar 

smaller optimum. This is consistent with our understanding of diving 

physiology, in which larger body sizes seem to be selected for in diving 

birds and mammals, allowing for longer dive durations and deeper 

depths due to reduced metabolic rates, greater oxygen storage, and 

greater insulation (Cook et al., 2013; Halsey et al., 2006; Verberk et al., 

2020). Moreover, our models show considerably more constraint on 

plunge diving taxa compared to non-diving and pursuit diving lineages, 

in terms of both the variance in body size and strength of selection 

towards the optimum. Essentially, the selective pressure for birds that 

rely on plunge diving for foraging to have body sizes around the optima 

is more intense than the selective pressure on size for other strategies, 

which may relate to the specific biomechanical requirements for 

plunge diving (Chang et al., 2016; Crandell et al., 2019; Eliason et al., 

2020).  

  

The possibility that diving taxa may be evolutionarily “trapped” in their 

current niches does not bode well for the long-term survival of these 

lineages. According to the IUCN Red List of Threatened Species (IUCN, 

2021), 156 (21.5%) of the 727 Aequorlitornithes species are already listed 

as either Vulnerable, Endangered, or Critically Endangered. When 

considering diving taxa experiencing negative diversification 
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specifically, that proportion rises to 32% (24 of 75 taxa). It remains to be 

seen whether diving specialists will be able shift their foraging niches in 

response to emerging evolutionary pressures, given the unidirectionality 

in the evolution of diving we have shown here. 

 

4.3.6 Conclusion 
The evolution of diving in Aequorlitornithes has occurred multiple times 

independently across the clade and is accompanied by a shift in 

morphological optima towards heavier body masses for pursuit divers 

and an increase in constraint on the range of body masses occupied 

by plunge divers especially. The shifts in discrete and continuous traits 

reflect macroevolutionary ratchets, with an inherent directionality and 

lack of reversals. These patterns, alongside the convergence on 

strategy and form, point towards evolutionary processes that favour the 

exploration of new forms and functions rather than a return to an 

ancestral state. However, these are associated with changes in net 

diversification rate and point towards a pattern of species filling moving 

niches in an adaptive landscape rather than exploring all options. With 

many diving taxa at risk as marine prey resources decline, this result 

reiterates the need to protect waterbirds globally.  

 
4.3.7 Data Accessibility Statement 
All data available either in original publications cited or in the 

Supplementary Material including R code used for analysis. Package 

Versions: R (4.1.2), OUwie (2.6), hisse (2.1.6), geiger (2.0.7), phytools (1.1-

7), ape (5.6-2), ggplot2 (3.3.5), tidyverse (1.3.1). 

 

4.3.8 Supplementary Material 
Supplementary Material A: Transition rate matrices for the 4-state 

system. 

Supplementary Material B: Data matrix containing all species used in 

analyses alongside categorisations and covariates.  
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Supplementary Material C: Results from body mass modelling including 

all parameter estimates. 

Supplementary Material D: Phylogeny used for all analyses.  
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4.4 Post-Commentary 

By applying the latest in modelling techniques, the simulation results 

uncover deep patterns within the waterbird clade and some surprising 

results on the coupled nature of macroevolutionary features, in this 

case, niche and diversification. However, it should be noted that 

modelling of speciation and extinction rate may be influenced by the 

inclusion of fossils. In the Aequorlitornithes, there is an imbalance and 

general paucity of fossil examples. For example, there are at least 40 

known penguin fossil species, outnumbering extant taxa by almost 2:1 

(Ksepka et al., 2006, 2023; Livezey, 1989). This abundance of 

Sphenisciformes is directly related to the preservation potential of their 

much denser bones in contrast to most flighted pelagic species. 

Therefore, this work should be seen as a first step in understanding the 

evolution of foraging niches within waterbirds and the addition of fossils 

could give an interesting perspective to the timings and rates of 

diversification within the group. 
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5 DISCUSSION 

5.1 Chapter Syntheses 

Chapter 1 explored the core tenets of macroevolution, proposing three 

primary areas of interest: phylogenetic diversity, morphological 

disparity, and niche adaptation. It went on to detail the connected 

and overlapping nature of each tenet and how their influence on each 

other manifests.  From a taxonomic perspective, Seabirds represent a 

novel group to investigate these pillars as they contain abundant 

species diversity, an extraordinary range of morphologies and occupy 

niches found across avian evolution.  

 

Chapter 2 further elucidated the topic of phylogenetic diversity and 

introduced the range of species concepts used to try and quantify 

biodiversity. Gentoo penguins had previously been suggested as 

harbouring hidden and cryptic biodiversity based on genetic 

evidence. Gentoos were therefore prime candidates for an integrative 

taxonomic approach combining genetics, morphometrics and 

ecological evidence to determine if they are indeed multiple species. 

DNA evidence found that populations formed monophyletic clades 

and these groupings were delineated by phenotypic measures of the 

bill, flippers, and legs. This combination of evidence led to the 

recommendation of elevating three gentoo subspecies to species level 

(P. papua, P. ellsworthi, P. taeniata) and the designation of a fourth 

species (P. poncetii).  

 

Chapter 3 investigated a wider taxonomic group of seabirds, the 

albatrosses, and utilised a 3D dataset of rhamphothecae to understand 

intrinsic and extrinsic drivers of morphological evolution. The compound 

bill presented a novel opportunity to place homologous landmarks 

across the upper bill of twelve different species and test correlations 
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with size and diet. Both were found to have statistically significant 

relationships with shape, but species assignment was the strongest 

predictor, highlighting an interesting use of bill shape in species 

identification. Despite the deep connection with size as the largest 

seabirds, the allometric signal is relatively weak and the associated 

shape change approaches isometry.  In a phylogenetic context, the 

primary axis of bill shape variation is dominated by a strong 

phylogenetic signal separating genera that subsides as further axes are 

included. The outcome of the study emphasizes the need to look at 

many intrinsic and extrinsic factors when determining drivers of shape 

and size variation.  

 

Finally, Chapter 4 examined the evolution of phenotypes and niches, in 

particular the evolution of diving. This foraging strategy is used across 

birds but is found most frequently within waterbirds (Aequorlitornithes). 

Using ancestral state reconstructions, diving was found to have evolved 

at least 14 times independently across the waterbird phylogeny and 

there are no reversions to non-diving once this niche is occupied. The 

coupled nature of macroevolution was then further tested by assessing 

whether the evolution of diving affected diversity or disparity. 

Diversification modelling found that net diversification rates differed 

significantly and recovered a 3-rate system where some diving birds 

had negative rates. Moreover, disparity was also found to be 

connected to foraging niche as body mass in each diving type (pursuit 

wing, pursuit foot, plunge) was found to be evolving under differing 

levels of constraint. The asymmetry and diversification results are 

particularly significant, given the ongoing sixth mass extinction.  

 

5.2 Can we untangle the macroevolutionary tenets? 

The purpose of this thesis was to explore the interplay between 

macroevolutionary tenets and understand their impact on the 
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evolution of seabirds. Each chapter has aimed to answer simple 

questions: How many species of penguin are there? How do Albatross 

bills differ? How many times has diving evolved? The surprising outcome 

of these analyses has been the complex nature of the answers. The 

complexity comes from the need to appreciate all aspects of the core 

tenets, highlighted in Figure 1.1 as the central overlapping region of the 

Venn diagram. It is evident that understanding the interaction between 

diversity, disparity and niche produce remarkably compelling patterns 

and results. None of the questions asked in each of the analysis 

chapters would have been soluble without following the tangled 

nature of macroevolution. This seems to hold true for a range of 

taxonomic scales, from the intra-specific analysis into gentoo diversity 

to the family level disparity analysis into albatross bills to the multi-order 

scale of diving within Aequorlitornithes. Macroevolutionary patterns 

must be viewed holistically, and hypotheses and analyses should be 

designed appreciating all the complexities and nuances of the core 

tenets. 

 

5.3 Limitations & Future Work 

Chapters 2, 3 & 4 present thorough analyses which explore 

macroevolution at a range of taxonomic scopes within seabirds. There 

are however several additional avenues of research that would 

overcome some of the limitations herein. 

 

5.3.1 Phylogenetic hypotheses 
Since the start of the 21st century, there have been a multitude of 

phylogenies constructed covering some or all avian species. Each of 

these phylogenetic hypotheses have key features and characteristics 

that differentiate them from one another. When studying the total 

waterbird clade, as in Chapter 4, the incongruence is even larger, with 

some trees finding a monophyletic group for all waterbirds 
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(Aequorlitornithes)(Prum et al., 2015) while others find varying degrees 

of para- & polyphyly (Ericson et al., 2006; Hackett et al., 2008; Jetz et al., 

2012). At the smaller scales, Chapters 2 & 3 show that species numbers 

within individual families are in flux. Given the need to incorporate 

phylogenetic information into macroevolutionary studies, further work 

must be done on the refinement of clade-level avian trees. Seabirds 

are notorious for constantly being in phylogenetic flux (Ferrer Obiol et 

al., 2023; Friesen, 2015; Penhallurick, 2012; Penhallurick & Wink, 2004; 

Pertierra et al., 2020; Tyler et al., 2020), which is precisely why they are 

so fascinating to study. The results in Chapter 4 were a striking example 

of asymmetrical directionality within evolution but was very dependent 

on the phylogenetic structure and positions of diving birds. Future work 

in this area would be grounded in understanding the inter-specific 

relationships of waterbirds at all scales. Techniques used in Chapter 2 

can be readily applied to other seabird groups, particularly those which 

have large representation in museum collections. Whilst birds are rare, 

in that a pan-avian phylogeny exists, it currently represents one of the 

rate-limiters to future macroevolutionary analyses.  

 

5.3.2 Morphometric and niche datasets 
Each of the three data chapters of this thesis involved collecting or 

collating new datasets, primarily based on phenotypes and 

ecomorphs. Birds have been a particular focus of the research 

community in recent years, with numerous large-scale morphological 

datasets being produced (Cooney et al., 2017; Felice et al., 2019; Pigot 

et al., 2020; Tobias et al., 2022). One large limitation that has plagued 

the analyses in this thesis has been the inability to travel to collect data 

due to the pandemic. As the taxonomic scope increased with each 

chapter, so did the required dataset size, which limited which traits 

could be focussed on. Utilisation of museum collections is vital for 

macroevolutionary studies like those included in this thesis. Concerted 

efforts by the international community to create specimen databases 
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allow for greater species inclusion in studies and can help guide 

research questions based on specimen availability (Johnson et al., 

2023). When thinking back to the three Macroevolutionary tenets 

framed in this thesis and the questions surrounding them, we can only 

answer questions with sufficient data.  

 

5.3.3 The Fossil Record 
The work presented here has focussed exclusively on extant taxa and 

ultrametric phylogenies. This was done primarily due to the imbalance 

of fossil data across seabirds and lack of access to fossil specimens due 

to the pandemic. More intuitively, the inclusion of fossils changes the 

very nature of the questions being asked. Our analysis into the evolution 

of diving does not include fossils due to the imperfect nature of 

assigning foraging ecologies to incomplete specimens that cannot be 

actively observed, a theme commonly discussed when considering 

form-function relationships (Benton, 2010; Hickman, 1988). Furthermore, 

the problems and differences in phylogenetic hypotheses for extant 

seabirds becomes even more acute when we try to include fossil taxa 

based purely on morphology, resulting in greater uncertainty within 

analyses. As we develop better statistical techniques to account for 

uncertainty in phylogenetic analyses, a key area for growth is 

incorporating fossil data into ecomorphological studies, particularly 

those where the available trait data from skeletal morphology only 

partially informs the character states.  

 

5.4 Conclusion  

The application of modelling within macroevolution has seen a rebirth 

in the last decade. Datasets of increasing size and dimensionality are 

being constructed for swathes of the tree of life, providing greater 

resolution and detail to test long held theories. The biodiversity we see 

today is a result of the interplays between phylogenetic diversity, 
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morphological disparity, and niche adaptation. Within seabirds, the 

notion of a species has always been controversial and here we show 

that the application of morphometric and phenotypic analyses can 

shine a light on species level diversity. With the advent of higher and 

higher dimension datasets covering all aspects of phenotype, studies 

of morphological disparity can test fine scale form-function 

relationships. The avian bill remains a key area of study and the work on 

albatross here adds to that rich body of literature by finding that both 

extrinsic and intrinsic factors drive shape variation to varying degrees. 

Niche adaptation has always been a complex field, combining so 

many different aspects of evolutionary biology. By utilising the latest 

modelling techniques, the evolution of foraging niches can be teased 

apart by understanding how they appear and to what extent they 

influence diversity and disparity. In the case of waterbirds, a surprising 

asymmetry in the evolution of diving points towards increased 

specialisation and the risk of extinction. These results paint seabird 

macroevolution in a new light, uncovering new evidence of strongly 

coupled evolution of diversity, disparity, and niche. With studies 

investigating the tenets of macroevolution being published daily, we 

must endeavour to   ensure that all aspects of macroevolution are 

considered as even simple questions result in complex answers.  
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APPENDIX A: SUPPLEMENTARY MATERIAL 
FOR CHAPTER 2 

Supplementary Material can be found at 

https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.6973 in the 

supporting information section.  

 

Table S1: Table recording all gentoo specimens analysed and the 

averaged trait measures. Acronyms: CL – culmen length; BWB – bill 

width at base; BH – bill height; BWG – bill width at gonys angle; RL – 

radius length; ML – manus length; TML – tarsus length; MTL – middle toe 

length. 

 

 
 

  

Collection sex Accession Lineage CL_Average BWB_Average BH_Average BWG_Average FW_Average RL_Average ML_Average TML_Average MTL_Average
AMNH Male 445212 FALK 60.33 20.87 15.74 9.17 52.83 58.31 138.03 37.14 77.83
AMNH Unknown 525830 FALK 55.80 13.56 14.89 6.72 51.14 52.97 124.47 34.39 70.61
AMNH Male 445210 FALK 60.16 18.47 15.91 9.25 53.37 58.07 136.02 33.21 75.77
AMNH Unknown 525829 FALK 51.21 17.27 16.38 10.23 53.36 58.72 130.86 33.00 74.19
AMNH Male 445211 FALK 60.92 23.42 19.08 10.23 55.37 63.79 136.30 36.35 78.81
AMNH Male 445204 FALK 62.25 19.87 17.46 9.46 54.50 59.35 135.29 35.24 76.63
AMNH Male 445209 FALK 58.61 19.47 17.34 9.03 51.63 58.32 135.74 38.12 77.39
Tring Unknown No Accession - Label text (38, Tail 7/8) FALK 66.32 19.39 19.47 10.86 55.83 57.89 144.46 39.66 64.58
Tring Unknown Unlabelled FALK 48.92 15.55 16.55 9.88 51.70 55.58 134.52 38.23 64.31
AMNH Unknown 442642 KERG 55.17 15.21 14.57 8.13 53.45 55.68 133.40 31.15 73.41
AMNH Male 525824 KERG 56.25 17.71 15.10 8.74 47.61 54.49 119.66 31.14 68.43
AMNH Unknown 442459 KERG 53.28 14.75 14.22 7.78 52.97 54.37 128.20 31.53 71.37
Tring Unknown 80.11.18.772 KERG 57.76 16.80 16.49 9.07 51.35 56.26 128.59 36.63 63.11
Tring Unknown 41.782 KERG 49.62 16.58 15.81 8.24 48.97 46.58 114.15 29.42 50.95
Tring Unknown 80.11. 18. 773 KERG 58.20 16.09 14.57 8.30 52.13 52.03 124.27 31.84 58.29
Tring Unknown 90.5. 5. 4 KERG 50.95 13.73 14.62 7.98 50.85 52.45 124.89 30.68 60.46
Tring Unknown 80.11.18.771 KERG 50.43 13.64 15.05 7.51 50.51 55.25 128.98 32.56 63.11
AMNH Unknown 525827 SGI 53.11 16.54 12.79 8.80 49.78 51.62 130.17 32.55 71.45
AMNH Male 435822 SGI 53.75 16.97 16.45 10.22 57.65 56.12 130.05 34.04 73.40
AMNH Unknown 525826 SGI 52.86 15.09 14.80 8.50 53.90 53.78 130.79 32.33 72.30
AMNH Male 132463 SGI 62.14 16.60 17.24 9.32 54.94 56.85 134.83 35.73 75.80
AMNH Female 439823 SGI 40.46 13.69 11.68 6.71 47.09 49.91 124.79 28.54 67.75
AMNH Female 132465 SGI 57.20 18.07 16.32 9.53 54.15 56.05 129.08 35.65 73.59
AMNH Female 269638 SGI 51.88 16.89 13.91 9.03 46.52 50.04 130.73 31.25 70.67
AMNH Male 132462 SGI 59.85 18.27 17.07 9.88 54.53 55.48 139.50 36.75 77.24
AMNH Male 132464 SGI 53.93 15.22 16.91 9.05 55.85 53.13 132.69 32.94 72.92
AMNH Male 435821 SGI 48.92 14.71 13.95 7.78 53.92 50.91 130.70 31.39 71.00
Tring Male 1914.3. 8. 8 SGI 53.04 17.71 15.25 7.89 52.36 50.05 126.93 34.68 63.06
Tring Female 3. 8. 7 SGI 54.29 19.66 14.90 9.35 53.37 48.08 129.61 33.79 61.78
Tring Male 1914. 3. 8. 6 SGI 58.99 20.51 15.69 8.70 52.90 52.87 126.47 36.93 60.87
AMNH Male 196165 SSHWAP 50.00 16.67 17.32 8.80 54.34 54.77 126.72 32.87 71.45
AMNH Unknown 442416 SSHWAP 42.02 17.29 12.89 7.78 46.93 46.27 110.07 30.20 62.18
AMNH Unknown 442412 SSHWAP 51.33 19.20 15.17 8.39 52.59 49.93 116.28 32.91 66.37
AMNH Unknown 442414 SSHWAP 44.85 14.79 14.06 8.63 46.48 46.52 111.66 30.89 63.02
AMNH Unknown 442415 SSHWAP 47.22 17.06 12.59 7.99 47.84 47.91 113.54 30.99 64.15
AMNH Female 775712 SSHWAP 48.49 16.43 15.49 8.82 49.90 49.29 111.77 31.15 64.07
Tring Female 1940.12. 7. 7 SSHWAP 45.57 15.28 14.47 8.71 48.12 47.31 114.35 27.31 56.47
Tring Male 1924. 5. 8. 43 SSHWAP 48.47 15.50 15.38 8.35 51.06 49.18 116.93 31.84 56.64
Tring Female 1924. 5. 8. 44 SSHWAP 47.92 13.88 13.69 8.06 51.92 48.90 117.06 32.76 54.73

https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.6973
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Table S2: ANOVAs of sex within lineage for each measured trait. 

Acronyms: CL – culmen length; BWB – bill width at base; BH – bill height; 

BWG – bill width at gonys angle; RL – radius length; ML – manus length; 

TML – tarsus length; MTL – middle toe length. 
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Table S3: Confusion Matrices for Linear Discriminant Analysis: a) without 

cross-validation; b) with cross validation 

a)  Predicted Group 
 

 FALK KERG SGI SSHWAP 
Ac

tu
al

 G
ro

up
 FALK 8 1 0 0 

KERG 0 7 0 1 

SGI 1 0 12 0 

SSHWAP 1 0 0 8 

      
      
b)  Predicted Group 
 

 FALK KERG SGI SSHWAP 

Ac
tu

al
 G

ro
up

 FALK 6 1 2 0 

KERG 1 5 1 1 

SGI 4 1 8 0 

SSHWAP 1 2 0 6 
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APPENDIX B: SUPPLEMENTARY MATERIAL 
FOR CHAPTER 3 

Supplementary Material A: Classifiers and Covariates for each albatross 

individual. 

Supplementary Material B: 3D Warped Mesh showcasing the shape 

variation on the first 4 principal components of Figure 3A & Figure 3B. 

Supplementary Material C: Pairwise differences in bill shape and size 

between species. Upper half gives p-values from 1000 permutations in 

species assignment, with bold indicating significance. Lower half gives 

distance between species means. 

Supplementary Material D: Homogeneity of Slopes and Procrustes 

ANOVA tests. p-values from 1000 permutations, with bold indicating 

significance.  

Supplementary Material E: eBird Range Maps for Wandering, Sooty and 

Light-mantled Albatross. 
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Supplementary Material A: Classifiers and Covariates for each albatross 

individual. 
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Supplementary Material B: Warped mean mesh & mean wireframe to 

the extreme positions of Principal Component Axis 1, 2, 3 and 4.  
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Supplementary Material C: Pairwise differences in bill shape and size 

between species. Upper half gives p-values from 1000 permutations in 

species assignment, with bold indicating significance. Lower half gives 

distance between species means. Additional table showing whether 

shape and/or size is a significant distinguisher between species. 
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Supplementary Material D: Homogeneity of Slopes and Procrustes 

ANOVA tests. p-values from 1000 permutations, with bold indicating 

significance.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

HOS Test between Simple & Common Allometry Models
ResDf Df RSS SS MS Rsq F Z Pr(>F)

shape~log(Csize) (NULL) 59 1 0.226258 0
shape~log(Csize)+species 48 11 0.049875 0.17638 0.016035 0.72644 15.432 9.7075 0.001
Total 60 0.242806

HOS Test between Common & Unique Allometry Models
ResDf Df RSS SS MS Rsq F Z Pr(>F)

shape~log(Csize)+species (NULL) 48 1 0.049875 0
shape~log(Csize)+species+log(Csize):species 39 9 0.039622 0.010253 0.001139 0.042229 1.1214 0.61326 0.266
Total 60 0.242806

Simple Allometry Procrustes ANOVA
Df SS MS Rsq F Z Pr(>F)

log(Csize) 1 0.016548 0.016548 0.06815 4.3151 2.5612 0.005
Residuals 59 0.226258 0.003835 0.93185
Total 60 0.242806

Common Allometry Procrustes ANOVA
Df SS MS Rsq F Z Pr(>F)

log(Csize) 1 0.016548 0.016548 0.06815 15.926 4.6158 0.001
species 11 0.176383 0.016035 0.72644 15.432 9.7075 0.001
Residuals 48 0.049875 0.001039 0.20541
Total 60 0.242806

Unique Allometry Procrustes ANOVA
Df SS MS Rsq F Z Pr(>F)

log(Csize) 1 0.016548 0.016548 0.06815 16.2884 4.6493 0.001
species 11 0.176383 0.016035 0.72644 15.7832 10.0286 0.001
log(Csize):species 9 0.010253 0.001139 0.04223 1.1214 0.6133 0.266
Residuals 39 0.039622 0.001016 0.16318
Total 60 0.242806
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Supplementary Material E: Range maps from eBird data for three 

albatross species of interest: Wandering Albatross (Diomedea exulans), 

Sooty Albatross (Phoebetria fusca) and Light-mantled Albatross 

(Phoebetria palpebrata). Images provided by eBird (www.ebird.org) 

and created 15th March 2023. 

 
a) Wandering Albatross 

 

       
b) Sooty Albatross 
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c) Light-mantled Albatross 
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APPENDIX C: SUPPLEMENTARY MATERIAL 
FOR CHAPTER 4 

Supplementary Material can be found at the following reference: Tyler 

J, Younger JL. 2022 Diving into a dead-end: asymmetric evolution of 

diving drives diversity and disparity shifts in waterbirds. Figshare. 

(doi:10.6084/m9.figshare.c.6328047) 

(https://rs.figshare.com/collections/Supplementary_material_from_Divi

ng_into_a_dead-

end_asymmetric_evolution_of_diving_drives_diversity_and_disparity_sh

ifts_in_waterbirds_/6328047)  

 

Supplementary Material A: Transition rate matrices for the 4-state 

system. Note: All values given as 0 with no trailing decimals are values 

where the transition rate was set as zero a priori. In print & online. 

 

Supplementary Material B: Data matrix containing all species used in 

analyses alongside categorisations and covariates. Online. 

 

Supplementary Material C: Results from body mass modelling including 

all parameter estimates. In Print & Online. 

 

Supplementary Material D: Phylogeny used for all analyses. Online. 

 

Supplementary Material E: R Analysis Code. Online. 

 

  

https://rs.figshare.com/collections/Supplementary_material_from_Diving_into_a_dead-end_asymmetric_evolution_of_diving_drives_diversity_and_disparity_shifts_in_waterbirds_/6328047
https://rs.figshare.com/collections/Supplementary_material_from_Diving_into_a_dead-end_asymmetric_evolution_of_diving_drives_diversity_and_disparity_shifts_in_waterbirds_/6328047
https://rs.figshare.com/collections/Supplementary_material_from_Diving_into_a_dead-end_asymmetric_evolution_of_diving_drives_diversity_and_disparity_shifts_in_waterbirds_/6328047
https://rs.figshare.com/collections/Supplementary_material_from_Diving_into_a_dead-end_asymmetric_evolution_of_diving_drives_diversity_and_disparity_shifts_in_waterbirds_/6328047
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Supplementary Material A: Transition rate matrices for the 4-state 

system. Note: All values given as 0 with no trailing decimals are values 

where the transition rate was set as zero a priori. 

 

Table A.1: ER model transition rates for 4-state system. Transition rate given per 

million years. ER - Transition rates between all states are equal. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002472 0.000824 0.000824 0.000824 

Plunge Diving 0.000824 -0.002472 0.000824 0.000824 

Foot Diving 0.000824 0.000824 -0.002472 0.000824 

Wing Diving 0.000824 0.000824 0.000824 -0.002472 

 

Table A.2: SYM model transition rates for 4-state system. Transition rate given 

per million years. SYM - Transition rates between each pair of states are equal. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002769 0.001587 0.000552 0.000630 

Plunge Diving 0.001587 -0.002386 0.000799 0.000000 

Foot Diving 0.000552 0.000799 -0.001352 0.000000 

Wing Diving 0.000630 0.000000 0.000000 -0.000630 

 

Table A.3: ARD model transition rates for 4-state system. Transition rate given 

per million years. ARD – Each transition rate is independent. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002964 0.001633 0.000668 0.000662 

Plunge Diving 0.000000 0.000000 0.000000 0.000000 

Foot Diving 0.000000 0.001278 -0.001278 0.000000 

Wing Diving 0.000000 0.000000 0.000000 0.000000 

 

Table A.4: NR ER model transition rates for 4-state system. Transition rate given 

per million years. NR ER - Transition rates between all states are equal except 

for those from diving niches to Non-Diving which are explicitly set to zero. 
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Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002641 0.000880 0.000880 0.000880 

Plunge Diving 0 -0.001761 0.000880 0.000880 

Foot Diving 0 0.000880 -0.001761 0.000880 

Wing Diving 0 0.000880 0.000880 -0.001761 

 

Table A.5: NR SYM model transition rates for 4-state system. Transition rate 

given per million years. SYM - Transition rates between each pair of states are 

equal except for those from diving niches to Non-Diving which are explicitly 

set to zero. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002975 0.001692 0.00062 0.000662 

Plunge Diving 0 -0.00079 0.00079 0.000000 

Foot Diving 0 0.00079 -0.00079 0.000000 

Wing Diving 0 0.000000 0.000000 0.000000 

 

Table A.6: NR ARD model transition rates for 4-state system. Transition rate 

given per million years. ARD – Each transition rate is independent except for 

those from diving niches to Non-Diving which are explicitly set to zero. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 

Non-Diving -0.002964 0.001633 0.000668 0.000662 

Plunge Diving 0 0.000000 0.000000 0.000000 

Foot Diving 0 0.001278 -0.001278 0.000000 

Wing Diving 0 0.000000 0.000000 0.000000 

 

Table A.7: NR ALL model transition rates for 4-state system. Transition rate given 

per million years. NR ALL – Only the transitions away from Non-Diving to each 

of the Diving Niches are allowed to be non-zero. 

 
Non-

Diving 

Plunge 

Diving 
Foot Diving Wing Diving 
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Non-Diving -0.003143 0.001816 0.000668 0.000660 

Plunge Diving 0 0 0 0 

Foot Diving 0 0 0 0 

Wing Diving 0 0 0 0 
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Supplementary Material C: Results from body mass modelling including 

all parameter estimates. 

 
Model 

Rank 

Model AIC 

Weights 

deltaAI

C 

AIC 

Scores 

Regimes Parameters 

1 OUMVA 9.87E-01 0.000 438.0 4 (non-diving, 

plunge, foot, 

wing) 

non-diving σ2=0.024, θ=2.76, 

α=0.025 

plunge diving σ2=4.48e-06, θ=2.74, 

α=0.103 

foot diving σ2=0.005, θ=3.00, 

α=0.044 

wing diving σ2=0.019, θ=4.58, 

α=0.015 

2 OUMVA 1.28E-02 8.700 446.7 3 (non-diving, 

diving, 

flightless) 

non-diving σ2=0.027, θ=2.64, 

α=0.039 

diving σ2=0.007, θ=2.97, α=0.053 

flightless σ2=0.005, θ=3.97, α=0.064 

3 OUMVA 9.69E-05 18.500 456.5 2 (non-diving, 

diving) 

non-diving σ2=0.027, θ=,2.64 

α=0.038 

diving σ2=0.012, θ=3.09, α=0.046 

4 OUMA 5.23E-05 19.700 457.7 4 (non-diving, 

plunge, foot, 

wing) 

non-diving σ2=0.026, θ=2.61, 

α=0.040 

plunge diving σ2=0.026, θ=2.95, 

α=0.042 

foot diving σ2=0.026, θ=3.09, 

α=0.031 

wing diving σ2=0.026, θ=3.79, 

α=0.030 

5 OUMV 1.35E-05 22.400 460.4 4 (non-diving, 

plunge, foot, 

wing) 

non-diving σ2=0.027, θ=2.62, 

α=0.041 

plunge diving σ2=0.030, θ=3.00, 

α=0.041 

foot diving σ2=0.015, θ=3.02, 

α=0.041 

wing diving σ2=0.014, θ=3.51, 

α=0.041 

6 OUM 2.18E-06 26.100 464.1 3 (non-diving, 

diving, 

flightless) 

non-diving σ2=0.026, θ=2.59, 

α=0.043 

diving σ2=0.026, θ=2.92, α=0.043 

flightless σ2=0.026, θ=4.69, α=0.043 

7 OUMV 1.12E-06 27.400 465.4 3 (non-diving, 

diving, 

flightless) 

non-diving σ2=0.028, θ=2.59, 

α=0.045 

diving σ2=0.024, θ=2.93, α=0.045 

flightless σ2=0.019, θ=4.64, α=0.045 
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8 OUM 5.85E-07 28.700 466.7 2 (non-diving, 

diving) 

non-diving σ2=0.026, θ=2.60, 

α=0.042 

diving σ2=0.026, θ=3.05, α=0.042 

9 OUMV 4.95E-07 29.000 467.0 2 (non-diving, 

diving) 

non-diving σ2=0.028, θ=2.60, 

α=0.043 

diving σ2=0.028, θ=3.06, α=0.043 

10 OUMA 2.73E-07 30.200 468.2 2 (non-diving, 

diving) 

non-diving σ2=0.025, θ=2.61, 

α=0.041 

diving σ2=0.025, θ=3.05, α=0.042 

11 OUMA 1.62E-07 31.300 469.3 3 (non-diving, 

diving, 

flightless) 

non-diving σ2=0.024, θ=2.62, 

α=0.036 

diving σ2=0.024, θ=2.94, α=0.037 

flightless σ2=0.024, θ=5.25, α=0.034 

12 OUM 1.32E-07 31.700 469.7 4 (non-diving, 

plunge, foot, 

wing) 

non-diving σ2=0.026, θ=2.61, 

α=0.042 

plunge diving σ2=0.026, θ=2.98, 

α=0.042 

foot diving σ2=0.026, θ=2.98, 

α=0.042 

wing diving σ2=0.026, θ=3.42, 

α=0.042 

13 OU1 6.67E-08 33.100 471.1 1 α=0.039,σ2= 0.026, θ=2.71 

14 Trend 8.78E-22 97.000 535.0 1 σ2=0.000003, z0=2.80, slope=100.0 

15 BMS 2.05E-26 118.300 556.3 4 (non-diving, 

plunge, foot, 

wing) 

non-diving σ2=0.021, θ=2.87 

plunge diving σ2=0.029, θ=2.87 

foot diving σ2=0.012, θ=2.87 

wing diving σ2=0.011, θ=2.87 

16 BM1 1.08E-29 133.400 571.4 1 σ2= 0.021, θ=2.83 

17 BMS 3.96E-30 135.400 573.4 2 (non-diving, 

diving) 

non-diving σ2=0.0212, θ=2.83 

diving σ2=0.0213, θ=2.83 

18 EB 3.88E-30 135.450 573.5 1 σ2=0.021, z0=2.83, a=0.00 

19 BMS 1.95E-30 136.800 574.8 3 (non-diving, 

diving, 

flightless) 

non-diving σ2=0.021, θ=2.83 

diving σ2=0.022, θ=2.83 

flightless σ2=0.016, θ=2.83 

  


